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Such a transduction activity of Vpr is energy indepen-
dent and does not require a cellular receptor [15]. As one
of possibly related mechanisms of transducing activity,
Vpr forms a channel in cellular membranes [16,17], and
the amino-terminal region of 40 aa of Vpr with a-helix
structures is responsible for the ion channel formation
[17].

Proteins, such as antennapedia of Drosophila (ANTP)
[18], VP22 of herpes simplex [19], and Tat of HIV-1 [20],
are known to possess protein transduction domains
(PTD). PTD enables proteins to cross biological mem-
branes and helps them to enter the cytoplasm. It has
been also reported that a variety of proteins, when ex-
pressed as chimetric proteins with the peptide, enter
target cells. PTD has an arginine-rich region, and it was
expected that the C-terminal region of Vpr, which con-
tains an arginine-rich stretch, functioned as PTD. It
was, however, concluded that the C-terminal half of Vpr
did not show any activities as PTD [15], and the region
of Vpr responsible for transducing exogenous protein
remained to be clarified.

In the present study, we identified a sequence corre-
sponding to the third o-helix domain {C45D18) as PTD.
Interestingly, C45D18 entered cells even without cellular
growth, and C45D18-conjugated green fluorescent pro-
tein (GFP) was quickly transferred to the nucleus.
Transduction of protein conjugated with C45D18 was
more efficient than that conjugated with Tat-derived
peptide. Based on results that C45D18-conjugated pro-
teins were efficiently transduced inte cord blood
moncnuclear (CBMN) cells as well as resting adherent
cells, we propose that C45D18 functions as a novel ve-
hicle that facilitates nuclear trafficking of molecules into
target cells.

Materials and methods

Cell culture and chemicals. 'T1080 and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum (FCS) (Sigma, SI}). Cord blood was kindly provided by volun-
teers who pave informed consent. CBMN cells were prepared by
centrifugation, according to the manufacturer’s protocol (Nycomed
Pharma AS, Norway). Briefly, cord blood was diluted with the same
amount of phosphate buffered saline (PBS) and applied on the Lym-
phoprep solution. After centrifugation for 20min at §800g, cells at the
interphase were collected, washed once with PBS, and resuspended in
Iscove’s modified Dulbecco’s medium (IMDM) supplemented with
10% FCS. Jurkat cells and HL-60 cells were cultured in IMDM with
10% FCS. To prepare resting cells, HT1080 cells were cultured for 4
days in FCS-free medium. Cell growth of HL-60 cells was also arrested
with 1 pg/ml aphidicolin (APC) (Sigma, §I). As a control, dimethyl
sulfoxide (DMS0), used as a solvent of APC, was treated.

Peptide synthesis and detection of incorporated peptide. Various types
of peptides derived from Vpr (sec Fig. 1A) and Tat (GYGRKKRR
QRRRGGC, amino acids described as single letters} were chemically
synthesized (Wako, Tokyo). Biotin was added at the amino terminal end
of each peptide. After treatment of peptides, cells were washed once with
PBS and then fixed with 100% ice-cold methanol. To exclude signals

associated with cellular membranes, cells were treated for 10 min with
0.2% Triton X-100 in PBS |21]. Cells were then reacted for 1 h with
streptavidin (SA)-conjugated FITC (SA-FITC) and washed several
times in PBS with 0.05% Tween 20. To detect the interaction of the
peptide and plasmid DNA, different doses of the peptide (1-30 pg) were
mixed with 0.2 pg plasmid DNA. A reporter plasmid, pCM V/luciferase,
was kindly provided by Dr. Shimada (Nihon Medical School). Lucif-
erase activity was assayed, as described [21].

Expression of recombinant green fluorescent protein and conjuga-
tion with peptides. A recombinant protein of green fluorescent pro-
tein (GFP) tagged with (His), was expressed by a baculovirus system
with pFASTBAC and purified with proband region (Invitrogen,
Carlsbad, CA). Molecular weights of GFP and B-galactosidase (p-
gal) (Wako, M) were about 35 and 465kDa, respectively. These
proteins were chemically conjugated with Vpr-derived peptides (IBL,
Fujioka, Japan). Briefly, about 300pg protein was suspended in
10mM phosphate buffer (pH 7.0) and added with 0.1mM N-[e-
maleimidocaproyloxiylsuccinimide ester {DOJINDO Lab., Kumam-
oto, Japan). After 30min at room temperature, each Vpr-derived
peptide was added and further incubated for 3h at room tempera-
ture. Conjugated molecules were then dialyzed against PBS
overnight.

To test protein transduction, cells were incubated with conjugated
proteins overnight and incorporated GFP was detected by an anti-
body. To demonstrate fi-gal activity, X-gal staining was carried out
according to the method described [22].

Fluorescent activated cell sorter (FACS) analysis. Incorporation
of peptides was analyzed by detecting SA-FITC bound to the
peptides. For cell-cycle analysis, cells were treated for 1h with
10uM bromodeoxyuridine (BrdU} (Sigma, St. Louis, MO). After
fixation in 70% ice-cold ethancl, cells were treated with FITC-con-
jugated anti-BrdU antibody (Beckton-Dickinson, San Jose, CA) and
then stained with SuM propidium iodide (Sigma). To study the
effect of Vpr on cell-cycle, cells after treatment of peptides were
stained with 50pg/ml propidium iodide and subjected to FACS
analysis. For FACS analysis of P-galactosidase activity, a FluoRe-
porter lacZ Flow Cytometry Kit (Molecular Probes, Eugene, OR)
was used. Briefly, 5x 10%100p1 of CBMN cells was mixed with
| mM fluorescein di-B-p-galactopyranoside for 1 min and was added
to 1.8ml of ice-cold PBS containing 1.5pM propidium iodide.
FACS analysis was carried out by Cellquest (Beckton-Dickinson,
San Jose, CA).

Results

Identification of Vpr-derived oligopeptide with transduc-
ing activity

The carboxyl-half of Vpr has been shown to trans-
duce plasmid DNA into cultured cells [14]. On the other
hand, we previously reported that Vpr induced cell-cycle
abnormality at the G2/M phase, but Vpr mutant that
lacked C-terminal 18 amino acids was negative for the
cell-cycle abnormality [9]. Based on these observations,
we tested whether C-terminal 45 aa of Vpr without the
extreme C-terminal 18 aa (C45DI18, Fig. 1A) had a
trafficking activity. A biotin-conjugated 27-mer peptide
(52-78 aa) was synthesized, and 10 pg/ml of the peptide
was added into the medium of cultured cells, On the
next day, an incorporated peptide was detected with
SA-FITC. As shown in Fig. 1B, C45D18 was clearly
detected in the peptide-treated cells (Fig. 1B, middle
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Fig. 1. Identification of Vpr-derived peptide that is incorporated into cells. {A) Amino acid sequence of Vpr used in the present study. (B) Incorporation
of C45D18 into celis. Results of HT1080 cells (left panels) and CBMN cells (right panel) are shown. Note that almost all of cells are positive for the
incorporated peptide (shown by yellow and red in left and right panels, respectively). (C} Transducing activity of synthetic peptides. Several biotin-
conjugated peptides were synthesized and added into the culture medium of CBMN cells. On the next day, the incorporated peptides were detected with
SA-FITC. Amino acid sequence of each peptide is shown in (A). (D) Effects of C45D18 on cell-cycle. Cells were treated with C45D18 for 2 days and then
subjected 1o cell-cyele anatysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.)

panel). We observed that C45DI18 was also efficiently
incorporated into CBMN cells (Fig. 1B, right panel
shown by red). FACS analysis revealed that almost
100% of cells were positive for the incorporated peptide
after overnight treatment.

To identify the minimal region required for such
trafficking activity, several biotinylated peptides were
synthesized (Fig. 1A), and we tested whether they were
incorporated into CBMN cells, (Fig. 1C). Three pep-
tides of C45D21 (52-75 aa), C45D24 (52-72 aa), and
C45D27 (52-69 aa) were less efficiently incorporated to
CBMN cells than C45D18 {orange, purple, and yellow
peaks, respectively). When amino-terminal three amino
acids were deleted from C45D18 (C42D18), its traffick-
ing activity was greatly reduced (blue in Fig. 1C).

It has been reported that Vpr induces cell-cycle ab-
normality at G2/M phase, and we studied whether
C45D18 hasan activity oncell-cycle. Asshownin Fig. 1D,
FACS analysis revealed that cell-cycle was not changed
after treatment for 2 days. These data imply that C45D18
is an appropriate sequence for further characterization of
the potentiality for transducing activity.

