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The human CCGI gene complements £sBN462, a temperature-sensitive G, mutant of the BHK21 cell line.
The previously cloned cDNA turned out to be a truncated form of the actual CCGI cDNA. The newly cloned
CCG1 cDNA was 6.0 kb and encoded a protein with a molecular mass of 210 kDa. Using an antibody to a
predicted peptide from the CCG1 protein, a protein with a molecular mass of over 200 kDa was identified in
human, monkey, and hamster cell lines. In the newly defined C-terminal region, an acidic domain was found.
It contained four consensus target sequences for casein kinase II and was phosphorylated by this enzyme in
vitro. However, this C-terminal region was not required to complement tsBN462 mutation since the region
encoding the C-terminal part was frequently missing in complemented clones derived by DNA-mediated gene
transfer. CCG1 contains a sequence similar to the putative DNA-binding domain of HMG1 in addition to the
previously detected amino acid sequences common in nuclear proteins, such as a proline cluster and a nuclear
translocation signal. Consistent with these predictions, CCG1 was present in nuclei, possessed DNA-binding
activity, and was eluted with similar concentrations of salt, 0.3 to 0.4 M NaCl either from isolated nuclei or

from a DNA-cellulose column.

The cell cycle of eucaryotic cells is composed of the
consecutive phases G,, S, G,, and M. In the G, phase,
depending on the stimulus of growth factors, protein and
RNA molecules are produced and the new cell cycle initiates
(25). Unresolved problems concerning the start of the cell
cycle include how the stimulus of external growth factors
reaches the nucleus and how cells recognize the accumula-
tion of materials required to enter the new cell cycle. To
investigate the initiation of the cell cycle at the molecular
level, it is essential to identify the genes involved. In both
budding and fission yeasts, various temperature-sensitive
(¢s) mutants defective in the progression of the cell cycle
have been isolated and have proven to be most useful for
identifying the genes required for cell cycle progression (12,
22). Various ts* cell cycle mutants have also been isolated
from cultured animal cells (3). The FT210 cell line, a ts G,
mutant of FM3A, has a ts cdc2 gene product; thus, the cdc2
gene is apparently essential for the cell cycle of animal cells
(36).

We isolated ts cell cycle mutants from the BHK?21 cell line
derived from the Syrian hamster and then classified them
into complementation groups (21). One of these ¢s mutants,
tsBN462, has a defect in progression of the G, phase, which
is that after release from the G, block, it is unable to enter
the S phase at a nonpermissive temperature. But once it
enters the S phase, DNA replication progresses normally.
By using this mutant as the recipient of the DN A-mediated
gene transfer, a human gene located between q11 and q13 on
the X chromosome has been cloned and designated the cell
cycle gene 1 (CCGI) (5, 31, 32). Its cDNA complements #s13
in addition to rsBN462, both of which were independently
isolated from BHK?21 cells and belong to the same comple-
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mentation group (31). The £513 cell line has been investigated
extensively by Liu et al. (16). After release from the G,
block, it cannot enter the S phase at a nonpermissive
temperature and the expression of both the thymidine kinase
and the dihydrofolate reductase genes is markedly reduced.
The execution point of £s13 mutation is 3 h before the S
phase.

From ts* transformants of the tsBN462 cell line, two
groups of human DNAs were cloned. One was carried by all
ts* transformants of tsBN462 and encoded the CCGI! cDNA
complementing the £sBN462 mutation. The other group was
carried in half the number of ts* transformants, through
DNA-mediated gene transfer. We had considered that it was
not related to the CCGI gene; however, in this research,
both genomic DNAs were found to derive from human
CCGI1 genomic DNA, and the previously cloned CCGI
cDNA turned out to be a truncated form of the actual one.
The cloned CCG1 cDNA encoded a protein with a molecular
mass of 210 kDa instead of the previously estimated mass of
180 kDa. CCG1 has DNA-binding activity and is present in
the nuclei. Interestingly, the C-terminal part of CCG1, which
we found during this research, contains the target consensus
sequence for casein kinase II and was phosphorylated by
this enzyme in vitro.

MATERIALS AND METHODS

Cell line and cell culture. The tsBN462 cell line is a ts
mutant of the BHK?21/13 cell line (21). The KB cell line is
derived from a human laryngeal carcinoma. The K-1, K-6,
and K-7 cell lines are primary ¢s* transformants of tsBN462
transfected with human DNA, and the K-1-1 and K-1-2 cell
lines are secondary rs* transformants of the K-1 cell line
(32). The K-1-2-1, K-1-2-2, and K-1-2-3 cell lines are tertiary
ts* transformants of the K-1-2 cell line. The COS-7 cell line
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FIG. 1. Human CCGI gene isolated from the secondary ts* transformants of t1sBN462, K-1-1 and K-1-2. (a) Conservation of original EcoRI
human DNA fragments (17 and 14 kb) through zs* transformation. DNAs (20 pg) prepared from original KB cells, the primary ts*
transformants (K-1, K-6, and K-7), the secondary ts* transformants (K-1-1 and K-1-2), and the tertiary zs* transformants (K-1-2-1, K-1-2-2,
and K-1-2-3) were digested with EcoRlI, electrophoresed in a 1% agarose gel, and then analyzed, using as a probe the Alu-free regions of 17-kb
EcoRI (lanes 1 through 6) and 14-kb EcoRI fragments (lanes 1 through 11) as described previously (32). Arrowheads indicate the positions
of the EcoRI 17- and 14-kb fragments. (b) EcoRI restriction map of the genomic DNAs. The upper and lower lines show the genomic DNA
isolated from the K-1-1 and the K-1-2 cell lines, respectively. The vertical black lines indicate the region shared by both genomic DNAs. (c)
EcoRlI restriction map of the CCG1 and CCGIp cDNA. The upper and lower lines indicate the CCG! and the CCG1p cDNA, respectively.
CCGlp represents the newly cloned cDNA (see text). The dense black lines indicate thé region common to both cDNAs. The dotted lines

indicate the region newly found in the CCGIp cDNA.

is the simian virus 40 T-antigen-positive transformant of the
Green Monkey CV-1 cell line (11).

