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p27Kip1 is a cyclin-dependent kinase inhibitor, and its
uclear localization is a prerequisite for it to function
s a cell cycle regulator. In the present study, the
inimal requirement for the nuclear localization sig-
al (NLS) of p27Kip1 was determined by analyzing the

ocalization of various mutants of p27Kip1 tagged with
reen fluorescent protein (GFP) in HeLa cells and por-
ine aortic endothelial cells. Wild-type p27Kip1 exclu-
ively localized into nucleus, while GFP alone local-
zed in both cytosol and nucleus. A comparison of
arious truncation mutants revealed residues 153–166
o be the minimal region necessary for nuclear local-
zation. However, a fusion of this region to GFP
howed cytoplasmic retention in addition to nuclear
ocalization, thus suggesting that some extension
anking this region is required to achieve a full func-
ion of NLS. The site-directed mutation of the full-
ength p27Kip1 therefore showed that four basic resi-
ues (K153, R154, K165, R166), especially R166, play a
ritical role in the nuclear localization of p27Kip1. © 2000

cademic Press

The proliferation of mammalian cells is primarily
egulated during the prereplicative (G1) phase of the
ell cycle (1, 2). The basic components of the machinery
nvolved in the regulation of the cell cycle are cyclins
nd cyclin-dependent kinases (Cdks) which form active
inase complexes, and Cdk inhibitors (3, 4). Two
lasses of Cdk inhibitors have been identified: The
NK4 family that are specific inhibitors of cyclinD-
dks, and the Kip/Cip family including p21, p27, and
57, which inhibit all types of cyclin-Cdk complexes (5,
). Nuclear localization is a prerequisite for these pro-
eins to function as cell cycle regulators. p27Kip1 is con-
idered to play a critical role in the growth arrest
nduced either by cell-cell contact or serum deprivation
7, 8). Recent studies have suggested that the nuclear

1 To whom correspondence should be addressed. Fax: 181-92-642-
552. E-mail: kanaide@molcar.med.kyushu-u.ac.jp.
37
o inhibit cell cycle progression (9–13).
The nuclear pore complexes (NPCs) provide chan-

els which measure about 9 nm in diameter, and thus
llow the diffusion of ions, metabolites and small pro-
eins (relative molecular mass less than 40–60 kDa),
ediate the selective transport of particles up to 26–28

m in diameter by energy-dependent mechanisms and
erve as sites of exchange of macromolecules between
ytoplasm and nucleus in eukaryotic cells (14, 15).
any, if not all, of the nuclear proteins contain a

uclear localization signal (NLS), which promote the
ctive transport into nucleus. Classical NLSs are short
equences containing several essential basic amino ac-
ds. When fused to a heterologous protein, these short
LS sequences are sufficient to direct the chimerical
olypeptide into the nucleus (16). There are two major
ypes of NLS: (1) a monopartite NLS, composed of a
ingle cluster of basic amino acids, (2) a bipartite NLS,
omposed of two clusters of basic amino acids sepa-
ated by a spacer region composed of non-basic amino
cids. SV40 large T antigen contains a typical example
f a monopartite NLS (17), and nucleoplasmin contains
typical bipartite NLS (18). p27Kip1 has been suggested

o contain a putative bipartite NLS at the C-terminal
egion, which consists of an N-terminal cluster of 3 basic
esidues and a C-terminal cluster of two basic residues
Fig. 3) (19). However, the function of this region 152–166
s an NLS has not yet been proven, and the minimal
equirement of amino acid residues for the nuclear local-
zation of p27Kip1 has not yet been determined.

In the present study, we determined the region re-
uired for the nuclear localization of p27Kip1 and the
mino acid residues essential for NLS, by examining
he subcellular localization of p27Kip1 and its various
runcated and site-directed mutants which were ex-
ressed as fusion proteins with green fluorescence pro-
ein (GFP). We demonstrated that a specific region,
53–166, serves as a functional NLS in p27Kip1 and that
our out of five basic residues are essential to achieve
ts function.
0006-291X/00 $35.00
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ETHODS

Cell culture. HeLa cells were cultured in Dulbecco’s modified
agle medium (DMEM) supplemented with 10% fetal bovine serum,
00 U/ml penicillin, 100 mg/ml streptomycin. Porcine aortic endothe-
ial cells were obtained as previously described (20), and cultured in
MEM containing 10% fetal bovine serum, 100 U/ml penicillin, 100
g/ml streptomycin and 10 mg/ml gentamicin.