Trafficking macromolecules

We next studied whether C45DI18 could transduce
plasmid DNA. Consistent with a previous report on the
full-length peptide of Vpr [14], C45D138 interacted with
plasmid DNA. Unfortunately, however, we could not
obtain a favorable amount of exogenous gene expres-
sion in cells transfected with the complex (data not
shown). To evaluate the activity of C45D18 to transport
macromolecules into cells, we studied whether C45D18§,
when attached to a recombinant protein, entered cells,
For this purpose, C45D18 was conjugated at various
molar ratios with a purified recombinant protein of
GFP and added into the culture medium. On the next
day, incorporated proteins were detected. As shown in
Fig. 2A, cells treated with C45D18-conjugated GFP
were positive for incorporation, although the protein
was noi detected at all in cells treated with GFP by itself
(Fig. 2A, left panel). In the present study. cells were
treated with 0.2% Triton X-100 before treatment with
SA-FITC. Since this procedure abolished signals asso-
ciated with cellular membranes [21}. our positive ob-
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Fig. 2. Trafficking macromolecule by C45D18. (A} Incorporation of C45D18-conjugated GFP into HT1080 cells. GFP conjugated with different
doses of C45D18 (3 pg/ml) was added to cells, and the incorporated GFP was detected by immunostaining with an antibody to GFP, The molar ratio
of C45D18 to GFP was §:1, 3:1, and 10:1. As a control just GFP (3 pg/ml) was added into the medium (left panel). (B} Nuclear localization of
incorporated C45D18-conjugated GFP. GFP and nuclear DNA were stained with the antibody to GFP and Hoechst 33258. Incorporated GFP was
detected by laser-scanning microscopy. Signals of GFP (left panel) and DNA (right panel) on the same field are shown by red and blue, respectively.
(C) Time course of the incorporation of CV45DI18-conjugated GFP. HL-60 cells were treated with C45D18-conjugated GFP (a molar ration of’
C45D18: GFP = 10:1) for 2 (upper right panel), 4 (lower left panel}, and 8 h (lower right panel). As a control, cells were incubated with the conjugated
GFP for 8 h. (D) Efficient trafficking by C45D18 compared to Tat-derived peptide. A chemically synthesized Tat-derived peptide (see Materials and
methods) was conjugated to GFP according to the completely same procedures of C45D18, and added into culture medium of HL-60 (left panel) and
Jurkat cells {right panel). Incorporated GFP, C45D}18-GFP, and Tat-GFP were shown by red, orange, and blue, respectively. Note that C45D18-
conjugated GFP was more efficiently incorporated than Tat-GFP. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this paper.)

servations indicate that the C45D18-conjugated protein
was actually incorporated into cells. The amount of in-
corporated proteins increased according to doses of
C45D18 conjugated to the protein (Fig. 2A). As a fur-
ther interesting observation, incorporated GFP was
detected in the regions corresponding to the nuclei of
treated cells. Laser-scanning microscopy clearly detected
that the incorporated GFP was present in the nucleus
(Fig. 2B, see also Fig. 3C), implying that C45D18 can be
used for nuclear trafficking of macromolecules.

Characrerization of C45D18-dependent trafficking of
macromolecules

We characterized the C45D18-dependent incorpora-
tion of GFP. To accurately measure the population with

incorporated GFP, HL-60 cells were treated with the
C45D18-GFP (molar ratio=10:1) and subjected to
FACS analysis. First, the dose-response of the incor-
poration was studied. When cells were incubated with 6,
3, and 1.5 pg/ml of the conjugated protein, 70%, 50%,
and 30% of cells were positive for the incorporated
GFP, respectively (data not shown). The time-course
analysis was next carried out using 3 ug/ml of the con-
jugated protein. The incorporation of peptide-conju-
gated GFP was observed within 2h after treatment
(Fig. 2B). About 30% of cells were positive for the
protein (Fig. 2C, upper right pane!), Then, about 50% of
cells were positive for the incorporated GFP in 4 or 8h
(Fig. 2B, lower panels), indicating that most of the
C45D18-dependent incorporation of conjugated protein
was complete within several hours.
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Fig. 3. Characterization of C45D18-dependent incorporation of GFP. (A) Incorporation of C45D18 into resting cells. HT1080 cells were arrested by
serum-starvation for 4 days and then C45D18 or C47D27 was treated for about 12 h, Cell cycle arrest was confirmed by BrdU incorporation, followed by
FACS analysis (data not shown). The incorporated peptides were detected with SA-FITC. Note that only C45D18 was incorporated into cells. (B}
Incorporation of C45D18-conjugated GFP into resting cells. HL-60 cefls were treated for 14 h with 1 pg/mlaphidicolin (APC), and then 3 pg/m1 C45D18-
conjugated GFP was treated for 5h. Upper and lower panels show results of cell cycle analysis and incorporated GFP, respectively. As a control, cells
were treated with DMSO, used as a solvent of APC (middle panels). After APC treatment, cells did not incorporate BrdU (upper right panel}, but the
incorporated GFP was detected in these cells {(lower right panel). (C) Incorporation of C45D18-GFP into nucleus even under cell cycle arrest. HT1080
cells were treated for 14 h with 1 pg/fm] APC and incubated with the conjugated GFP. The incorporated GFP was analyzed by laser-scanning microscopy.
Results of C45D18-GFP added to control cells (left panels), DMSO-treated cells (middle panels), and APC-treated cells (right panels) are shown. Positive
signals of the incorporated GFP {upper panels). DNA stained by Hoechst 33258 {middle panels), and merged images (lower panels) are shown.
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It has been proposed that Tat, another accessory gene
product of HIV-1, has a sequence of 9-mer aa with
trafficking activity [20]. To compare the activity of
C45D18 and Tat peptides, GFP was conjugated with
each peptide at the same molar ratio (10:1) by the same
procedure with C45D18. Then each protein was added
to the culture media of two human cell lines, HL-60 and
Jurkat cells. As shown in Fig. 2D, GFP conjugated with
Tat peptide was not efficiently incorporated (blue),
compared to the C451318 (orange). In the present work,
we conjugated peptides with protein through maleimide
molecules and then directly added them to the culture
medium without denaturing conjugated proteins. Since
it is reported that Tat activity to transduce proteins is
observed only after denaturing proteins [23], it may be
possible that Tat activity of protein transduction is
possibly detected after denaturing molecules.

It has been reported that Vpr has an activity to form
channels in the cytoplasmic membrane [16,17], by which
Vpr might be incorporated into cells. To exclude the
possibility that trafficking of exogenous proteins is due
to passive incorporation through membrane channels

formed by Vpr-derived peptide, we added C45D18 and
unconjugated GFP simultaneously, and then evaluated
whether GFP was detected in the treated cells. No in-
corporated signals were observed {(data not shown), in-
dicating that C45D18 was active for transducing
protein, only when it was conjugated with macromole-
cule.

Trafficking molecules info resting cells

It has been proposed that Vpr is responsible for in-
fection of HIV to resting macrophages [6). To know
whether C45D18 could be incorporated into resting
cells, HT1080 cells were first cultured for 4 days in FCS-
free medium and then incubated with the peptide. FACS
analysis on BrdU-positive cells clearly indicated that
cells were not S-phase (data not shown). When C45D18
was treated with these cells, the peptide was again effi-
ciently incorporated (Fig. 3A-A). By contrast, C45D28,
a smaller peptide, was not incorporated at all (Figs. 3A
and B), indicating that the incorporation of C43D18 was
not due to the passive transport of small molecules into
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Fig. 4. Incorporation of bioactive molecule of C45D18. (A) Nuclear trafficking of active B-gal into adherent cells. HT1080 cells were treated
overnight with control p-gal (upper panels) or C45D18-conjugated p-gal (lower panels). Then X-gal staining was carried out. Doses of treated
proteins were 1 (left panels), 3 (middle panels), and 10 (right panels) pg/ml, respectively. B-Gal activity is indicated as black spots. Note that signals of
PB-gal activity are observed in regions corresponding to nucleus. (B) Incorporation of B-gal into CBMN cells by C45D18. CBMN cells were treated
with C45D18-conjugated B-gal, and the activity of B-gal was detected by FACS analysis with a FluoReporter lacZ Flow Cytometry kit. Results of
control (left panel), B-gal (middle panel), and $-gal conjugated with C45D18 (right panel) are shown.
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cells, We next studied whether C45D18-conjugated
protem was also incorporated into resting cells. HL-60
cells were first treated for 14h with | ug/ml APC and
then incubated for another $h with 3 pg/ml C45D18-
conjugated GFP. We confirmed that cell cycle was
completely arrested, as judged by incorporation of BrdU
(Fig. 3B, upper right panel). Even under such condition,
more than 50% of cells were positive for incorporated
GFP (Fig. 3B, lower right panel}. The same experiment
was carried out on HT1080 cells and consistent results
were obtained (Fig, 3C). Incorporation of C45D18-
conjugated GFP into APC-treated cells was observed at
almost the same level with control (Fig. 3D, right pan-
els). Interestingly, the incorporated GFP was again de-
tected in nuclear regions, judged by laser-scanning
microscopy (Fig. 3C, middle and right panels). These
data indicate that the nuclear trafficking of protein by
C45D18 was not dependent on cellular growth.