- All cell lines were cultured in Dulbecco’s modified Eagle
medium containing 10% calf serum, penicillin (100 U/ml),
and streptomycin (100 pg/ml) in a humidified atmosphere of
10% CO,~90% air. The tsBN462 cell line was maintained at
33.5°C, while the other cell lines were kept at 37.5°C.
Transformation of the tsBN462 cell lines was performed by
the calcium phosphate precipitation method, as described
previously (32).

Isolation of nucleic acid and filter hybridization. High-
molecular-weight DNA was isolated from cultured cells by
phenol extraction of the sodium dodecyl sulfate (SDS)-
disrupted cells. Plasmid and A phage DNA were isolated by
the procedure of Maniatis et al. (19). The poly(A)* RNA was
purified by oligo(dT) chromatography. Southern and North-
ern (RNA) blot hybridizations were performed as described
previously (23, 31). Restriction endonucleases were pur-
chased from Takara Shuzo (Kyoto, Japan), and digestion
was carried out under the conditions recommended by the
supplier.

Construction and screening of a genomic DNA library. A
genomic DNA library was constructed essentially as de-
scribed previously (32). As vector, A phage Charon 4A and
cosmid pTAK1 were used. All cloning experiments were
carried out according to the Guidelines for Recombinant

DNA Research issued by the Ministry of Education, Science
and Culture of Japan.

Construction of the cDNA library. The cDNA library of the
poly(A)* RNA of KB cells was constructed by using the
Amersham ¢cDNA and A\gtl0 cDNA cloning system (Amer-
sham Corp., Arlington Heights, Ill.) and was screened as
described previously (31).

5’-end amplification of cDNAs. One microgram of poly(A)*
RNA was reversely transcribed to the cDNA by using a
random primer. The cDNA was then tailed by terminal
deoxynucleotidyl transferase as described previously (10).
The poly(A)-tailed cDNA was amplified by polymerase
chain reaction (26) as follows. The mixture of cDNA,
deoxyribosylthymine 16 adapter (10 pmol) GATATCTGGC
CAGCGGCCGCTTTTTTTTTTTTTTTT, adapter (25 pmol)
GATATCTGGCCAGCGGCCGCT, and amplification prim-
ers (ccg718, 25 pmol) GGAACTACTGAAGTCCACTTTTC
was denatured (5 min at 95°C) and cooled to 72°C. Following
the addition of 2.5 U of Tag DNA polymerase (Perkin-
Elmer-Cetus), the mixture was overlaid with 30 pl of mineral
oil (Sigma) at 72°C and annealed at 50°C for 2 min. The
cDNA was then extended at 72°C for 3 min. Forty cycles of
amplification were carried out by a step program (94°C, 1
min; 50°C, 2 min; 72°C, 3 min), and, finally, 15-min extension
was performed at 72°C.

Sequencing and computer analysis. The DNA clones were
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a)
¢ 10 20 30 40 50
COGL.cONA GAATTCCTTTTTTTTTTGAGCTTTAATAAAGCATTTATTCATGAGCGGARGCTTACAG
100 110
CCG1.cDNA  TTTGCATAGATTCTTCATACCTTATCTGGAAGGGCGATGGAAACCCCAAGGCACTAGAGA
CCG1p.CDNA AAGGGAGC
12 160 170
CCG1.cDNA GCATCAGAAGAAATCAGTGACATGATTTGAGTAGGGCTGGGGGACTGGGTCCCTGCACCC
CCO1p. cDNA TCAGTAAGTCACTTCTGGGCGACTGTTGTTTTATTTCCGGTCTA_I§GGACCCGGC -T6C
180
CCG1.cDNA CAGCCACATCCTATGGGCCTTAGGCCCATACTCGGAGAACGAGTCCATTGGACA -AAGAA
CCG1p.cDNA cATTch TGCchccACAGCAccTAcCchAcTGCchcccCATc_IchAcAcAcécA
120
290
CCG1. cDNA CATGGCTGAGAGACCTTCTGGGGGCCTTGAAGAGGCCGCCTCCTTGGTCTCCTCAACCCC
CCG1p.cDNA CAGgGACGAAcATTCCGCTGcAcG--ccccccA1111tTTTAcccééfriééfTTchcc
140 90 200
300
CCG1.cDNA AGTGTAAGTCTGGGGAGGCCCAAGGTGAGGGTCA TGTATCGG--GATGAATGTAAGAAG

