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NPAT plays a role in S phase entry as a substrate of cyclin E-CDK2 and activation of his-
tone gene transcription. Although analysis of its sequence indicates that NPAT contains
typical nuclear localization signals (NLS) comprising segments of positively charged
amino acids, there are currently no experimental data to show that these predictive
NLS are functional. To investigate whether these sequences are effective for nuclear
transport of NPAT, an NPAT-green fluorescent protein fusion (NP-GFP) was constructed.
After transfection of the fusion gene containing the full coding region of NPAT into cul-
tured cells, the NP-GFP product was found exclusively in the nucleus. As expected, some
deletion mutants that retained the basic amino acid clusters at the carboxyl terminus
also localize the fusion protein in the nucleus. However, other fusions that lacked one of
the three basic amino acid-clusters were distributed throughout the nucleus and cyto-
plasm. Therefore all three clusters of basic residues are necessary for localization of
NPAT to the nucleus. However, another sequence outside the carboxyl terminal region
functions similarly to NLS. Construction of GFP fusions with a series of truncated forms
of NPAT indicated that a short peptide sequence consisting of mainly hydrophobic
amino acids near the central domain of NPAT also contributes to localizing the protein
in the nucleus.
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Ataxia telangiectasia (AT) is an autosomal recessive gene predicted molecular mass of 143 kDa. The protein contains
disorder characterized by a wide spectrum of defects in- multiple phosphorylation target sites for several types of
eluding progressive cerebellar ataxia, oculocutaneous te- protein kinase, for example, cyclin E-CDK2 (12).
langiectasia, irnmunological defects, and an increased inci- NPAT plays a role in S phase entry and acts as a sub-
dence of cancer (1-3). The gene responsible for AT, ATM, strate for cyclin E-CDK2 and activation of histone gene
was isolated from human chromosome Ilq22-q23 and transcription (15-17). Its cellular overexpression promotes
found to be mutated in a large number of AT patients (4- S phase entry (15). Inactivation of NPAT by insertion of
10). We and other groups have independently identified a viral DNA in mice causes embryonic arrest at the eight-cell
housekeeping gene NPAT (E14/Cand3), which lies 0.5 kb stage (18). Together, these data indicate that NPAT is an
from the 5' end of the ATM and is transcribed divergently essential gene in both cell cycle control and early develop-
to it (11-14). Each gene may influence the expression of the ment.
other. Our nucleotide sequence analysis of NPAT revealed Previous nucleotide and deduced amino acid sequence
that the gene encodes a protein of 1,427 amino acids with a analysis of NPAT showed that NPAT has sequences match-

ing the classical nuclear localization signals (NLS) consist-
1 This work was supported in part by Grants-in-Aid for Scientific ing of clusters of four basic amino acids, 1388KKRK1371,
Research on Priority Areas (Human Genome Project) from the Min- 1397KKKK1400, and 1402KKKK1406 (12). To verify that these
istry of Education, Science, Sports and Culture of Japan. charged amino acid clusters in the C-terminal domain are
Present addresses: 2 Faculties of Agriculture, Gifu University, Yana- essential for nuclear translocation of NPAT, we constructed
84(10 i~MG5U ' ^ 501-1193,'Department of Neuromuscular Re- c l e r i c gene consisting of green fluorescence protein
search, National Institute of Neurosaence, National Center of Neu- , l̂x-rr.< , .m .™ <•• i • i , c *. J • ^ ii_ J
rology and Psychiatry, Ogawahigasimachi 4-1-1, Kodaira, Tokyo (GFP)-NPAT fusion which was transfected into Cultured
187-8502; "Radiation Hazards Research Group, National Institute mammalian cells. Analysis of several truncated NPAT
of Radiological Sciences, Chiba 263-8655. fusions indicates that both the C-terminal domain and a
6 To whom correspondence should be addressed. Tel: +81-43-206- hydrophobic region in the central domain of NPAT assist in
3138, Fax: +81-43-206-4131, E-mail: imait@nirs.go.jp localizing the GFP fusion protein in the nucleus.
Abbreviations: AT, ataxia telangiectasia; ATM, ataxia telangiectasia
mutated; DAPI, 4',6-diamidino-2-phenylindole; GFP, green fluores-
cent protein; NLS, nuclear localization signal; NPAT, nuclear pro- MATERIALS AND METHODS
tein mapped AT locus.