Nuclear trafficking of bioactive macromolecules

To know whether C45D18 could transport a bioac-
tive macromolecule, B-gal with a molecular weight of
465kDa was conjugated with C45D18 and then added
to cells. To show bioactivity, X-gal staining was carried
out on the next day. As shown in Fig. 4A, B-gal activity
was clearly detected in HT1080 cells treated with con-
jugated f3-gal. The numbers of cells positive for of X-gal
staining increased in a dose-dependent manner of trea-
ted [-gal (Fig. 4A). We also observed that B-gal activity
was present in regions corresponding to nucleus.

C45D18-dependent incorporation of B-pal activity
was also demonstrated by FACS analysis on CBMN
cells that were treated with the protein (see Materials
and methods). As shown in Fig. 4B, more than 90% of
treated cells were positive for B-gal activity (Fig. 4B,
right panel). By contrast, treatment of B-gal alone did
not increase the number of cells positive for the activity
(Fig. 4B, middle panel). These data indicate that the
trafficking property by C45D18 can transduce bioactive
molecule at high efficiency.

Discussion

In the present study, we identified a sequence en-
compassing 52-78 aa of Vpr (C45D18) as a novel PTD.
To confirm the reproducibility of our observations, we
synthesized C45D18 more than three times and exam-
ined the activity of the peptide conjugated with proteins.
Independent experiments revealed that C45DI18 or its
conjugated proteins, when added to culture medium of
cells. were efficiently incorporated into the nuclear
region.

For nuclear trafficking of proteins into cells from
outside, there are at [cast two steps where C43DI18

should function. One is that C451218 enables conjugated
proteins to cross biomembranes, and another step is that
C45D18 translocates the incorporated protein to the
nucleus. Although the precise mechanism remains to be
clarified, it has been well proposed that Vpr enters cells
[7,13], when added to the culture medium. As a possible
explanation of this phenomenon, it has been proposed
that Vpr forms ion channels in cellular membranes
[16,17]. The region responsible for channel formation
has been recognized in amino-terminal 40 aa [17].
Crossing cellular membranes by the C45D18 would not,
however, be due to the ion channel formation by a
proposed region, since C45D18 is located in the C-ter-
minal half of Vpr. How the conjugated protein enters
cells remains to be clarified.

As one of the most important functions of Vpr, it is
involved in the nuclear trafficking of a pre-integration
complex of HIV-1 (PIC) [6,24], which explains an in-
triguing activity of HIV-1 to infect resting macrophages
[25]. The mechanism of nuclear trafficking activity of
Vpr has been extensively investigated, and it is well
proposed that Vpr is a nucleopheric protein [6,24,26-
28]. Interestingly, however, it does not have a classical
nuclear localization signal. Although there are some
controversial reports [8], it has been proposed that Vpr
binds karyopherin a [6,24] and translocates PIC to the
nucleus. Furthermore, Vpr has been shown to interact
with members of nuclear pore complex (NPC) proteins
such as Nsplp [27} and nucleoporin hCG1 [28]. Func-
tional analysis using chimeric proteins of Vpr and p-gal
has indicated that two parts of Vpr promote nuclear
trafficking of B-gal. It was reported that 71-96 aa of Vpr
is still active in nuclear localization. Since C45D18 has a
region of 53-78 aa, it might be possible that an over-
lapped region of 71-78 aa has an affinity to NPC pro-
teins, responsible for nuclear trafficking. To know
whether the overlapped region 71-78 aa of Vpr (peptide-
8) functions for nuclear trafficking of C45D18, we added
peptide-8 into culture medium of cells and compared
with the properties of C45D18. Although we observed
that C45D18 was incorporated into the nuclear region,
but peptide-8 was scarcely translocated to nucleus (data
not shown), implying that the region of 71-78 aa of Vpr
is not enough for nuclear translocation of C45D18.

As an important observation, C45D18 could trans-
duce exogenous molecules into resting cells. Although
retrovirus gene transfer is frequently utilized in clinical
fields, exogenous genes cannot be transduced in resting
cells by the systemn. To circumvent this problem, modi-
fied lentiviral vectors are developed for transducing
genes into resting cells [29]. On the other hand. recent
observations reveal that a retroviral system occasionally
results in fatal side effects [30]. implving that a non-viral
gene transfer system would be more reliable in future
clinical use. In most of gene transfer systems. however.
the expression of exogenous genes depends on break
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down of nuclear membranes. To obtain an efficient gene
expression in resting cells. it is crucial to develop a sys-
tem by which exogenous genes are directly transferred
into nucleus. Since C45D1{8 can efficiently translocate
into the nucleus, it is tempting to speculate that the
frequency of gene expression by non-viral gene transfer
systems may be improved by the combination with
C45D18.

It has been reported that several peptides derived
from different sources—-such as ANTP, herpes simplex
VP22, and nine amino acids of Tat peptide-possess
protein transduction activity, When compared to the
activity of Tat, C45D18 has more potent activity in
transporting molecules. It has been well proposed that
the transduction activity of Tat requires protein dena-
turing [23]. Our present work reveals that C45DI8 is
more versatile than Tat peptide, since C45D18-conju-
gated molecules can be directly utilized for nuclear
trafficking without any subsequent procedures. Addi-
tionally, C45D18 did not induce any cell-cycle abnor-
mality or apoptosis (Fig. 1D), implying that it can be
used without serious side effects.
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Summary

The dual specificity phosphatase CDC25B positively
controls the G2-M transition by activating CDK1/cyclin B.
The binding of 14-3-3 to CDC25B has been shown to
regulate the subcellular redistribution of CDC25B from the
nucleus to the cytoplasm and may be correlated with
the G2 checkpoint. We used a FLAG-tagged version of
CDC25B to study the differences among the binding sites
for the 14-3-3 subtypes, 14-3-3(}, 14-3-3¢ and 14-3-3c,
and the relationship between subtype binding and the
subcellular localization of CDC25B. All three subtypes
were found to bind to CDC25B. Site-directed mutagenesis
studies revealed that 14-3-3 bound exclusively near serine-
309 of CDC25B1, which is within a potential consensus
motif for 14-3-3 binding. By contrast, 14-3-3¢ bound
preferentially to a site around serine-216, and the presence
of serine-137 and -309 enhanced the binding. In addition to
these binding-site differences, we found that the binding of
14-3-3f drove CDC25B to the cytoplasm and that matation

of serine-309 to alanine completely abolished the
cytoplasmic localization of CDC25B. However, co-
expression of 14-3-3c and CDC25B did not affect the
subcellular localization of CDC25B. Furthermore, serine-
309 of CDC25B was sufficient to produce its cytoplasmic
distribution with co-expression of 14-3-3(, even when
other putative 14-3-3 binding sites were mutated. 14-3-3¢
resembled 14-3-3B with regard to its binding to CDC25B
and the control of CDC25B subcellular localization. The
results of the present study indicate that two 14-3-3
subtypes can control the subcellular localization of
CDC25B by binding to a specific site and that 14-3-3c has
effects on CDC25B other than the control of its subcellular
localization.

Key words: CDC25B, 14-3-3B, 14-3-36, Subcellular localization, G2
checkpoint

Introduction

The CDK (cyclin-dependent kinase) family of proteins controls
the eukaryotic cell cycle, and one of these proteins, CDKI, is
required for the onset and maintenance of mitosis. The

activities of CDK family proteins related to cell cycle

control are regulated by associations with cyclin proteins,
interactions with cyclin-dependent kinase inhibitors, such as
p21 and p27, and the phosphorylation-dephosphorylation cycle
of CDK (Morgan, 1997). For instance, the phosphorylation
of CDK1 at threonine-14 and tyrosine-15 by Weel and/or
Mytl kinases negatively controls CDKI1 activity, whereas
the dephosphorylation of CDK!1 by the CDC25 family
phosphatases activates CDK1, an essential step in the transition
from G2 to M phase. The CDC25 family of dual protein

phosphatases consists of three members, CDC25A, CDC25B,
and CDC25C (Nilsson and Hoffman, 2000). CDC25A is

“thought to regulate the G1 to S transition, and CDC25B and C

have been proposed to activate the CDK1/cyclin B1 complex
to advance the cell cycle from G2 to M. Recent reports strongly
suggest that CDC25A also has a function that is essential for
the entry into and maintenance of M phase (Mailand et al,,
2002).