Plasmid construction. A clone for porcine p27Kip1 (Accession No.
B031955) was obtained through the screening of a cDNA library
onstructed from a contact-induced growth arrested endothelial cells
21). The insert containing a 59 untranslated region and a full coding
egion of the clone (pAD-Kip1) was obtained by polymerase chain
eaction (PCR), digested with EcoRI and BamHI, and ligated to
coRI and BamHI sites of pEGFP-N1 (Clontech, Palo Alto, CA). The
CR reaction utilized an upper primer corresponding to the vector of
he cDNA library (pAD, Stratagene, La Jolla, CA), and a lower
rimer corresponding to a region containing a termination codon
Table 1). In the lower primer, the termination codon was destroyed
nd the BamHI site was created. An EcoRI site of the PCR product
as a cloning site of the library. The expression plasmid (pEGFP-
ip1) thus obtained was used to express a wild type full-length
27Kip1 (referred to as Kip1) which fused to the N-terminus of GFP.
All cDNAs for the truncation mutants of p27Kip1 were obtained by

CR using the primer sets listed in Table 1 and pAD-Kip1 as tem-
late. The upper primers for the N-terminal truncation were de-
igned to contain EcoRI site for ligation to the vector and an initia-
ion codon. The lower primers were designed to contain a BamHI
ite. The truncation mutants thus obtained were Kip1(1–166), en-
oding residues 1–166, Kip1(1–165), Kip1(152–198), Kip1(153–198),
ip1(154–198) Kip1(155–198), and Kip1(152–166). We introduced

List of PCR Primers for Wild-Type p2

Upper primers

ip1
ip1(1–166) 59 CTT gCg ggg TTT TTC AgT A 39
ip1(1–165)
ip1(152–198) 59 CAg TgA ATT Cgg ATg Agg AAg CgA CC
ip1(153–198) 59 CAg TgA ATT Cgg ATA ATgAAg CgA CC
ip1(154–198) 59 ACT ggA ATT Cgg ATg CgA CCT gCC AC
ip1(155–198) 59 ggg AgA ATT CAg ATg CCT gCC ACA gA
ip1(152–166) 59 CAg TgA ATT Cgg ATg Agg AAG CgA CC

Note. Eco RI sites (upper primers) and Bam HI sites (lower primers
re double-underlined.

TAB

List of Complementary Primers Containing Sit

Forward primers

ip1(R152A) 59 TgC ACT ggg ATA gCg AAg CgA CCT gCC 39
ip1(K153A) 59 C ACT ggg ATA Agg gCg CgA CCT gCC ACA g 39
ip1(R154A) 59 C ACT ggg ATA Agg AAg gCA CCT gCC ACA gAC
ip1(K165A) 59 AT TCC TCT CCT CAA AAC gCA AgA gCC AAC AgA
ip1(R166A) 59 AT TCC TCT CCT CAA AAC AAA gCA gCC AAC AgA

Note. The primers listed above were utilized to generate the two D
eaction. One product was obtained by a combination of the upper pr
I cloning site of pEGFP-Kip1 and the reverse primers as listed; th
s listed and the lower primer (59 ACg AgC Agg ATC CgT TTg ACg
EGFP-Kip1. Codons containing mutant are underlined.
38
he site-directed mutation to Kip1 using overlap extension PCR
echnique (22). Complementary forward and reverse primers con-
aining mutations (Table 2) and the upper and lower primers corre-
ponding to the regions of pEGFP-N1 flanking the cloning sites (see
he legend for Table 2) were used to generate two DNA fragments
aving overlapping ends by PCR amplification using 100 ng pEGFP-
ip1 as template. The two PCR products were purified through
garose gel electrophoresis, and subjected to the extension PCR
sing the upper and lower primers corresponding to pEGFP-N1. The
roduct of the extension PCR was digested with EcoRI and BamHI,
nd then ligated to EcoRI and BamHI site of pEGFP-N1. The site-
irected mutations thus obtained were Kip1(R152A) (mutation
f R152 to A), Kip1(K153A), Kip1(R154A), Kip1(K165A), and
ip1(R166A). Plasmid DNA was purified with plasmid purification
its (Qiagen, Hilden, Germany) for transfection, according to the
rocedure specified by the manufacturer.
The DNA sequences were determined by the dideoxy-mediated