Plasmid Construction—The eukaryotic expression con-

© 2002 by The Japanese Biochemical Society. struct for GFP, pCMX-SAH/Y445F (19), was kindly gifted
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by Drs. Ogawa and Umesono (Kyoto University, Kyoto). A
plasmid containing full-length NPAT cDNA, pcNPAT, was
re-constructed by ligatdon of a BamHI-Pstl fragment of
pP3-9, a Pstl-Pstl fragment of pT441, and a Pstl-BamHl
fragment of pT4-81 (12). To generate GFP fusion con-
structs, a Sphl (nucleotide number 359 in DDBJ/EMBL/
GenBank accession number D83243)-iScaI (nucleotide
number 4822) fragment of pcNPAT was fused in-frame to
pCMX-SAH/Y145F, and this construct, named NP-GFP,
was used for site-directed mutagenesis.

Mutants that lacked the predicted nuclear localization
signals were constructed using the QuickChange Site-
Directed Mutagenesis Kit (Stratagene) following the proce-
dure recommended by the manufacturer. PCR primers for
introduction of mutations were 5'-CAAGGAGCACCACA-
AAAAAGCGCTAAATTGAGGAATTAGATGAACG-3' for
mA (1368KKRstop1371), 5'-CATCAATACCAATGAAAGAGC-
TGAAAATTAAGAAAAAGAAGTTCCC-3' for mB
(^KKKK1400 to ^KELK1400), 5'-CCAATGAAAAAGAAG-
AAAATTAAGCTTAAGAAGCTTCCCAGTTCATTTCC-3'
for mC (1402KKKK1406 to 1402KLKK1406), and 5'-CAAG-
GAGCACCACAAAAGAGCTGAAAATTGAGGAATTAGAT-
GAACG-3' for mD (1368KKRK1371 to 1368KELK1371). The sites
of mutation are highlighted in bold typeface. In the cases of
mA and mC, a restriction enzyme recognition site for
EcoAlTH or AflU, respectively, was created to confirm nucle-
otide changes by mutagenesis. For amplification of mutated
fragments, the following temperature and time profiles
were used: 18 cycles of 95°C for 30", 55°C for 1', 68°C for
20'.

The entire NPAT coding region was used for construction
of a series of deletion fragments, Dl, D5, D7, D9, and D10.
These constructs were PCR-amphficated using Pfu Turbo
polymerase (Stratagene) and pcNPAT as a template. The
primer sequences used here were: 5'-TATCGGTACCATGT-
TGTTACCCTCGACGTAG-3' (nucleotide number 67-90)
for NP5F, 5'-TATCGGTACCTGTGGTGCTCCTTGAAGAT-
GC-3' (4167-4145) for NPD1R, 5'-TATCGGTACCTCCT-
TAATACTAGAAACAGCAC-3' (2361-2337) for NPD5R, 5'-
TATCGGTACCTGTCAAAGGCATATGAAGAACC-3'
(2988-2967) for NPD7R, 5'-TATCGGTACCTACAGT-
TTCTTCTGAAGATAGG-3' (2454-2433) for NPD9R, and
5'-TATCGGTACCTGACACAGCTTGGTTGACAGC-3'
(2835-2815) for NPD10R. NP5F is a common forward
primer and the other primers are reverse primers. The
resulting PCR fragment was digested with Kpnl (indicated
by the underline in the primer sequences) and then cloned
in-frame into the Kpnl site of the pCMX-SAH/Y145F.

To analyze the characteristics of short DNA fragments
encoding NLS candidates, another series of GFP fusions
was constructed. The DNA fragments were synthesized by
PCR as indicated above. The primer sequences were: 5'-
CGCGGATCCAGTAGTACATCAAAAGTAATGGTC-3'
(3961-3984) for CA, 5'-CGCGGATCCGCATCTTCAAGGA-
GCACCAC-3' (4147-1166) for CB, 5'-CGCGGATCCCTTA-
CAAATTCATCAATACCAATG-3' (4231-4254) for CC, 5'-
CGCGGATCCCTTCCCAGTTCATTTCCAGCA-3' (4282-
4302) for CD, 5'-CGCGGATCCTTACTCATCATAATG-
CAATGATAAC-3' (4350--4326) for CE, 5'-CGCGGATCCT-
GCTGGAAATGAACTGGGAAG-3' (4302-4282) for CF, 5'-
C GCGGATCCC ATTGGTATTGATGAATTTGTAAG-3'
(4254-4231) for CG, 5'-CGCGGATCCTGTGGTGCTCCT-
TGAAGATGC-3' (4167-4147) for CH, 5'-CGCGGATCCGT-

GTCACCAAACTTTTCAC-3' (2830-2848) for IA, 5'-
CGCGGATCCGTACTCCAAGGAATGGTAG-3' (2887-
2905) for IB, 5'-CGCG£ATl£AATAACTTTTCTACTCCT-
CC-3' (2941-2960) for IC, 5'-CGCGHATCi2GCATACAGGT-
GCTGTCAAAG-3' (3000-2981) for ID, 5'-CGCGGATCCGT-
TATTTCCATTCTGTCCAAC-3' (2946-2926) for IE, and 5'-
CG-CGGATCCGAGTACAGGCTGGACTGG-3/ (2892-2875)
for IF. The resulting PCR fragments were digested with
BamHl (indicated by the underline in the primer se-
quences) and then cloned in-frame into the BamHI site of
the pCMX-SAH/Y145F. All constructs were verified by
DNA sequence analysis to ensure no mistakes had been
introduced during amplification.