The 14-3-3 family of proteins conmsists of small, acidic,
highly conserved proteins that are present in all eukaryotic
cells from yeast to mammals. There are seven isotypes present
in mammalian cells. The 14-3-3 proteins are involved in
numerous cellular processes related to signal transduction
(Muslin and Xing, 2000; Tzivion et al., 2001; Yaffe, 2002).
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These molecules bind to phosphoproteins at specific sequence
motifs, which contain phosphoserine/threonine residues three
amino acids downstream of an arginine (RxxS/T), and thereby
regulate extracellular signaling or stress response pathways
(Muslin et al., 1996; Yaffe et al., 1997). Emerging evidence
suggests that 14-3-3 proteins are key regulators of cell cycle
control, especially at cell cycle checkpoints, where they might
function as negative regulators of DNA damage checkpoints.
For example, one canonical 14-3-3 binding motif, which
contains a phosphorylated serine residue, is similar to the
consensus substrate motif of the checkpoint kinase Chkl
(Sanchez et al., 1997; Hutchins et al., 2000). In fission yeast,
the 14-3-3 proteins Rad24/25 are required for checkpoint
responses and are essential for cell survival (Ford et al., 1994).
One of the 14-3-3 isotype proteins, 14-3-3c is strongly up-
regulated following genotoxic stress and is a downstream target
of the tumor suppressor p53 (Hermeking et al., 1997).

The involvement of 14-3-3 in the progression from G2 to M
was first suggested by the interactions of isolated 14-3-3B and &
with CDC25B (and CDC25A) and of isolated 14-3-3( with
Weel (Conklin et al., 1995; Honda et al., 1997). Accumulated
circumstantial evidence indicates that 14-3-3 negatively controls
the G2-M transition by binding to these regulators. An
association of 14-3-3 with human CDC25C was detected in G1,
S and G2 phases, but not in M phase (Peng et al., 1997). The
binding of 14-3-3 requires the Ser216 of CDC25C, and mutating
this residue to Ala abolishes the interaction. This site is
present in the potential recognition motif for 14-3-3 and is
phosphorylated in virro by checkpoint kinases, such as Chk1 and
Chk2 (Sanchez et al., 1997; Peng et al., 1998; Matsuoka et al,,
1998; O’Neill et al., 2002). Studies of the interaction between
Xenopus CDC25C and 14-3-3 clearly demonstrated that the
binding of 14-3-3 masks the nuclear localization signal of
CDC25C, thereby causing nuclear exclusion of the protein
without affecting its phosphatase activity (Kumagai et al., 1998;
Kumagai and Dunphy, 1999; Yang et al., 1999). By contrast, the
binding of 14-3-3 to Xenopus Weel, after Chkl activation by
DNA damage or by stalled replication, augments Weel tyrosine
kinase activity for CDK1 (Wang et al., 2000; Lee et al., 2001;
Rothblum-Qviatt et al., 2001). Thus, the association of 14-3-3
with target proteins could modulate cell cycle progression
through different mechanisms such as subcellular localization
and enzyme activity, depending on cellular signaling.

In the normal cell cycle, CDC25B accumulates only at G2
phase and is degraded when cells exit M phase (Nagata et al.,
1991; Galaktionov and Beach, 1991; Sebastian et al., 1993;
Lammer et al., 1998). Interestingly, the overexpression of
CDC25B induces a mitolic catastrophe by prematurely
activating CDK leyclin B1, indicating that CDC25B induces
mitosis more efficiently than CDC25C (Karlsson et al., 1999).
In addition, the exogenous expression of CDC25B can override
the G2 DNA damage checkpoint, and CDC25B is expressed in
certain tumors (Miyata et al., 2001). Therefore, CDC25B has
been proposed to be a potential oncogene acting to abrogate
the DNA damage checkpoint (Galaktionov et al., 1993; Ma
et al., 1999; Yao et al, 1999). Subcellular localization of
CDC25B can be controlled by its association with 14-3-3 at a
specific site on CDC25B2 or B3, Ser323 and might contribute
to stall the cell cycle at the G2 phase following DNA damage
(Mils et al., 2000, Davezac et al., 2000; Forrest and Babrielli,
2001). Ser323 of CDC25B2 or CDC25B3 (the equivalent to

Ser309 of CDC25B1) is a crucial residue in the consensus
14-3-3 binding motif, where it is phosphorylated by the stress
kinase p38 (Bulavin et al., 2001).

In the present study, we have analyzed the binding site
specificity of three 14-3-3 subtypes, 14-3-3B, €, and 6. Our
results indicate that the binding site of 14-3-3¢ differs
markedly from those of 14-3-3B and 14-3-3e. Moreover, the
interaction of 14-3-3f or 14-3-3¢, but not of 14-3-3¢ with
CDC25B drives CDC25B from the nucleus into the cytoplasm.,
The biological significance of our results is discussed.

Materials and Methods
Cell culture and transfection

HEK293 cells (ATCC number CRL-1573) and U20S cells (ATCC
number HTB-96) were cultured in Dulbecco’s modified Eagle's
medium (DMEM) (Sigma, USA) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen, USA), 100 units/ml penicillin and 10 pg/ml
streptomycin. Transient transfections were performed with FuGENEG
{Roche Diagnostics, Germany). For immunoprecipitation, cells were
typically seeded at 1.3x10% per well. After 24 hours, cells were
co-transfected with 2.5 pg of FLAG-tagged CDC25B and 1.0 pg of
myc-tagged 14-3-3 DNA. For the indirect immunofluorescence
experiments, cells were plated at a lower density, 2.0x10° per well
and transfected after 24 hours with 3.0 pg of CDC25B DNA and
1.5 ug 14-3-3 of DNA. Transfected cells were processed for
immunoblotting, immunoprecipitation, or immunostaining 24 hours
after transfection. Leplomycin B, an inhibitor of CRM1 (exportinl),
was obtained from Minoru Yoshida (RIKEN, Wako, Japan) and was
administered to cells at a dose of 20 ng/ml 10 induce the nuclear
accumulation of CDC235B.

Plasmids and site-directed mutagenesis

The ¢cDNA of human CDC23B (CDC25B1 subtype), a kind gift from
H. Okayama (University of Tokyo, Japan), was subcloned into the
pEF6B vector (Invitrogen, USA) and expressed in transfected cells
with a C-terminal FLAG tag. For point mutations at putative 14-3-3
binding sites, the following oligonucleotides (and their complements)
were used to change serine to alanine (SA) in human CDC25B ¢cDNA
(CDC25B1). Clones with multiple mutations were generated by
exchanging restriction fragments. The mutations were confirmed by
sequencing.
$81A; 5-CTGTCTCGACGGGCAGCCGAATCCTCCCTG-3',
S137A: 5-ATCAGACGCTTCCAGGCTATGCCGGTGAGG-Y,
S216A: 5-GCCCAGAGACCCAGCGCGGCCCCCGACCTG-3,
§309A: 5-CTCTTCCGCTCTCCGGCCATGCCCTGCAGC-¥,
S361A; 5-GTCCTCCGCTCAAAAGCACTGTGTCACGAT-3.
The ¢DNAs of human 14-3-3f, €, and ¢ were obtained by PCR
amplification with the following oligonucleotides:
14-3-3f forward: 5-ACTTGGAGTCAGCATATGACAATGGAT-Y,
14-3-33 reverse: 5-CACTGGACGGATCCCAAAGCACGAGAA-
3,
14-3-3¢ forward; 5-GCCGCTGCCCATATGGATGATCGAGAG-3,
14-3-3e reverse; 5-CTCTTGTGGGLGGATCCCTCACTGATT-3,
14-3-3¢ forward: 5-GTCCCCAGACATATGGAGAGAGCCAGT-
3,
14-3-3c reverse: 5-GGTGGCGGGCAAGCTTCAGCTCTGGGG-
CTC-3.
PCR preducts were subcloned into the pEF6 vector. Each 14-3-3
¢DNA was expressed in transfected cells in an N-terminal myc-tagged
form.

Antibodies
Anti-FLAG M2 agarose was obtained from Sigma (USA). The rabbit
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anti-FLAG antibody wus described previously (Wang et ab.. 2001).
Rabbit polyclonal and mouse monoclonal anti-myc-tag antibodies
were purchased from Cell Sigraling (USA). Antibodies to 14-3-3[3
(C-200. 14-3-3e (T-16). and 14-3-3¢ (N-14} were purchased from
Santa Cruz Biotechnology (USA).