hain termination method on an ABI PRISM 310 Genetic Analyzer
Perkin-Elmer, Foster City, CA). We confirmed that all constructs
ontained no un-intended mutation.

Transfection of cells with expression plasmid. HeLa cells were
ransfected with the expression plasmid using LipofectAMINE (Life
echnologies, Rockville, MD). Forty thousand cells were seeded on
overslips in 35-mm tissue culture dish on the day before transfec-
ion. After rinsing with serum-free, antibiotics-free DMEM, the cells
ere transfected by incubation in 1 ml serum-free, antibiotics-free
MEM containing 5 ml LipofectAMINE and 2–3 mg plasmid DNA at
7°C for 5 h. LipofectAMINE and plasmid DNA had been incubated
t room temperature for 15 min before transfection. After 5 h incu-
ation, the transfection mixture was replaced with 10% serum con-
aining complete growth medium, and cells were cultured for 16–24 h.

ip1 (Kip1) and Its Truncated Mutants

Lower primers

59 Acg AgC Agg ATC CgT TTg ACg CCT TCT gAg 39
59 TTC TgT Tgg ATC CgC TCT TTT gTT TTg Agg 39
59 TCT gTT ggg ATC CTT gTT TTg Agg AgA ggA 39

CC 39
CC 39

59 ACg AgC Agg ATC CgT TTg ACg CCT TCT gAg 9
gAC 39
gAT 39
CC 39 59 TTC TgT Tgg ATC CgC TCT TTT gTT TTg Agg 39

e underlined. The initiation condons integrated in the upper primers

2

irected Mutations for the Full-Length p27Kip1

Reverse primers

59 ggC Agg TCg CTT CgC TAT CCC AgT gCA 39
59 C TgT ggC Agg TCg CgC CCT TAT CCC AgT g 39

3 59 C gTC TgT ggC Agg TgC CTT CCT TAT CCC AgT g 39
A gA 39 59 TC TgT TCT gTT ggC TCT TgC gTT TTg Agg AgA ggA AT 39
A gA 39 59 TC TgT TCT gTT ggC TgC TTT gTT TTg Agg AgA ggA AT 39

fragments having overlapping ends in the initial polymerase chain
r (59 gCA gAg CTg gTT TAg TgA AC 39) located upstream to the Eco
her product was obtained by a combination of the forward primers
CT TCT gAg 39) located downstream to the Bam HI cloning site of
7K
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oom temperature for 5 min. After washing three times with phos-
hate buffered saline, coverslips were mounted on glass slides and
ealed with nail oil.

Confocal fluorescence microscopy. The fluorescence images were
bserved under a laser scanning microscopy LSM GB200 (Olympus,
okyo, Japan), using a 60 3 objective lens, 488 nm laser excitation,
nd a 500–530 band pass emission filter. Fluorescence images were
btained at the nuclear level, and saved as TIFF files for represen-
ative photos and quantitative analyses.

Quantification of fluorescence ratio of cytoplasm/nucleus. The flu-
rescence intensity for a certain area of cytoplasm and nucleus in the
ame cell was determined on a fluorescence image obtained with a
onfocal microscope using the NIH Image 1.62 program, and then a
uorescence ratio of cytoplasm to nucleus was obtained for each cell.
he average fluorescence ratio was obtained from at least 10 differ-
nt cells for each construction.