CCG1p.cDNA MCATCAA’l‘GGAGCCGGGCAGCTGGAGGGGGAMGCGTCTI‘GGATGATGAATGTMGAAG

CAmGGCAGGmGGGGGC‘nTGGOGCTGGGCAGCCTGATCACTGMC‘I‘CACGGCAAAT

CCG1.cDNA
CCG1p.cDNA  CACTTGGCAGGCTTGGGGGCTTTGGGGCTGGGCAGCCTGATCACTGAACTCACGGCAAAT
270 280 290 300 310 320

420 430 440 450 460 470
GAAGAATTGACCGGGACTGACGGTGCCTTGGTAAATGATGAAGGGTGGGTTAGGAGTACA

CCGL.cDNA  GAAGAATTGACCGGGACTGACGGTGCCTTGGTA
CCG1p.cDNA cAAcAATTcAcccccACTcAcccchc11cs%AAAféAiéAAéééiéééi+AééAéfAéA
; 330 340 35 . 380 370
b
(b) 4759 4779 4789 4799
CCG1.cDNA GOCCATTTCATCACCCAGTTAATAAGAAATTTGTTCOAGA TTATTACAAAGTCATT o TON
CCG1p. cDNA GccCATTrcATéAéééAéiTAA+AAéAAA%%%&%%&éAéAiiAiiAéAAAé+6A++é+éA
4640 4850 4880
4809 4819 4829
CCG1. cDNA ATCCAATOGATTTAGAGACOATACGTAR GAACATCTCCARGEACAAGTATCAGAGT G
CCG1p. cDNA AiééAA&ééAii+AéA6AééAiéééiAAéAAéAiéiééAAééAéAAé&A&éAéAéf&édé
4720
4899 4909 4919
CCO1.cDNA AGAGCTETCTOGATGATOTAAACCTTATTTGGCCAACAGTOTTAAGTATAATGACARTE
CCG1p. cDNA AGAGCTTTCTGGATéAiéfAAAééi%ii+é%ééééAAéAé+é+fAAé+A+AA+6cAccTc
4760 477
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29 4949 4959
CCG1.cDNA ACTOTT O TAAAGCAARTG- ACA-TAGLEIGCCTA- ATCCAGTA- CTGTAGTTCACAG
CCG1p.cDNA AcAcTcAcTATAcTAAcncwccccAccAéAiiéTcAAccTCTGTTACCAcAcA110ac16
810 20 483
43579 489 599 *3009 ots
CCG1.cDNA ATAGAAGAATTAAGATTTTAATGGGACGGTGATTTGCCAGCAGT--CCCTACTGAATTTC
CCG1p . cDNA --AGTATGATGAACATTTGACTCAACTTGAGA -AGGATATTTGTACTGCTAAAGAAGCAG
70 4890 4900 4910 4920
*2030 5049 5059 5069 5079 5089
CCG1.cDNA TTAATTAAGATTTGTGCCCAACTGTCCTGGTCTCTA - AACTGGTGTCATGTTTCCTCCTT
CCG1p.cDNA CTTTGGAGGAAGCAGAATTAGAAAGCCTGGACCCAATGACCCCAGGGCCCTACACGCCTC
4970 4980
it ® 2209 5139 5149
CCG1.cDNA ATTC A TCATOTC RS T ATCATAGE S TGCCAATCT SOATGTAGAAGTCTCTGCTORTCT
'CCG1p.cDNA AccéTécchiT%cTATcATAcCAACACATCCCTCAGTATGT--CchAcATGCCTCTcT
s020 so30 5040
Sis0 179 5209
CCG1.cDNA CCTGGAATGATGTCTACCTGCATG CTGCCATGCCTCCCACCA TGACAATAATTGACTG
CCG1p.cDNA ATTTCAA-GATG- AGAGCAATATGTCTGTCTTGGATATCCCCAGTGCCACTCCAGAAAAG
5050 5060 070 5080 5100
5219 5229 $230 5249 %5259
CCG1.cDNA AAGCTCTGAACTGTAAGGCAGCCCCAATTAAATGCT -TTCCTTTATAGGAAAAAAAAAAA
CCG1p . cDNA CAGGT- AACACAGGAAGG--TGAAGATGGAGATGGTGATCTTGCAGATCAAGAGGAAGGA
515
5269 3379 5286 5200 5300 5319
CCG1.cDNA AAAAAAARAARAAAAAARAA
CCG1p.cDNA ACTGTACAACAGCCTCAAGCcacchcCTGTATGAccA111cc11mTcTcTcAAccAcAA
517 5180 5190 5200
CCG1p . cDNA GATGATGAGGAAGATGCTGGGAGTGATGAAGAAGGAGACAATCCTTTETCTGCTATCCAG
230 5240 5250 5260
CCG1p.cDNA CTGAGTGAAAGTGGAAGTGACTCTGATGTGGGATCTGGTCGAATAAGACCCAAACAACCC
5280 5320 5330
CCG1p.cDNA CGCATGCTTCAGGAGAACACAAGGATGGACATGGAAAATGAAGAAAGCATGATGTCCTAT
5340 350
CCG1p. cDNA BOTOGGGA llLLLATGGTTTGGAGGATAGCAACATCAGTTATGGGAGC
540 5410 5420 43, 545
CCG1p.cDNA TATGAGGAGCCTGATCCCAAGTCGAACACCCAAGACACAAGCTTCAGCAGCATCGGTGGG
5510
CCG1p.cDNA S CAGOTATCA ANGAAGAT! AGAGCAGCGCTCTO0GCCEAGE
5520 5530 5540 5550 5560 5570
CCG1p.cDNA  GTACTAAGCCAGGTCCACCTGTY AGTGAGGATTTCCACTCCATT
90 5600 5610 5620 5630
CCG1p.cDNA GCTGGGGACAGTGACTTGGACTCTGATGAATGAGGCTTCCTTTGGGCCTCC1TGGTCAGC
567 5680
CCG1p.cDNA CTTCCCTGTTCTCCAGCCTAGGTGGTTCACCTTTCCCCAATTTGTTCATATTTCTACAGT
5700 571 572 5740 50
CCG1p.cDNA ATCTGATCCTGAAATCATGAAATTAACTAACACCTTAGCCTTTTTAAAAGTAGTAAGTAA
57 5770 5780 5790 5800
CCG1p.cDNA ATGATAATAAATcAccrcrccrAATCTTccrcccccAArcTCAccc111nA111AAAACA
5850 5860
CCG1p. cDNA AAGCAACCCCCTTTCCCCTACCACTACGGAAAAGAGCAAGCTCA1111TCCGTGTCCTCC
5880 5890 5900 5910 5920 59