Preparation of crude celt extracts, immunoprecipitation and
immunobiotting

Transfected cells were lysed in immunoprecipitation (IP) buffer (50
mM Tris-HC] pH 7.5, 150 mM NaCl, 0.5% NP-40, 5 mM EGTA, 1
mM EDTA) supplemented with a protease irhibitor mix and a
phosphatase inhibitor mix. The protease inhibitor mix contained a
1:100 dilution of FOCUS protease arrest {Calbiochem, USA), 5 pg/ml
E64 (Roche Diagnostics, Germany), 0.4 pM cathepsin inhibitor III
(Sigma, USA), 10 pM MG132 (Calbiochem, USA), 20 pM N-acetyl-
leu-leu-norleu-ala (Sigma, USA) and 1 mg/ml Pefabloc®SC (Roche
Diagnostics, Germany). The phosphatase inhibitor mix consisted of a
1:100 dilution of Phosphatase inhibitor cocktail II (Sigma. USA),
20 mM p-nitrophenyl phosphate, 20 mM NaF, 20 mM -
glycerophosphate, 0.2 pM microcystin-LR (Calbiochem, USA), 0.2
UM calyculin A (Wako, Japan), 0.2 pM okadaic acid (Wako, Japan),
0.1 pM phenylarsin (Sigma, USA), and 0.2 pM cantharidin (Sigma,
USA). FLAG-tagged CDC25B and mutant proteins were
immunoprecipitated using FLAG M2-agarose; myc-tagged 14-3-3
proteins were immunoprecipitated with mouse monocicnal anti-
myc tag antibody followed by protein G-Sepharose {Amersham
Bioscience, USA). Cell lysates and immunoeprecipitates were
analyzed on western blots using rabbit polyclonal anti-FLAG (for
CDC25B) or anti-myc antibodies {for exogenous 14-3-3), or 14-3-3
subtype-specific antibodies (for endogenous 14-3-3).

Indirect immunotlucrescence microscopy

Transfected HEK293 cells grown on glass coverslips were fixed in
3.7% formaldehyde in PBS and then permeabilized with 0.5% Triton
X-100 in PBS. FLAG-tagged CDC25B and mutants were detected
with rabbit polyclonal anti-FLAG antibody and Alexa-394-
conjugated goat anti-rabbit IgG (Molecular Probes, USA).
Alternatively, myc-tagged 14-3-3 proteins were detected with mouse
monoclonal anti-mye-tag antibody and Alexa-488-conjugated goat
anti-mouse IgG (Molecular Probes, USA). In all samples, DNA was
visnalized with 4',6-diamidino-2-phenylindole (DAPI} (Sigma,
USA) at 0.1 pg/ml. To quantify the subcellular localization of
CDC25B, more than 200 transfectant cells were counted and
classified as having nuclear, diffuse or cytoplasmic localization.

Results
Binding of 14-3-3p, ¢, and ¢ to CDC25B
Several groups have reported the interaction of 14-3-3 isotypes,
such as 14-3-3B, €, 1, and {, with CDC25B (Mils et al., 2000;
Forrest and Gabrielli, 2001). We have isclated 14-3-30 and ¢
as proteins that interact with CDC25B in yeast two-hybrid
screening (S.U., A K, M.O,MS., MH, HN, TM, Y.I and
K.Y., unpublished data), obtaining the same results as those
previously reported (Conklin et al.,, 1995). Apart from these
two 14-3-3 proteins (B and g}, 14-3-3¢ was also reported to be
possibly involved in a DNA damage checkpoint (Hermeking et
al., 1997; Chan et al,, 1999, 2000}, which prompted us to
isolate its cDNA and analyze its interaction with CDC25B.
We expressed FLAG-tagged CDC25B with myc-tagged
14-3-3B, € or ¢ in HEK293 or U20S cells and examined their
interaction (Fig. 1). Expression of these proteins was confirmed
in cell extracts prepared from transfected cells, as shown in Fig.
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Fig. 1. 14-3-35, 14-3-3¢, and 14-3-3¢ bind to CDC25B in
transfected cells. HEK293 (left panels) or U208 (right panels) cells
were transfected with FLAG-tagged CDC25B together with either
empty vector or one of the myc-tagged 14-3-3 subtypes as described
in Materials and Methods. (Top row) Lysate. Expression of CDC25B
and 14-3-3- subtypes was confirmed in cell lysates with anti-FLAG
antibody against CDC25B or anti-myc antibody against 14-3-3,
respectively. (Middle row) IP: CDC25B (a-FLAG Ab). CDC25B
was immunoprecipitated with anti-FLAG beads followed by western
blotting and detection with anti-FLAG antibody to detect CDC25B
and anti-myc antibody to detect CDC25B-bound 14-3-3. (Bottom
row) IP: 14-3-3 (a-myc Ab. Reciprocal immunoprecipitation;
CDC25B was detected in anti-myc¢ immunoprecipitates. Protein [4-
3-3 subtypes were immunoprecipitated with anti-myc antibody; the
collected 14-3-3 or 14-3-3-bound CDC25B was detected by
immunoblotting. v, empty vector; B, 14-3-3B, £; 14-3-3¢, 0; 14-3-30.

1 (Lysate). CDC25B was immunoprecipitated with anti-FLAG
beads followed by western blotting and detection with either
anti-FLAG or anti-myc antibody to detect CDC25B bound to
14-3-3. The results in Fig. 1 (IP: CDC25B) clearly indicate
that all three 14-3-3 proteins can bind to CDC25B in co-
transfected cells. To further confirm these results, reciprocal
immunoprecipitation and western blot experiments were
conducted in which CDC25B was detected in anti-myc
immunoprecipitates of 14-3-3p, €, or o (Fig. 1, IP: 14-3-3).
Thus, 14-3-30 was most probably a new CDC25B-interacting
protein.

Binding site specificity of 14-3-3 subtypes

The binding of 14-3-3 proteins to target proteins requires the
specific motif RSxS/T(P)xP, where S/T(P) and x represent
phosphoserine or phosphothreonine, and any amino acid,
respectively (Muslin et al, 1996; Yaffe et al, 1997). The
arginine (R} at position —3 from the phosphorylatable serine
(or threonine) is a minima! requirement. In Xenopus for
instance, after phosphorylation of CDC25 or Weel by Chk! or
other kinases, 14-3-3¢ binds to the phosphorylated Ser287 in
the RSPSMP sequence of CDC25 (Kumagai et al., 1998; Yang
et al., 1999) and to the phosphorylated Ser549 in the RSVSFT
sequence of Weel (Wang et al., 2000; Lee et al., 2001). There
are several RxxS sites in CDC25B (or in our case, CDC25B1),
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of which we chose the following five: 78-RRAS-81. 134-
RFQS-137, 213-RP8S-216, 306-RSPS-309, and 358-RSKS-
361, as shown in Fig. 2A. Of the relevant serine residues,
Ser309 and Ser361 were phosphorylated by p38 in vitro and
Ser309 was reported to be crucial for 14-3-3 binding after
phosphorylation (Bulavin et al., 2001).

To analyze binding site specificity, we constructed three
different groups of mutants in respect to the five above
mentioned phosphorylatable serine sites of CDC25BI1.
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Members of the first group have only a single mutation
that changed one phosphorylatable serine to a non-
phosphorylatable alanine; these mutants were namend
CDC25B-S881A, S137A, etc. Members of the second group
only remain a single phosphorylatable serine residue and
contain mutations that changed the four serine residues to
alanines; these mutants were named CDC25B-818, 1378, etc.
The only member of the last group is CDC25B-58A in which
all five serine residues were mutated to alanines. Using these
mutants and the wild-type CDC25B, we determined the
binding site specificity of 14-3-3f, €, and ©.

Wild-type or mutant CDC25B were co-transfected with
14-3-3B, €, or ©. Crude cell extracts were prepared, and
expression of CDC25B and 14-3-3 was confirmed. Protein
extracts were immunoprecipitated with anti-FLAG or anti-myc
antibody, transferred for western blotting and detected with
anti-myc or anti-FLAG antibody, respectively, to assess
binding. We observed similar expression levels of CDC25B
and 14-3-3 in transfected cells (Fig. 2B, Lysate), although
lower levels of CDC25B mutants that failed to interact with
14-3-3, such as 818 and 5SA mutants, were occasionally
detected (8.U., A K, MO, M.S, MH., HN,, TM,, YI. and
K.Y., unpublished data).