Statistical analysis. Statistical significance was evaluated by Stu-
ent’s t-test. P , 0.05 was considered to be statistically significant.

ESULTS

Region of p27Kip1 Required for Nuclear Localization

To delineate the region required for the nuclear lo-
alization of p27Kip1, we examined the localization of
arious truncation mutants of p27Kip1 tagged with GFP
t a steady state after transfection in a human epithe-
ial cell-derived cell line, HeLa cells (Fig. 1), and por-
ine aortic endothelial cells (Fig. 2). The amino acid
equence of the porcine p27Kip1 is 91.9% identical to its
uman counterpart. Approximately 40–50% of all
eLa cells showed GFP fluorescence 16–24 h after

ransient transfection, while approximately 2–5% of
he endothelial cells showed GFP fluorescence. Similar
esults for the transfection of p27Kip1 and its mutants
ere obtained in HeLa cells and endothelial cells.
The GFP tag alone (27 kDa) distributed in both cy-

oplasm and nucleus, with a slightly denser accumula-
ion in nucleus, while Kip1 (22 kDa 1 27 kDa tag), a
ild-type p27Kip1 tagged with GFP, exclusively local-

zed to nucleus (Figs. 1A and 2A). The deletion of the
-terminal region 167–198, Kip1(1–166), caused local-

zation mostly in nucleus but with a slight degree of
ytosolic fluorescence. A further deletion of only one
mino acid from the C-terminus of Kip1(1–166),
ip1(1–165), caused a fluorescence pattern similar to

hat seen with GFP alone. On the other hand, a dele-
ion of the N-terminal region 1–151, Kip1(152–198),
ad no effect on the localization of Kip1, and it showed
xclusive nuclear localization. One basic amino acid
R152) deletion, Kip1(153–198), caused a slight reten-
ion of fluorescence in cytoplasm, but most of the fusion
rotein localized to the nucleus. However, one more
asic amino acid deletion, Kip1(154–198), caused a
uorescence pattern similar to that observed with GFP
lone. Kip1(155–198), which missed the whole up-
tream cluster of basic amino acids of a putative NLS,
lso showed a fluorescence pattern similar to that ob-
erved with GFP alone.
39
FIG. 1. Localization of p27Kip1 and its mutants in HeLa cells. (A
nd B) Representative photos of a confocal image showing GFP
uorescence of truncated (A) and site-directed mutants (B). GFP,
ells expressing a GFP tag alone; Kip1, wild type p27Kip1; Kip1(1–
66), a truncation mutant containing residues 1–166; Kip1(1–165),

truncation mutant containing residues 1–165; Kip1(152–198),
truncation mutant containing residues 152–198; Kip1(153–198),
truncation mutant containing residues 153–198; Kip1(154–198),
truncation mutant containing residues 154–198; Kip1(155–198),
truncation mutant containing residues 155–198. Kip1(R152A),

ip1(K153A), Kip1(R154A), Kip1(K165A), and Kip1(R166A), a full-
ength p27Kip1 containing a site-directed mutation of R152, K153,
154, K165, and R166 to A, respectively. Scale bar, 50 mm. (C) A
uantitative evaluation of cytoplasmic and nuclear localization. The
atio of the cytoplasmic fluorescence intensity to the nuclear fluores-
ence intensity was obtained for each construct. The data are the
ean 6 s.e. mean of 10 different cells. *, P , 0.01 compared with the
FP tag alone.
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The subcellular localization between cytosol and nu-
leus in HeLa cells (Fig. 1C) and endothelial cells (Fig.
C) was quantitatively evaluated by determining the
uorescence ratio of cytoplasm to nucleus on a confocal
icroscopic image using the NIH Image 1.62 program.
he fluorescence ratio for GFP was 0.56 6 0.05 in HeLa