Cell Culture and Transient Transfection—COS7 and
HeLa cell lines were maintained at 37°C in a humidified
5% CO2 incubator, and cells were grown in Dulbecco's modi-
fied Eagle medium supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 |xg/
ml streptomycin. The day prior to transfection, 5x10* cells
were seeded onto glass cover slips per well of a 6-well plate.
Transient transfection of 3 ng of plasmid DNA and 6 \il of
FuGENE11^ Transfection Reagent (Roche) was performed
as described by the manufacturer. At 48 h after transfec-
tion, cells were shifted to 30'C for a further 48 h before pro-
cessing for microscopy (19).

Fluorescence Microscopy—Cells were washed twice in
phosphate buffered saline (PBS), then fixed in 4% para-
formaldehyde in PBS for 30 min (19). Following a further
three washes in PBS, cells were mounted in 0.1 ng/ml
DAPI in glycerol. Most images were obtained using conven-
tional Nikon or Olympus microscopes equipped with a fluo-
rescein isothiocyanate filter set and using a X40 objective.
GFP and phase-contrast images were photographed on Fuji
provia 400 film. Confocal images were obtained using a
Bio-Rad MRC600 confocal system with a microscope
equipped with a X60 objective. The image files were digi-
tally processed for presentation using Adobe Photoshop.

RESULTS AND DISCUSSION

To identify functional sequences) for targeting NPAT into
the nucleus, we constructed a series of expression vectors
for green fluorescence protein (GFP)-tagged NPAT (Fig. 1).
Both the GFP-whole NPAT (NP-GFP) and GFP-NPAT lack-
ing the first 98 amino acids (NPdN-GFP) were found exclu-
sively in the nuclei when expressed in COS7 cells (Fig. 2, A
and B). Similar results were observed when the constructs
were transfected into HeLa cells (data not shown). Because
the amino acid sequence of NPAT indicated that there are
three clusters of basic residues at its carboxyl terminus,
DNA fragments encoding the carboxyl terminal 130 amino
acids (GFP-CAE) and 52 amino acids (GFP-CBF) se-
quences respectively were first fused to GFP, then trans-
fected into COS7 cells. As expected, these fragments clearly
directed the GFP signal into the nucleus (Fig. 2, C and E),
indicating that the minimal 52 amino acids from the car-
boxyl terminal region of NPAT contains the nuclear local-
ization signal(s) (NLS). Because the region contains
clusters of basic amino acids, each of these was deleted or
mutated to ascertain whether all of these clusters were
essential as NLS.

The fusion protein lacking the first basic amino acid clus-
ter, GFP-CCF, was imported into the nucleus, but the GFP
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signal could also be detected in cytoplasm of the transfected
cells (Kg. 2G). A similar fluorescent pattern was obtained
when both the second and third basic amino acid clusters
were simultaneously deleted (GFP-CBG, Fig. 2F).

When each of the basic amino acid clusters was mutated
to 1388KELK1371, ^KELK1400, and l402KLKK"m respectively
to disrupt the continuous basic amino acid stretch, the fluo-
rescence in each of the transfected cells was detected both
in the nucleus and cytoplasm (Fig. 2, I and J, K). The
1397KKKK1400 and 1402KKKK1+06 sequences might to work
cooperatively as a single nuclear localization signal,
1397KKKKIKKKK1406, but here they appear to function inde-
pendently. These data indicate that all three continuous

NP-GFP (1.1427) [_

NPdN-GFP,99.1427)

GFP-CAE(129e.1427)

GFP-CBF(1361.1412)

GFP-CCF (U8 , .1412)

GFP-NPdN
( 9 9 _ 1 4 2 7 )

GFP-NPdNmA ( 9 9 .137 0 )

GFP-NPdNmD ( 9 9 . 1 4 3 7 )

GFP-NPdNmB(99 .1427)

1 " 2 W U U P 4 0 1

"KKRtor

""KKRK"71

""KKRK1171 ""KKKK14" i«JKLKK»°s

Fig. 1. Schematic representation of green fluorescent protein
(GFPHagged NPAX The clone at the top (NP-GFP) is a fuU-length
human NPAT. The three clusters of basic residues at the carboxyl
terminus of NPAT (1M8KKRK1371,13e7KKKK1<0°, and I4<HKKKK1<06) are
shown as filled boxes. Numbers after the clone name indicate the re-
spective NPAT amino acids.