Interestingly, each 14-3-3 protein bound to a specific site on
CDC25B (Fig. 2B, IP: CDC25B). These results clearly indicate
that the CDC25B point mutation that changed Ser309 to
Ala309, completely abolished 14-3-3f binding and that
mutations of the other putative binding sites had essentially no
effect on binding when compared with wild-type CDC25B.
Also, experiments with the CDC25B mutant containing a
single phosphorylatable serine revealed that Ser309 was the

Fig. 2. Binding of 14-3-3 subtypes to CDC25B is site specific.
(A) Putative 14-3-3 consensus binding sites in CDC25B.
(B-D) Mutants of CDC25B were transfected into HEK293 or
U208 cells either alone or together with 14-3-3 subtypes as
indicated. Recovered CDC25B proteins are indicated (upper
panel of each set of figures). The letters at the top and numbers at
the bottom of each blot represent the CDC25B mutants: wild-
type (1); S81A (2); S137A (3); S216A (4); S309A (5); S361A
(63 815 (7); 1378 (8); 2165 (9); 3095 (10); 3618 (11); 5SA (12).
The definitions of the abbreviations for each mutant are described
in the text. (B) Mutants of CDC25B were co-transfected into
HEK293 cells with 14-3-3 subtypes B, € or ¢ . Protein expression
was determined by immunoblot. Wild-type or mutant CDC25B
proteins were immuneprecipitated with anti-FLAG beads, and
CDC25B-bound 14-3-3 was determined in the lysate (Lysate)
and the immunoprecipitate [[P: CDC25B (a-FLAG Ab)].
Separate panel ‘long exposure” shows 14-3-3 subtype @ after an
exposure for 1 hour. (C) Mutants of CDC25B were transfected
into HEK293 cells. Recovered CDC25B proteins and CDC25B-
bound endogenous 14-3-3B (endo-14-3-3B) or endogenous
14-3-3¢ (endo-14-3-3¢) were detected with specific

antibodies in the Iysate (Lysate) and the immunoprecipitate

[IP: CDC25B (e-FLAG Ab]. (D) Mutants of CDC25B were

transfected into UZOS cells. Recovered CDC25B and
— CDC25B-bound endogenous 14-3-30 (endo-14-3-30) were

- detected with specific antibedies in the lysate (Lysate) and

- the immunoprecipitate {IP: CDC25B (a-FLAG Ab].(E)

Binding of endogenous and transfected 14-3-3 subtypes to

CDC235B mutants. ++, well bound; +, detectably bound: +

E CDC258 mulants
H4-3-3 w1 |sa1a [s137a]s216as300a s3014] 108 | 1398 ] 208 | 3005 | 3615 554
11338 H+ |+ | ] 2| A - - - | ++] -
epdo-14-33p [ ++ | ++ + ++ - ++ | - - - ++ .
14-3-3¢ [+ | || ] - - | = || -
endo-14-3-3¢ | ++ | +H | + + b I - - |+ = —
11-3-36 |+ = [+ ] - -+ | -1 -] -
endo-14-3.3¢ | + | ++ + - ol el I — + - - -

faintly bound (could be detected only after long exposurc): —,

no binding.
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sole site responsible for 14-3-3B binding. A faint signal was
detected with the CDC25B mutants containing Serl37 or
Ser216, but only after a long exposure time (5.U., A.K,, M.O.,
M.S., M.H,, HN, TM.,, YI. and K.Y, unpublished data).
Exactly the same results were obtained for 14-3-3¢ binding
(Fig. 2B), i.e. the intact Ser309 fulfills the binding requirement.
Surprisingly, entirely different results were obtained when
14-3-3¢ was co-expressed with CDC25B. As shown in Fig.
2B, the mutation of Ser309 to Ala309 had little effect on 14-3-
36 binding. Instead, a single mutation changing Ser216
to Ala216 apparently abrogated the binding of 14-3-3c.
Experiments with single-serine constructs of CDC25B
provided complementary results, indicating that only Ser216 is
responsible for 14-3-3¢ binding. Notice, that the amount of
14-3-3¢ that bound to the CDC25B-8216 mutant was roughly
half the amount of 14-3-3p or £ that bound to the CDC25B-
$309 mutant. Therefore, the affinity of 14-3-3c for Ser216
seems to be lower than those of 14-3-3B and ¢ for Ser309.
Furthermore, 14-3-36 bound to two other binding sites, Ser137
and Ser309, although with a lower affinity than the binding to
Ser216 (Fig. 2B, Long exposure).

Binding of endogenous 14-3-3 to CDC25B

Next, we addressed the question of whether endogenous 14-3-3
binds to transfected CDC25B. After transfection of wild-type or
mutant CDC25B, CDC25B was recovered and CDC25-bound
14-3-3B, ¢, or ¢ was detected with subtype-specific antibodies.
CDC25B was transfected to HEK293 cells to investigate binding
of 14-3-3p and €. U208 cells were used to determine 14-3-36
binding because no expression of 14-3-3¢ was detected in
HEK?293 cells. Binding of endogenous 14-3-3B and £ is shown
in Fig. 2C and that of 14-3-35 in Fig. 2D. As illustrated, the
results were essentially the same as those for the exogenously
expressed ones. 14-3-3f and ¢ preferentially bound to Ser309
and a mutation to Ala at this site impaired 14-3-3 binding. Unlike
14-3-3f and &, a Ser to Ala mutation at Ser216 eliminated
14-3-30 binding (summarized in Fig. 2E). As clearly indicated,
both endogenous and exogenous 14-3-38 and € preferentially
bind to Ser309, whereas 14-3-3¢ prefers Ser216. Besides these
two sites, Ser137 seems to be a favored binding site for the three
14-3-3 subtypes tested here because the binding signals are
reduced by mutation at Ser137 (Fig. 2C and D). In respect to the
other putative binding sites, we found no evidence that the
14-3-3 subtypes bind to either Ser81 or Ser361.

Multiple binding sites for 14-3-3¢ on CDC25B

The results shown in Fig. 2 suggest that 14-3-35 binds to
CDC25B at multiple sites and possibly requires two sites to
stably bind the protein. To explore this furthet, we constructed
a series of mutants in which two serine residues were changed
to alanine, and examined the binding of the 14-3-3 subtypes
(Fig. 3). Compared with the single SA mutant (ie. S216A),
binding of 14-3-3c to double SA mutants, such as S216/309A,
was weaker or absent. Further work with the double mutants
indicated that either of two sites, Serl37 or Ser309, seem to
work cooperatively with Ser216. These results strongly suggest
that 14-3-3G requires two sites, Ser216 and Serl137 or Ser216
and Ser309, to interact effectively with CDC25B, and that
14-3-35 might function as a dimer.
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Fig. 3. Efficient binding of 14-3-3c to CDC25B requires two
independent sites. HEK293 cells were co-transfected with 14-3-3¢
and a series of CDC25B mutants. Protein expression (Lysate) and
protein binding (IP; CDC25B (¢-FLAG Ab)) were detected. The
letters in the upper panel of Lysate indicate CDC25B wild type and
respective mutants. The definitions of the abbreviations for each
mutant are described in the text.

14-3-3 binding sites and subcellular localization of
CDC25B

Binding of 14-3-3 to CDC25B was previously reported to
induce the redistribution of CDC25B from the nucleus to the
cytoplasm; the amino acid residue essential for this effect was
shown to be Ser323 of CDC25B3 (or CDC25B2), which
corresponds to Ser309 of CDC25B1 in our experiments
(Davezac et al., 2000; Forrest and Gabrielli, 2001). Therefore,
we analyzed the subcellular localization of CDC25B mutants
expressed in combination with 14-3-3 subtypes that possess
different binding site preferences. To assess the effects of co-
transfection on the subcellular localization of CDC25B, we
distinguished three different distributions [nuclear (N}, diffuse
(N=C) and cytoplasmic (C)] of CDC25B (Fig. 4A). The
localization of exogenously expressed CDC25B was mainly
nuclear (Fig. 4B), transfected 14-3-3f3 or ¢ was detected in the
cytoplasm (S.U., AK,M.O.,M.S, MH,HN., TM, YL and
K.Y., unpublished data). Upon co-transfection with 14-3-3p,
CDC25B exhibited a diffuse distribution (Fig. 4B).
Quantitatively, the percentage of cells with nuclear CDC25B
was reduced from 55% to 30% and that of cells with a diffuse
distribution increased from 38% to 60% when co-expressed
with 14-3-3B. Based on our results, it is possible that nuclear
localization is disturbed by 14-3-3 binding. Interestingly, the
expression of 14-3-3¢ had no effect on the localization of
CDC25B. These results led us to hypothesize that when
14-3-38 binds to Ser309 of CDC25B, it can drive CDC25B
from the nucleus to the cytoplasm, but that 14-3-30, which
does not bind primarily to Ser309, has no ability to do so.