FIG. 2. Localization of p27Kip1 and its mutants in porcine endo-
helial cells. (A and B) Representative photos of a confocal image
howing GFP fluorescence of truncated (A) and site-directed mutants
B). The headings for photos are same as in Figs. 2A and 2B. Scale
ar, 50 mm. (C) Quantitative evaluation of cytoplasmic and nuclear
ocalization. The ratio of the cytoplasmic fluorescence intensity to the
uclear fluorescence intensity was obtained for each construct. The
ata are the mean 6 s.e. mean of 10 different cells. *, P , 0.01
ompared with the GFP tag alone.
40
ip1 and Kip1(152–198) were 0, since no fluorescence
as detected in the cytoplasm. The fluorescence ratio

or Kip1(153–198) (0.17 6 0.03 in HeLa cells and
.06 6 0.02 in endothelial cells) and Kip1(1–166)
0.21 6 0.03 in HeLa cells and 0.13 6 0.05 in endothe-
ial cells) was higher than 0, but significantly lower
han that obtained with GFP alone, thus indicating
he efficiency of NLS to localize protein into nucleus
as slightly attenuated. The fluorescence ratio for
ip1(154–198) (0.56 6 0.04 in HeLa cells and 0.39 6
.03 in endothelial cells), Kip1(155–198) (0.55 6 0.07
n HeLa cells and 0.40 6 0.04 in endothelial cells) did
ot differ significantly from that obtained with GFP
lone, indicating complete loss of NLS function. As a
esult, the residues 153–166 (KRPATDDSSPQNKR)
ncluded in a putative NLS was demonstrated to
e necessary for the nuclear localization of p27Kip1.
owever, a construct containing only this region,
ip1(152–166), was highly distributed in cytoplasm,
ut the fluorescence ratio (0.38 6 0.07 in HeLa cells
nd 0.21 6 0.03 in endothelial cells) was significantly
ower than that obtained with GFP alone. This finding
ndicated that this region indeed functioned as a NLS,
ut its efficiency was greatly impaired.

inimal Requirement of Amino Acids for the Nuclear
Localization of p27Kip1

To identify the essential amino acid residues for the
LS, site-directed mutagenesis in the full-length
27Kip1 was utilized. Five basic amino acids (R152,
153, R154, K165, and R166) were substituted with A
ne by one (Figs. 1C and 2C). Mutation of R152 to A,
ip1(R152A) exclusively localized to nucleus as ob-

erved with a wild-type p27Kip1. This observation was
onsistent with the results obtained with Kip1(153–
98), thus suggesting that R152 is unnecessary for
uclear localization. However, other mutations greatly

mpaired the nuclear localization. Kip1(R166A) com-
letely lost nuclear localization, and its fluorescence
atio (cytosol/nucleus) did not significantly differ from
hat obtained with GFP. Kip1(K153A), Kip1(R154A),
nd Kip1(K165A) substantially attenuated the nuclear
ocalization, although the fluorescence ratio was slightly
ut significantly lower than that obtained with GFP.

ISCUSSION

We herein present the first direct evidence that a
utative NLS, 152–166, serves as a functional NLS in
27Kip1. This region (RKRPATDDSSPQNKR) contains
cluster of three basic residues at the N-terminus and
cluster of two basic residues at the C-terminus. How-

ver, a comparison of the truncated mutants delin-
ated the region 153–166 to be the minimal sequence
ecessary for nuclear localization. Among the five basic
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esidues seen in a putative NLS, we demonstrated that
153, R154, K165, and R166 play a critical role in
uclear localization. We thus concluded the region
53–166 to be the minimal region required for the
uclear localization of p27Kip1, while the two basic res-

dues at both ends separated by a spacer region of 10
on-basic amino acids are the essential amino acids for
LS (Fig. 3).
The NLS-dependent nuclear import requires the for-
ation of a NPC-targeting complex, which is composed

f two nuclear targeting proteins, importin a and im-
ortin b (18). Importin a recognizes the classical NLS
nd binds to importin b via an importin b-binding
omain. As a result, it functions as an adapter mole-
ule between the NLS-containing protein and importin
. Importin b then targets the complex to NPC. The
rystallographic analysis of importin a complexed with
peptide containing classic NLS showed that the bind-