FIG. 2. Comparison of the nucleotide sequence between the CCGI and CCGIp cDNA. (a) Comparison at the 5’ terminus. The nucleotide
sequence in the region downstream from the 249th nucleotide of CCGlp is shown. X is the same for both cDNAs. Underlining indicates the
position of the stop codon (TAA) and the start codon (ATG). (b) Comparison at the 3’ terminus. The CCG! cDNA ends at the 5177th base
of the CCGIp. Underlining indicates the position of the stop codon. The homologous bases are shown by colons.

prepared for nucleotide sequencing with a Takara deletion
kit as recommended by the supplier, and they were then
sequenced in both directions by the dideoxy chain termina-
tion method (28). The determined nucleotide sequences were
compiled and analyzed with the programs in DNASIS (Hi-
tachi Software Engineering Co., Ltd., Yokohama, Japan).

Preparation of antibody. The synthetic peptides were
prepared by Hoechst Japan Co., according to the sequence
of CCG1 cDNA (Saitama, Japan). Cysteine was added to the
carboxy-terminal ends of the peptides in order to couple the
carrier protein keyhole limpet hemocyanin. Synthetic pep-
tides coupled to the carrier protein were used to immunize a
rabbit, as described previously (30).

Expression and detection of a part of the CCG1 protein in
Escherichia coli. The 1733-bp Bcll-HindIII fragment of the
previously isolated CCGI cDNA (31) was inserted into the
BamHI-HindIII-digested pUR292 (27) and then transformed
into E. coli F'11 recA. E. coli F'11 recA containing the fusion
plasmid and pUR292 was grown in Luria-Bertani broth at
37°C to Ageo = 0.6, and then isopropyl-B-D-thiogalactopy-
ranoside (IPTG) was added (final concentration 0.5 mM).
The incubation was allowed to proceed for another 3 h. The
products were analyzed by SDS-10% polyacrylamide gel
electrophoresis (PAGE) and were then visualized by
Coomassie blue staining.

Immunoblotting. Cells were lysed in buffér containing 62.5
mM Tris-HCl (pH 6.8), 10 mM 2-mercaptoethanol, 3%
(wt/vol) SDS, and 20% glycerol. Cellular proteins were

electrophoresed in an 8 or 10% SDS-polyacrylamide slab gel
and analyzed by immunoblotting, as described previously
(6), by using the antibody against the synthetic polypeptide
and a vector stain ABC kit. Protein concentration was
determined by Bradford’s method (4).

Preparation of nuclei. Cells were collected and fraction-
ated into nuclei and cytoplasm as described elsewhere (24).
The isolated nuclei were suspended in ice-cold hypotonic
buffer and then kept on ice. All procedures for cell fraction-
ation were performed with freshly prepared nuclei at a
concentration of 10% nuclei per ml. A hypotonic buffer
containing the desired salt concentration was used for ex-
traction with the salt. Nuclear supernatant and residual
nuclei were separated by centrifugation. Each fraction was
analyzed by immunoblotting with the anti-CCG1 antibody.

DNA-binding assay. The isolated nuclei were suspended in
buffer A, which contained 10 mM Tris-HCI (pH 7.5), 1 mM
MgCl,, 5 pg each of aprotinin, pepstatin, and leupeptin per
ml, and 1 mM phenylmethylsulfonyl fluoride. The isolated
nuclei were suspended in NaCl at a final concentration of 0.4
M. The salt-extracted proteins and the residual proteins
were separated by centrifugation. After dilution with buffer
B, which contain buffer A and 1 mM dithiothreitol, the
salt-extracted protein was loaded onto a double-stranded
calf thymus DNA-cellulose column. Bound proteins were
then eluted with buffer containing 10 mM Tris-HCI (pH 7.5),
1 mM dithiothreitol, and increasing concentrations of NaCl.
The flowthrough and the eluted fractions were precipitated
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70
N- MGPGCDLLLRTAATITAAAIMSDTDSDEDSAGGGPFSLAGFLFGNINGAGQLEGESVLDDECKKHLAGLG
140

ALGLGSLITELTANEELTGTDGALVNDEGWVRSTEDAVDYSDINEVAEDESRRYQQTMGSLQPLCHSDYD
synthetic peptide 210
EDDYDADCEDIDCKLMPPPPPPPGPMKKDKDQDSITGEKVDFSSSSDSESEMGPQEATQAESEDGKLTLP

LAGIMQHDATKLLPSVTELFPEFRPGKVLRFLRLFGPGKNVPSVWRSARRKRKKKHRELIQEEQIQEVEC
SVESEVSQKSLWNYDYAPPPPPEQCLSDDEITMMAPVESKFSQSTGDI DKVTDTKPRVAEWRYGPARI:iie
DMLGVPEDGSCFDYGFKLRKTEHEPVIKSRMIEEFRKLEENNGTDLLADENFLMVTQLHIEDDIIlbégg
VKHKGTKPQRASLAGWLPSSMTRNAMAYNVQQGFAATLDDDKPWYSIFPIDNEDLVYGRWEDNI IWDAQA
MPRLLEPPVLTLDPNDENLILEIPDEKEEATSNSPSKESKKESSLKKSRILLGKTGV IKEEPQQNHSgIG’g
VKDPWNLSNDEYYYPKQQGLRGTFGGNI IQHSIPAVELRQPFFPTHMGPI KLRQFHRPI’LKKYSFGAEgg
PGPHSVQPLLKHIKKKAKMREQERQASGGGEMFFMRTPQDLTGKDGDLILAEYSEEN GPLMMQVGMA’Z‘I??
KNYYKRKPGKDPGAPDCKYGETVYCHTSPFLGSLHPGQLLQAFENNLFRAPIYLHKMPETDFLI IRT;;g
YYIRELVDIFVVGQQCPLFEVPGPNSKRANTHIRDFLQVFIYRLFWKSKDRPRRIRMEDI KKAFPSHg:Zg
SI RKRLKLCADFKR’I‘GMDSN"VLKSDFRLP’I‘EEEIRAHVSPWCAYYSMIAAEQRLKDAGYGEKSgllrg