Etfects of mutations at 14-3-3 binding sites on the
localization of CDC25B

The primary 14-3-3P binding site on CDC25B was Ser309, and
a point mutation at this site that changed serine to alanine
abolished the interaction. If the binding of 14-3-3f is correlated
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with the cytoplasmic localization of CDC25R, 14-3-3[ could not
drive the CDC25B mutant out of the nucleus. The results shown
in Fig. 4C indicate that the mutation Ser309 to Ala309 in
CDC25B completely disrupted its cytoplasmic localization with
more than 90% of the mutant protein being located in the nuclei.
In contrast to the wild type, this CDC25B mutant was not
diffused into the cytoplasm by co-expression of 14-3-33 or
14-3-30. However, mutant S216A behaved like the wild type,
i.e. its subcellular localization was effectively changed from
nuclear to diffuse when co-expressed with 14-3-33 (Fig. 4D).
Moreover, introduction of 14-3-3c did not cause any change in
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the distribution of CIDXC25B. Collectively, these results show that
Ser309 is essential for the cytoplasmic distribution of CDC25B
and that Ser216 does not have any influence on the subcellular
localization of CDC25B, even when 14-3-3¢ binds to it.

To confirm that the subcellular distribution of CDC25B by
14-3-3p depends on Ser309, we made mutants in which serine
was changed to alanine at four of the five sites that have a single
phosphorylatable serine residue. The mutants were denoted
as CDC25B-81S, CDC25B-137S, CDC25B-216S, CDC25B-
3095 and CDC25B-361S (as mentioned in Fig. 2). These
CDC25B mutants were transfected with or without 14-3-3 and
their localizations analyzed. Only CDC25B-309S behaved like
the wild type (Fig. 5B); the other mutants exhibited nuclear
localizations, probably because they possessed the S309A
mutation and could not bind to 14-3-3f (Fig. 5A). Wild-type
CDC25B and the CDC25B-309S mutant exhibited nuclear
localization in about 60% of the cells (Fig. 5B). As was the
case with wild-type CDC25B (see Fig. 4B}, the expression of
14-3-3p antagonized the nuclear localization of CDC25B-309S
and led to a diffuse distribution (Fig. 5B). In contrast to 14-3-
3B, 14-3-3¢ did not bind to the mutant and had no effect
on the nuclear lecalization of CDC23B-309S or wild-type
CDC25B (Fig. 5B). These results strongly suggest that only
Ser309 of CDC25B is required for the control of the
subcellular localization of CDC25B by 14-3-3p.

Effects of 14-3-3¢ on the nuclear localization of CDC25B

The results shown in Fig. 2 indicate that Ser309 of CDC25B
is the specific binding site for 14-3-3e. We examined the effects

Fig. 4. 14-3-3p but not 14-3-3¢ efficicntly redistributes CDC25B
from the nucleus 1o the cytoplasm. HEK293 cells were transfected
with FLAG-tagged CDC235B in combination with empty vector,
myc-tagged 14-3-3B or myc-tagged 14-3-30. followed by
immunostaining with anti-FLAG antibodies to detect the subcellular
localization of CDC25B and with anti-myc ant:bodies to detect co-
transfected i4-3-3 proteins. Analyses showed that more than 95% of
the cells that expressed CDC23B also expressed the co-transfected
14-3-3 proteins. (A) Exemplary images, showing how the subcellular
distribution of CDC25B was evaluated: N>C. predominantly nuclear;
N=C diffuse; N<C, predominanlly cytoplasmic, (B} Wild-type
CDC25B was co-transfected with empty vector (WT), myc-tagged
14-3-3B (WT+14-3-3B) or myc-tagged 14-3-3¢ (WT+14-3-36) to
quantify the subcellular distribution of CDC25B. Over 200 cells
expressing CDC25B were counted to determine the percentage of
cclls that express CDC235B with nuclear. diffuse and cytoplasmic
distribution. Error bars in graphs represent the means+s.d. of three
independent experiments. (C) Transfection with wild-type CDC25B
alone (WT). S309A mutant of CDC25B alone (S309A) and mutant
S309A in combination with myc-tagged 14-3-3B ($309A+14-3-3p)
or myc-lagged 14-3-36 (S309A+13-3-35}. Over 200 cells expressing
CDC25B were counted 1o determine the percentage of cells that
express CDC25B with nuclear. diffuse and ¢ytoplasmic distribution.
Error bars in graphs represent the means+s.d. of three independent
experiments. (D} Transfection with wild-1ype CDC25B alone (WT).
S$216A mutant of CDC25B alone (S216A) and mutant S216A in
combination with myc-tagged 14-3-3B (S216A+14-3-3B) or mye-
tapged 14-3-30 (S216A+14-3-36). Over 200 cells expressing
CDC25B were counted 10 determine the percentage of cells that
express CDC23B with nuclear. diftuse and ¢y toplasmic distribution.
Ervor bars in graphs represent the means#s.d. of three independent
experiments.
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of 14-3-3¢ on the subcellular localization of CDC25B in three
sets of experiments. First, 14-3-3¢ was co-transfected with
wild-type CDC25B and CDC25B-distribution {as defined
above and in Fig. 4A) was analyzed by counting the cells, Co-
expression of 14-3-3¢ reduced the percentage of cells with

A

8§15 1375 2165 3095 1618

wT
“?
Nuclei '

B
100
@ |N-C
= | ON=C
g 80 oN<C
L
[ 60-
[:F]
@
= 40p :
8
= .
0
WT 3095 3098 3098

+ +
14-3-3B 14-3-3G

Fig. 5. Only the 309S mutant of CDC25B was distributed diffusely
with co-transfection of 14-3-3[. (A} Wild type CDC25B or different
CDC25B mutants with a single phosphorylatable serine were co-
transfected with 14-3-3f into HEK293 cells, (Upper panels)
Subcellular localization of CDC25B wild type and mutants. (Lower
panel) Corresponding images of nuclei. (B) Percentage of cells
transfected with mutant CDC25B 3098 (shown in A) that express
CDC25B with nuclear, diffuse and cytoplasmic distribution. Over
200 cells expressing CDC25B were counted to determine the
percentage of cells that express CDC25B. Transfection with wild-
type CDC25B alone (WT), 3098 mutant of CDC2351B alone (3095)
and mutant 309S in combination with my¢-tagged 14-3-38 (3098
+14-3-3P) or myc-tagged 14-3-36 (309S +14-3-3c). Error bars in
graphs represent the meansgts.d. of three independent experiments.
Subcellular distribution of CDC235B: N>C, predominantly nuclear;
N=C diffuse; N<C, predominantly cytoplasmic (C).

nuclear localization of CDC25B from 55% to 47% and
concomitantly increased the percentage of cells displaying a
diffuse pattern from 40% to 55% (Fig. 6A). Second, 14-3-3¢
was co-transfected with the CDC25B-3098 mutant. Here, the
nuclear localization of CDC25B decreased from 60% to 37%,
whereas its diffuse distribution increased from 35% to 55%
(Fig. 6B). We found no effects of the co-expression of 14-3-3¢
on the subcellular localization of the CDC25B-5309A mutant
(Fig. 6C). In summary, the results with 14-3-3¢ were exactly
the same as those obtained with 14-3-3f and different from
those with 14-3-30.

Effects of 14-3-3p binding on the nuclear import of
CDC25B

Several previous studies demonstrated that treating cells with
leptomycin B (LMB), a CRM1 (exportinl) inhibitor, disrupts
the cytoplasmic localization of CDC25B (Nishi et al., 1994;
Kudo et al., 1998; Karlsson et al., 1999, Davezac et al., 2000)
(Fig. 7A). Therefore, it might be that 14-3-3B-binding slows
down the nuclear import of CDC25B by LMB. After’
transfecting CDC25B with or without 14-3-3B, cells were
treated with LMB and the nuclear accumulation of CDC25B
was measured. As shown in Fig. 7B, co-expression of
exogenous 14-3-3p efficiently inhibited the nuclear import of
CDC25B. Notice that this effect was not observed when
14-3-3¢ was co-transfected with CDC25B. These results
suggest that 14-3-3f masks the nuclear localizing signal
(NLS) of CDC25B, which is located about 30 amino acids
downstream of Ser309,

Discussion

It has long been believed that higher eukaryotic cells have two
dual specificity phosphatases, CDC25B and CDC25C, which
activate CDKl/cyclin B to initiate mitosis. Recent reports
indicate that another dual specificity phosphatase, CDC23A,
plays a crucial role in G2-M events (Mailand et al., 2002).
CDC25A can bind and activate CDKl/cyclin B, and
downregulation by RNAIi delays mitotic entry. In addition, the
overexpression of CDXC25A abrogates the G2 DNA-damage
checkpoint (Mailand et al, 2002; Chow et al, 2003).
Therefore, it is possible to regard CDC25A as a master
activator of CDK/cyclin in the cell cycle, and the roles of
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Fig. 6. 14-3-3¢ had effects similar to those of 14-3-3( on the subceliular localization of CDC25B. HE293 cells were transfected with (A) wild-
type CDC25B, (B) the 3098 mutant or (C) the S309A mutant with or without 14-3-3¢. Over 200 cells expressing CDC25B were counted to
determine the percentage of cells that express CDC25B with nuclear, diffuse and cytoplasmic distribution. Error bars in graphs represent the
means+s.d. of three independent experiments. Subcellular distributicn of CDC25B: N>C, predominantly nuclear; N=C diffuse; N<C,

predominantly cytoplasmic (C).
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Fig. 7. Binding of 14-3-3B to CDC25B A
efficiently slowed down the nuclear

import of CDC25B induced by

leptomycin B (LMB). (A) HEK293

CDC25B

cells transfected with wild-type LMB -
CDC25B and treated with 20 ng/ml

LMB at for 3 hours. Transfected

CDC25B was detected with anti-FLAG

antibody. The upper and fower panels LMB +

show the results without or with LMB
treatment, respectively. (B) HEK293
cells transfected with wild-type
CDC25B alone or with 14-3-3p.