ng of NLS occurs at two sites (23). The smaller binding
ite allows for the specific recognition of two basic (K or
) residues, while the larger binding site is structur-
lly optimal for the recognition of five basic residues.
he smaller binding site must be located upstream of
he larger binding site, with the optimal distance being
0 residues. This observation is consistent with the
onsensus model for bipartite NLS (16): B(2)-N(10–
2)-B(3–4 out of 5 residues), where B is a basic amino
cid and N is any amino acid. The functional NLS in
27Kip1 is thus consistent with this consensus sequence.
t should be noted that this binding model indicated by
he crystallographic study correlated well with the
inimal requirement of two basic residues at the
-terminus as proved in the present study, but not
ith a requirement of three basic residues as sug-
ested by a putative NLS.
In the present study, we quantitatively evaluated

he subcellular localization by determining the mean
uorescence density for a certain area using an image
nalysis software package. Since a confocal fluores-

FIG. 3. The minimal sequence required for nuclear localization
f p27Kip1. A structure of Kip1 is schematically shown, and a putative
uclear localization signal (residues 152–166) and its amino acid
equence are shown. The basic amino acids residues are underlined.
he minimal sequence (residues 153–166) required for nuclear local-

zation, which was proved in the present study, is framed. The
ssential basic amino acids are indicated by arrowheads, with R166
eing indicated by a double arrowhead to emphasize its greatest
ontribution to nuclear localization.
41
uorescence intensity for a certain area reflects the
ean concentration of GFP protein. Therefore, the ra-

io of cytosolic to nuclear amount can be estimated by
he fluorescence ratio. Based on this method, the effi-
iency of NLS could thus be statistically evaluated.
or example, three truncation mutants, Kip1(1–166),
ip1(153–198), Kip1(152–166) and three site-directed
utants, Kip1(K153A), Kip1(R154A), Kip1(K165A)

howed a significantly higher degree of nuclear stain-
ng than GFP alone, while Kip1(R166A) completely lost
ts NLS function. We thus concluded that the region
53–166, was necessary for nuclear localization, but
his region alone was insufficient to achieve the full
fficiency of NLS. Some extension flanking the mini-
al NLS are thus suggested to be required for the full

unction of NLS. A similar requirement of such exten-
ion has been noted for the interaction between the
LS of the helicase Q1 and Qip1, a member of the NLS

eceptor family (24). Based on the findings of a quan-
itative analysis, we also concluded that R166 is the
ost important basic residue among the four essential

asic amino acids.
As we demonstrated in the present study, the NLS

lays an essential role in determining the subcellular
ocalization of p27Kip1. However, the localization of
27Kip1 and also its function as a negative regulator of
ell cycle could also be regulated by other factors.
rend et al. (10) found p21Cip1 and p27Kip1 to be seques-

ered from the nucleus by cytoplasmic cyclinE-Cdk2
omplexes. The overexpression of cyclin D retained
27Kip1 in the cytoplasm (12, 25). From these observa-
ions, p27Kip1 and cyclin-Cdk complexes seem to seques-
er each other in the cytoplasm. The NLS function is
lso known to be regulated by the phosphorylation of S
r T close to NLS. For example, the phosphorylation of
casein kinase II site near the NLS of SV40 T-antigen

ncreased the rate of nuclear translocation (26), while
he nuclear transport of lamin B2 was inhibited by
hosphorylation at the protein kinase C sites (27). In
he sequence of p27Kip1, several possible phosphoryla-
ion sites (T149, T157, T179, S160, S161) were found
ear the NLS. However, the involvement of phosphor-
lation in the regulation of subcellular localization of
27Kip1 remains to be elucidated.
In conclusion, we herein clarified that a specific re-

ion, 153–166, to be the minimal sequence necessary to
chieve nuclear localization, and this region is consid-
red to be consistent with a consensus sequence of
ipartite NLS. Four basic residues in this region, es-
ecially R166, play a critical role. However, the mini-
al region alone was found to be insufficient to achieve

he full function of NLS, and thus suggesting some
xtension to be auxiliary. The precise mechanism un-
erlying the regulation of the subcellular localization
f p27Kip1, however, remains to be clarified.
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