PEEENEEDFQMKIDDEVRTAPWNTTRAFIAAMKGKCLLEVTGVADPTGCGEGFSYVKIPNKPTQQKDDKE
PQPVKKTVTGTDADLRRLSLKNAKQLLRKFGVPEEEIKKLSRWEV1 DVVK’l‘lSTEQARSGEGPMSKll’ggg
SRFSVAEHQERYKEECQRIFDLQNKVLSSTEVLSTDTDSSSAEDSDFEEMGKNI ENMLQNKKTSSQll.;ﬁg
REEQERKEL.QRMLLAAGSAASGNNHRDDDTASVTSLNSSATGRCLK IYRTFRDEEGKEYVRCEI‘VRII(Il’ig

1260

IDAYVRIRTTKDEEF IRKFALFDEQHREEMRKERRRIQEQLRRI.KRNQEKEKLKGPPEKKPKKMKERPDL
HMG-box 1330
KLKCGACGAIGHMRTNKFCPLYYQTNAPPSNPVAMTEEQEEELEKTVIHNDNEELIKVEGTKIVLGKQLI

1400
ESADEVRRKSLVLKFPKQQLPPKKKRRVGTTVHC DYLNRPHKSIHRRRTDPMVTLSSILESIINDMRDLP
nuclear signal 1st re|

peat 1470
NTYPFHTPVNAKVVKDYYKIITRPMDLQTLRENVRKRLYPSREEFREHLELIVKNSATYNGPKHSLTQIS
1540

QSMLDLCDEKLKEKE DKLARLEKAINPLLDDDDQVAFSFILDNIVTQKMMAVPDSWPFHHPVNKKFVPDY
2nd repeat 1610
YKVIVNPMDLETIRKNISKHKYQSRESFLDDVNLILANSVKYNGPESQYTKTAQEIVNVCYQTLTEYD EH
1680
LTQLEKDICTAKEAALEEAELESLDPMTPGPYTPQPPDLYDTNTSLSMSRDASVFQDESNMSVLDIPSAT
3rd repeat 1750
PEKQVTQEGEDGDGDLADEEEGTVQQPQASVLYEDLLMSEGEDDEEDAGSDEEGDNPFSAIQLSESGSDS
1820
DVGSGGIRPKQPRMLQENTRMDMENEESMMSYEGDGGEASHGLEDSNISYGSYEEPDPKSNTQDTSFSSI

1872
GGYEVSEEEEDEEEEEQRSGPSVLSQVHLSEDEEDSEDFHSIAGDSDLDSDE -C

FIG. 3. Predicted amino acid sequence of CCG1. On the basis of
the nucleotide sequence of CCGlp, the amino acid sequence was
deduced. Positions of the synthetic peptide, the HMG1 box, the
nuclear location signal, and the repeated domain are indicated.
Boldface shows the amino acid sequence similar to the DNA-
binding motif of histone [S(T)PXX], the nuclear location signal
(PPKKKRRYV), and the consensus target sequence of the protein
kinase casein kinase II [S-(E/D)n], cAMP-dependent Kinase
(RRXSX), and Ca?*/calmodulin-dependent kinase (RXYS/T).

by 50% ammonium sulfate and analyzed by electrophoresis
on 8% SDS-polyacrylamide gels and by immunoblotting.

Indirect immunofluorescence staining. Cells grown on glass
coverslips were fixed in 3% (wt/vol) paraformaldehyde in
phosphate-buffered saline (PBS), permeabilized with 1%
Nonidet P-40 in PBS containing glycine, and stained sequen-
tially with the antipeptide and then with the rhodamine-
conjugated goat anti-rabbit immunoglobulin G (Tago Inc.,
Burlingame, Calif.), as described previously (24). DNA was
stained with Hoechst dye 33258 (1 png/ml) (Hoechst Japan,
Ltd.).

Phosphorylation by casein kinase II. The 1.0-kb Accl-Dral
cDNA fragment, which encodes the region of amino acids
1591 to 1872 in the CCGl1 containing the target sequence to
the casein kinase II, was subcloned into the E. coli expres-
sion vector pUR290. The resulting clone was transfected to
E. coli XL1-blue strain. The LacZ fusion protein was over-
produced by the addition of IPTG and was then purified by
Protosorb LacZ immunoaffinity adsorbent column (Promega
Corp., Madison, Wis.) as recommended by the supplier.
This was then subjected to phosphorylation by casein kinase
II, as described elsewhere (33).
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RESULTS

Isolation of human genomic DNA present in K-1-2 but not in
K-1-1 cells, the secondary transformant of tsBN462 cells.
Among the ts* transformants of tsBN462, the 14-kb EcoRI
fragment was found in one series of ts* transformants,
including K-1-2 cells, but not in the other transformants, K-7
(primary transformant), K-1-1 (secondary transformant),
and K-1-2-2 (tertiary transformant) (Fig. 1a), indicating that
this fragment was not required to complement tsBN462
mutation. We therefore isolated human CCGI genomic DNA
containing only the conserved human DNA from the K-1-1.
Two of the tertiary ts* transformants derived from the
secondary ts* transformant, K-1-2 cells, however, still con-
tained the 14-kb EcoRI fragment (Fig. la). We therefore
thought that this DNA fragment was probably tightly linked
to the human CCGI gene, though it was not required to
complement the tsBN462 mutation. To clarify the correla-
tion between the cloned human CCGI gene and the 14-kb
EcoRI fragment, we isolated the human DNA from the K-1-2
cells by using the human-specific Alu sequence as a probe.