Dl-GFPa_(1-1367)

D5-GFP (1-763)

D7-GFP(1.974)

D9-GFP(1_796)

D10-GFP(1_923)

GFP-IAD(922-978)

GFP-IAE(,22.960)

GFP-IAF(9j2.941)

GFP-IBD(,41.978)

GFP-IBE(941_960)

GFP-ICD(9I5O.978)

Dl-GFP D5-GFP D7-GFP D9-GFP

D10-GFP GFP-IAD GFP-IAE GFP-IAF

Fig. 3. Subcellular distribution of various NPAT deletion mu-
tants in the central region tagged with GFE (a) Constructs of
GFP-tagged NPAT deletion mutants in the central region, (b) Fluo-
rescent images of the COS7 cells transfected with each construct
shown in (a).

Fig. 2. Subcellular distribution of
various NPAT mutants tagged with
GFP in transfected COS7 cells. The
fluorescent images of the COS7 cells
transfected with each construct shown
in Fig. 1.

NP-GFP NPdN-GFP GFP-CAE GFP-CAH

GFP-NPdNmDGFP-NPdNmBGFP-NPdNmCGFP-NPdNmA
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basic amino acid clusters in the carboxyl terminus of NPAT
are necessary to localize the protein into nucleus com-
pletely.

To examine whether the region containing these three
basic amino acid clusters is sufficient to localize NPAT into
nucleus, a NPAT-GFP fusion gene lacking the basic residue
clusters (Dl-GFP) was constructed and transfected into the
cultured cells (Fig. 3b, A). Surprisingly, the fusion protein
was stall detected in both the nucleus and the cytoplasm.
This observation was confirmed by confocal microscopy
(data not shown). Previous amino acid sequence analysis
could not predict any candidate nuclear localization signal
sequences in NPAT other than the carboxyl terminal se-
quence indicated above. Therefore, we constructed a series
of deletion mutants of NPAT fused to GFP as indicated in
Fig. 3a to search for additional sequence elements which
may be important for the nuclear import of NPAT.

When half of the amino terminal region of NPAT, D5-
GFP consisting of the amino acids 1 to 765 (Fig. 3b, B), was
expressed in the cells, the fusion protein could no longer be
imported into the nucleus. However, the deletion mutant,
D7-GFP (amino acids 1 to 974) was still detected in both
the nucleus and the cytoplasm (Fig. 3b, C). Two other dele-
tion mutants, D9-GFP (amino acids 1 to 796) and D10-GFP
(amino acids 1 to 923), were both retained solely in the
cytoplasm (Fig. 3b, D and E). Therefore, we focused on the
region from amino acid 923 to 974 of NPAT for further
analysis. Small fragments of approximately 20 residues,
corresponding to amino acids 922-941, 941-960, and 960-
978, were synthesized by PCR and each was fused to GFP
(GFP-IAF, GFP-IBE, and GFP-ICD in Fig. 3a). Although
these fusion proteins were small enough to diffuse into the
nucleus, only the GFP fusion protein containing the amino
acid 941-960 of NPAT (GFP-IBE in Fig. 3b, J) was detected
exclusively in the nuclei of the transfected cells. This find-
ing suggests that the IBE region of NPAT may assist in
localizing the protein in the nucleus. The fact that fusion
proteins such as D7-GFP and Dl-GFP could not be trans-
ported into the nucleus completely suggests that the IBE
region, consisting of the sequence, VLQGMVGMIPVSV-
VGQNGNN, may function to localize the protein in the
nucleus or may act like a number of proteins that are asso-
ciated with other nuclear-targeting proteins (20).

So far, we have not found any proteins that contain a
homologous sequence to these 20 amino acids in the public
protein databases. The nuclear localization signals at the
carboxyl terminus of NPAT have the typical NLS se-
quences (21, 22) and activity to transport NPAT into the
nucleus. The near central region of NPAT may work either
by facilitating NPAT transport to the nucleus or by retain-
ing the protein inside the nucleus. Because NPAT was
implicated in binding to the upstream region of histone
genes (16, 17), it will be interesting to examine whether
this sequence is a factor in retaining the protein inside the
nucleus.

We are grateful to Drs. Ogawa and Umesono (Kyoto University)
for pCMX-SAH/Y145F, to Drs. Ozaki (Chiba Cancer Center), Tsuji,
Inaba, and Ohyama (N1RS) for valuable suggestions for micro-
scopic imaging and to T. Maeda for excellent technical assistance.
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