The obtained human DNA was about 120 kb, and the 5’
region of 70 kb had the same restriction map as the previ-
ously cloned CCGI genomic DNA (Fig. 1b), indicating that
both have the same base sequence. The rest of the newly
cloned human DNA, that is, the 3’ region of 50 kb, contained
the 14-kb EcoRI fragment unique to the K-1-2 cell line as
shown in Fig. 1b, K-1-2. Thus, the previously cloned CCG/
genomic DNA was disrupted at the 5’ end of 14-kb EcoRI
fragment from the human DNA isolated in this research (Fig.
1b).

Isolation of the complete CCGI ¢cDNA (CCGI1p) from human
cells. To investigate whether the 14-kb EcoRI fragment of
human DNA is part of the actual CCGI gene, a CCGI cDNA
was newly isolated from human cells (Fig. 1c). We desig-
nated the newly cloned CCGI cDNA as the CCGlp (p =
perfect), to distinguish it from the previous one.

The cDNA clone C-27 was obtained from a human cDNA
library and was found by Southern blot analysis to be
transcribed not only from the 3’ part of previously isolated
CCGI1 genomic DNA but also from the DNA fragment
unique to the K-1-2 secondary rs* transformant (Fig. 1c).
The nucleotide sequence of C-27 is common to those of
CCG1I and CCGlp cDNAs up to the 4801st base of CCGlIp,
but there is no similarity from the 4802nd base downstream.
The open reading frame of CCGIp continues until the 5667th
base (Fig. 2b). Thus, the 3’-terminal region of previously
cloned CCGI cDNA was not transcribed from the human
CCGI gene.

Since the previously cloned CCGI cDNA was isolated
from the cDNA library of the secondary ¢s* transformant of
tsBN462, it should contain cDNAs transcribed from the
hamster DNA flanking the integrated human gene. There-
fore, the 5’ part of previous CCGI cDNA may also be
transcribed from hamster DNA. To resolve this question, we
carried out 5'-end amplification of the human cDNA library
by using an internal sequence of the CCGI cDNA as a
primer as described in Materials and Methods. The nucleo-
tide sequence of the cloned cDNA is shown as CCGlp in
Fig. 2a. At the 5'-proximal end, there is no similarity
between CCGIp and CCGI cDNA, though both cDNAs
have the same sequence in an internal region. Consistent
with this, the 5’-proximal 340 bp of CCG1 cDNA nonhomol-
ogous to those of CCGIp did not hybridize with human
genomic DNA, but the corresponding 5’ end of CCGlp
cDNA did hybridize with human DNA (data not shown).
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FIG. 4. Immunoblot analysis of CCG1. (a) Location of the synthetic peptide in the CCG1 protein, which was used as the antigen to prepare
the antibody, and its amino acid sequence. This region is common to both CCGI and CCGIp cDNA. (b) Identification of the CCG1-LacZ
fusion protein expressed in E. coli and its antigenicity to anti-CCG1. The CCG1-LacZ fusion protein was constructed as described in Materials
and Methods. E. coli-extracted proteins of 50 pug were analyzed by SDS-PAGE (lanes 1 through 4), transferred to a nitrocellulose filter, and
then immunoblotted with serum immunized against the synthetic peptide (lanes 5 through 8). Lanes: 1 and 5, the extract from E. coli F'11
recA cells harboring the fusion gene treated with IPTG; 2 and 6, the same cell line as in lane 1 without IPTG induction; 3 and 7, the extract
from E. coli F'11 recA harboring the LacZ gene alone treated with IPTG; 4 and 8, the same cell line as in lane 3 without IPTG induction. (c)
Presence of the CCG1 protein in various animal cell lines. Proteins of 50 pg extracted from cells were electrophoresed by SDS-PAGE,
transferred to nitrocellulose filters, and then probed with immune serum alone (lanes 1 through 3) or with immune serum in the presence of
the synthetic peptide (lanes 4 through 6). Lanes: 1 and 4, monkey COS-7 cells; 2 and 5, human KB cells; 3 and 6, hamster BHK?21 cells.

Thus, the 5’ end of the previously cloned CCGI cDNA was
not transcribed from human CCGI DNA.

Identification of CCG1 protein in vivo. In the CCG1 reading
frame, there are two start codons, at the 52nd base and at the
112th base, and upstream of these start codons there is the
stop codon TAA at the 13th base, indicating that both the
ATGs could be the initiator codon of the CCG1 protein.
Thus, CCG1 consists of either 1872 or 1852 amino acids, and
so its molecular mass should be 212,666 or 210,724 Da,
depending on the initiation site (Fig. 3). To identify the
presence of CCG1 protein in the cells, an antibody to
putative CCG1 protein was prepared by using an oligopep-
tide synthesized on the basis of the predicted amino acid
sequence. The amino acid sequence of the peptide and its
location in CCG1 are shown in Fig. 4a. The anti-peptide
antibody specifically recognized a LacZ fusion protein con-
taining part of the predicted CCG1 protein (Fig. 4b). In
addition to the intact LacZ fusion protein of 200 kDa, many
degradation products were recognized by the anti-CCGl
antibody as well.

A protein with a molecular mass of more than 200 kDa,
consistent with the predicted molecular mass of CCG1, was
recognized in extracts of human KB, monkey COS-7, and
hamster BHK21 cell lines by immunoblot analysis (Fig. 4c).
These bands disappeared in the presence of a synthetic
peptide as a competitor. Thus, the bands of over 200 kDa
correspond to CCG1, which is well conserved between
species.

Structure of CCG1 protein. On the basis of the predicted
amino acid sequence, several characteristic domains of
CCG1 were found. In the N-terminal region, there are two
proline clusters which have been suggested to be responsible
either for the nuclear localization or for the stability of
proteins belonging to the transcription factor family (20, 29,
37).

In the C-terminal region, we previously noted the pres-
ence of a nuclear location signal and a repeated structure of
about 120 amino acids (31). We have now identified a
sequence similar to the putative DNA-binding domain of
HMG1 and a domain consisting of acidic amino acids (Fig.
S).

In the previously cloned cDNA, the repeated structure
was disrupted at the 3’-proximal end of the 2nd repeat, that
is, the 1584th amino acid of CCG1lp. This domain turned out
to consist of two full repeats and a third repeat consisting of
only a few extra amino acids, as shown in Fig. 5b.

The HMG1-like domain is located just upstream of the
nuclear location signal. A similar amino acid sequence has
been found to be present three times in human upstream
binding factor (hUBF), in which these sequences are respon-
sible for DNA-binding activity of hUBF (14). When the
amino acid sequence was compared with the HMG1 boxes of
hUBF and with HMG1 itself, the HMG]1-like domain of
CCG1 was found to have significant similarity to the putative
DNA-binding domain of HMG1. The same region of CCG1
has similarity with the promoter-binding domain of o3° of
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FIG. 5. Characteristic structure of CCG1 protein. (a) Schematic structure of CCG1 protein. The lines and regions in the boxes are
explained above or below the related area. The lower line is a graduation in which the number of amino acids functions as the unit. (b) The
amino acid sequence of the C-terminal repeated domain. The boxed regions indicate identical and chemically conserved amino acids. (c) The
amino acid sequence of the domain similar to the putative DNA-binding domain of HMG1 and to the HMG1 box of hUBF. The amino acid
sequence of three HMG1 boxes of hUBF, the putative DN A-binding domain of HMG1, and the region of a*° were set in array and compared
with the predicted HMG1 box of CCG1. The conserved amino acids were grouped as follows: A, S, T; I, L, M, V; E, D, N, Q; H, K, R; and
F, W, Y. (d) Amino acid sequences found in CCG1 protein, similar to the consensus sequence phosphorylated with various protein kinases.

Bacillus subtilis (13) (Fig. 5c¢). This suggests that the CCG1
protein has DNA-binding activity. The presence of seven
sequences similar to the DNA-binding motif of histone,
S(T)PXX (34), also supports this notion (Fig. 3).

Like HMG1 and hUBF, CCG1 has an acidic tail which is
encoded by the 3’-terminal region of the CCG1 cDNA cloned
in this study. Of the terminal 248 amino acids, 35% of the
amino acids were acidic. There are four S-(E or D)n se-
quences which are consensus target sequences for casein
kinase II (Fig. 3 and 5d) (8). The region containing these
sequences was specifically phosphorylated by casein kinase
II in vitro (Fig. 6). Thus, native CCG1 may be modified by
casein kinase II. The consensus target sequences for other
protein kinases, such as cAMP-dependent and Ca?*/cal-
modulin-dependent kinases, were also found in the CCG1
protein, suggesting that CCG1 may be multiply phosphory-
lated in vivo.

Nuclear localization and DNA-binding activity of the CCG1.
On the basis of its nucleotide sequence, CCG1 appears to
have amino acid sequences characteristic of nuclear protein,
such as a proline cluster, an HMG1 homologous region, and
a nuclear location signal similar to that of simian virus 40 (15,

32). By using the antipeptide antibody, we confirmed the
nuclear location of the CCG1 protein.

BHK21 cells were doubly stained with the antibody and
the DNA-staining dye, Hoechst 33258. As shown in Fig. 7,
the same area that was stained with Hoechst 33258 was also
stained with the antibody (Fig. 7a and c). In the presence of
synthetic peptide, which was used to prepare the antibody,
the nuclei were not stained (Fig. 7b and d), indicating that
the nuclei were specifically stained with anti-CCG1 antibod-
ies and showing that CCG1 is predominantly nuclear.

This was further confirmed by using isolated nuclei.
BHK21 cells were fractionated into cytoplasmic and the
nuclear fractions. CCG1l was released from nuclei by in-
creasing ionic strength (Fig. 8). At 0.4 M NaCl, the CCG1
was extracted from the nuclei.

The DN A-binding activity of CCG1 was then investigated.
A salt extract of the nuclei was diluted and then applied to a
DNA-cellulose column, and the bound proteins were eluted
by buffer containing increasing concentrations of NaCl. The
eluted protein was concentrated by ammonium sulfate pre-
cipitation and analyzed by immunoblotting with anti-CCG1
antibody. As shown in Fig. 9, the CCG1 protein bound the
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FIG. 6. Phosphorylation of the acidic region of CCG1 protein by
casein kinase II in vitro. The 3’ acidic region of CCG1 protein was
fused with LacZ protein (b). The fused protein was phosphorylated
by casein kinase II as described in Materials and Methods. (a)
Lanes: 1, extract of E. coli XL1-blue; 2, extract of E. coli XL1-blue
containing pUR290; 3, extract of E. coli X11-blue expressing the
fused protein; 4 and 5, affinity-purified LacZ-CCG1 fusion protein
produced in E. coli XL-blue. Lanes 1 through 4 were treated with
casein kinase II. Lane 5 was not treated with casein kinase II. The
arrowhead to the left shows the position of phosphorylated LacZ-
CCG1 fusion protein.

DNA column and was eluted in the presence of 0.3 M NaCl,
a concentration similar to that used for the extraction from
the nuclei (Fig. 8).

DISCUSSION

We previously cloned a CCG1 cDNA from a cDNA library
of the secondary ts* transformants of tsBN462, K-1-1 cells.
This cDNA library consists mainly of hamster cDNA. In
such a ¢cDNA library, the isolated human cDNA probably
contained hamster sequences either at both ends or at one
end, which were transcribed from the hamster DNA flanking
the integrated human DNA. As predicted, the previously
cloned CCG1 cDNA was found to contain hamster cDNA at
both the 5’ and the 3’ ends.

Human DNA of 120 kb was isolated from a secondary ts™*
transformant of tsBN462, K-1-2. On the basis of the restric-
tion map, the 5’ part of this human DNA appears to be
identical with the previously cloned CCGI genomic DNA
which was present in all zs™ transformants of zsBN462.
However, its 3’ 50 kb were present in only a series of zs™
transformants, indicating that it is not essential to comple-
ment the tsBN462 mutation. Since the contiguous cDNA
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FIG. 7. Immunofluorescence staining of BHK cells with the
anti-CCG1 antibody. BHK cells exponentially growing on the cov-
erslip were fixed and treated sequentially by anti-CCG1 (a) or
anti-CCG1 plus synthetic peptide as a competitor (b) and then by
rhodamine-conjugated goat anti-rabbit immunoglobulin G. The same
preparations were stained with Hoechst 33258 (c and d). A view of
the fixed BHK?21 cells obtained through phase-contrast microscopy
is shown (e and f). Panels a, c, and e and b, d, and f show the same
fields.

transcribed from both the 5’ and the 3’ parts of the newly
isolated human DNA was cloned from a human cDNA
library, it was concluded that the real human CCG! gene has
alength of 120 kb. The newly isolated CCGI cDNA, CCGlp,
was predicted to encode a protein of 210 kDa. Consistent
with this, a protein with molecular mass slightly greater than
200 kDa was specifically identified in human, monkey, and
hamster cells by immunoblotting.

QQoQ0o NaCl(M)
Sup nuc

FIG. 8. Salt extraction of CCG1 from isolated nuclei of BHK21
cells. Nuclei (2 x 10°) isolated from BHK21 cells were incubated in
the presence of NaCl at concentrations ranging from 0.0 to 0.4 M for
10 min at 0°C and were then centrifuged. Proteins retained in the
nuclei (lanes 1 through 3) and released into the supernatant (lanes 4
through 6) were analyzed by immunoblotting. The molar concentra-
tions (M) of NaCl are shown below the lanes, and the position of
p210 is shown by the arrowhead on the right.
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FIG. 9. DNA-binding activity of CCG1 protein. About 2 x 107
BHK?21 cells were fractionated into nuclei and cytoplasm. The
isolated nuclei were suspended in the 0.4 M NaCl. The salt-
extracted proteins were diluted and then charged onto a double-
stranded calf thymus DN A-cellulose column as described in Mate-
rials and Methods. Bound proteins were then eluted successively
with buffer containing 0.1, 0.3, 0.5, and 1.0 M NaCl. The eluted
proteins were precipitated by ammonium sulfate and then electro-
phoresed on 8% SDS-polyacrylamide gel. The flowthrough (ft),
wash (w), and eluted fractions were analyzed by immunoblotting
with the anti-CCG1 antibody. The molar concentrations (M) of NaCl
are shown below the lanes, and the position of p210 is shown by the
arrowhead on the right.

NaCl(M)

The 14-kb EcoRI fragment of the CCGI gene is absent in
a series of ts* transformants of tsBN462. Conversely, the
17-kb fragment of the EcoRI fragment lying to the 5’ side of
the 14-kb EcoRI fragment (Fig. 1) was retained in all £s*
transformants through DNA-mediated gene transfer. Thus,
the CCGI gene seems to have a tendency to be disrupted
between the 17- and 14-kb EcoRI fragment (Fig. 1), and the
3’ region of the CCGI gene from the 14-kb EcoRI fragment
downstream is not required to complement the zsBN462
mutation. The newly identified 3’ region of the CCGI gene
encodes an acidic peptide containing four glutamic or aspar-
tic acid clusters flanked with serine. This is a typical target of
casein kinase II, which phosphorylates topoisomerase II and
RNA polymerase (1, 7) in addition to several proteins
implicated in neoplastic transformation, such as the Myc,
Myb, and the E7 of the human papilloma virus type 16 (2, 17,
18). Actually, the region containing these consensus se-
quences at the C terminus of CCG1 was phosphorylated in
vitro by casein kinase II. This enzyme is activated by growth
factors (35), and the proteins phosphorylated by this kinase
are supposed to become susceptible to other protein kinases
(9). It will, therefore, be interesting to investigate whether
the phosphorylation of the consensus sequences for other
protein kinases in CCG1 depends on the phosphorylation of
the casein kinase II target sequences. Since casein kinase II
may be involved in the early regulation of the cell cycle, the
newly cloned C-terminal region of the CCG1 gene may be a
regulatory domain of CCG1.

On the basis of the putative amino acid sequence, CCG1
was found to have several of the characteristic structures of
nuclear proteins, such as a proline cluster, a nuclear location
signal, and a sequence similar to the DNA-binding domain of

MoL. CELL. BioL.

HMGT1. In fact, CCG1 is actually located in the nucleus and
has DNA-binding activity.

Proline clusters have been found in site-specific transcrip-
tion factors such as the CTF/NF-1 family protein (20) and in
enhancer-binding factor such as AP-2 (37), suggesting that
CCG1 may be involved in transcription. The overall struc-
ture of CCG1 is roughly similar to those of HMG1 and
hUBF, which have internal HMG1 boxes and acidic tails
(14). Thus, CCG1 may be a new transcription factor needed
in the process of G, phase.
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