Twenty-four hours after transfection, 20 ng/ml LMB were added to the cultures and
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the percentage of cells exhibiting nuclear-specific localization of CDC25B was

determined at the indicated time-points: 0 (before addition of LMB), 1.5, 3 or 6 hours after the addition. Over 200 cells expressing CDC25B
were counted to determine the percentage of cells that express CDC25B. The percentage of cells with a nuclear localization {as shown in Fig. 4)
was determined from three independent experiments. @, CDC25B; O.CDC25B with 14-3-3f.

CDC25B and CDC25C as being restricted to G2-M events to
activate CDK1/cyclin B.

1t has been proposed that CDC25C inhibits human CDC25C,
by downregulating its phosphatase activity or by binding
14-3-3 after the phosphorylation of Ser216 (Peng et al., 1997,
Blasina et al., 1999; Fumnari et al., 1999; Graves et al., 2001).
The amount of cellular CDC25C is essentially kept constant.
Therefore, a qualitative regulation of its functions, i.e. enzyme
activity and subcellular localization, is required to control cell
cycle progression. In the case of CDC25B, the protein
accumulates as the cell cycle progresses, reaching a maximum
at G2-M phase. Thus, controlling the expression of CDC25B
is an effective means of regulating its function. However, at G2
phase, when the CDC25B level is at its peak, an alternate way
of keeping it inactive is needed when its activation is
inappropriate. Recently, several groups have reported that the
binding of 14-3-3, specifically at Ser309 of CDC25B1 or
Ser323 of CDC25B2 or CDC25B3, resuits in the cytoplasmic
localization of CDC25B, supporting the theory of its
redistribution from the nucleus to the cytoplasm as a critical
G2-M checkpoint (Davezac et al., 2000; Forrest and Gabrielli,
2001).

In agreement with these reports, we found that 14-3-3f and
14-3-3¢ bound specifically at Ser309 of CDC25B1 and that the
binding effectively redistributed CDC25B, decreasing its
amount in the nuclei. We consistently detected nuclear
localization in about 50% of the CDC25B-transfected cells.
Endogenous 14-3-3, detected with a pan-14-3-3 antibody, was
recovered as a complex with exogenous CDC25B. The co-
expression of 14-3-3B or 14-3-3¢ reduced the nuclear
localization of exogenous CDC25B by about 20%, but
endogenous 14-3-3 was recovered with exogenous CDC25B.
More than 95% of the introduced CDC25B was localized in
nuclei when the binding of 14-3-3 was abolished by a CDC235B
point mutation. Thus, it is reasonable to conclude that the
binding of 14-3-3 at Ser309 of CDC25B is essential for the
exclusion of CDC25B from the nucleus. We also presented
evidence that binding of 14-3-3f to CDC25B slowed down the
nuclear import induced by L.MB treatment. Since 14-3-3[
specifically binds to Ser309, bound 14-3-3 should impair the
access of nuclear import cargos, such as importin, to the NLS.

In Xenopus, 14-3-3-binding to CDC25C was suggested to

mask its NLS, making its nuclear exclusion signal (NES)
available for the transfer of CDC23C to the cytoplasm
(Kumagai and Dunphy, 1999). The NLS in human CDC25B is
located at the same position relative to the 14-3-3-binding
site of CDC25C in Xenopus, ie., about 30 amino acids
downstream of Ser309 (Davezac et al., 2000) (8.U,, AK,,
M.O.,, MS, MH., HN.,, TM,, Y.I and KY., unpublished
data). Therefore, the binding of 14-3-3 or 14-3-3¢ at Ser309
could inactivate the NLS, which in turn would make the N-
terminal NES dominant. This idea is further supported by the
observation that the preferential binding of 14-3-3G to Ser2l6
does not cause cytoplasmic redistribution of CDC25B because
Ser216 is too far away to allow 14-3-30 to mask the NLS. We
also conclude from this result that the NES-like sequence
present in the C-terminus of all 14-3-3 subtypes does not
function as an NES. Thus, our results agree well with the
recently presented hypothesis that the binding of 14-3-3 does
not add an ‘attachable NES’ that targets proteins (Rittinger et
al, 1999; Brunet et al., 2002). Instead, it might serve other
functions, such as providing scaffolding or a cover that hides
specific motifs, such as NLS or NES (Muslin and Xing, 2000;
Tzivion et al., 2001; Yaffe, 2002).

Ser309 was shown to be phosphorylated by p38 MAP
kinase, and the kinase activity was necessary to maintain cell
cycle arrest at G2 in response to DNA damage caused by UV
light (Bulavin et al., 2001). One of the checkpoint kinases,
Chk1, can phosphorylate Ser309 to enhance 14-3-3-binding in
vitre (Forrest and Gabrielli, 2001) (8.U., A.K.,, M.O,, M.§,,
M.H, HN, TM,, Yl and K.Y., unpublished data}. Although
co-expression of MKK6, Chkl or Chk2 with CDC25B and 14-
3-3B enhanced the binding of 14-3-3f to CDC25B, these
effects were not significant (S8.U., AK,, M.O, M§S., MH,
HN., TM, YI and K.Y, unpublished data). Therefore,
Ser309 seems to be constitutively phosphorylated, possibly by
p38 or C-TAK]1. If phosphorylation of this serine is crucial for
the induction and/or maintenance of G2 arrest, the inactivation
of the phosphatase responsible for the dephosphorylation
might also occur, although enhanced checkpoint kinase activity
is usually thought to maintain the phosphorylation state. The
significance of the cytoplasmic localization of CDC25B in
terms of cell cycle regulation, especially at the G2 checkpoint,
is not clear. However, abrogation of the 14-3-3 binding site
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abolished G2-arrest and thus caused localization of CDC25B
to the nucleus. The overexpression of CDC25B is sufficient to
override the G2 DNA damage checkpoint (Miyata et al., 2001),
but in this case, Ser309 of the overexpressed CDC25B would
be phosphorylated as is the endogenous residue. In addition,
the amount of cellular 14-3-3 is obviously in excess of the
amount of CDC25B, and thus the equilibrium between 14-3-
3-bound CDC25B and unbound CDC25B should be the same
in transfected cells and in normal cells. If overexpression
enhances the probability of the localization of CDC25B in the
nucleus, CDC2Z5B could counteract the inhibitory effects of
Weel kinase, leading to the activation of CDK1/cyclin B and
abrogation of the G2 checkpoint. Phosphorylation of Ser309
should be necessary to inhibit premature mitosis, but it is too
early to attribute maintained phosphorylation at the G2
checkpoint to the checkpoint kinases or to p38. So, if Ser309
is constantly phosphorylated, then its phosphorylation level
could never be enhanced because of DNA damage (Bulavin et
al., 2001). Indeed, no reports indicate a higher than normal
phosphorylation level of Ser309 or Ser323 in CDC25B2 or
CDC25B3 at the G2 checkpoint, although it is possible to
postulate a change from the maintenance kinases to the
checkpoint kinases at the checkpoint state to keep the
phosphorylation level constant (Bulavin et al., 2002). Thus, the
significance of the phosphorylation of Ser309, in combination
with the binding of 14-3-3 at the site, must await further
conclusions about the G2 checkpoint.

We have reported here the binding of 14-3-3G at Ser216 of
CDC25B, which has not been reported previously. We have
also described another site, Serl37, that seems to provide
support for the binding of 14-3-3¢. The subtypes 14-3-3f3 and
€ have little preference for either of these sites, although both
serine residues partly satisfy the consensus-binding motif of
14-3-3 (RxxS). It is rare to find binding-preference differences
among 14-3-3 subtypes and it should be noticed that 14-3-3¢
does not prefer Ser309 for binding even though it is in one
of the typical 14-3-3 binding motifs. Interestingly, 14-3-3c
also does not bind to CDC25C where Ser216 is located in a
typical 14-3-3 binding motif (RSxSMP) (Chan et al,, 1999)
(S.U, AK, MO, MS,, MH, HN, TM,, YI. and K.Y,
unpublished data). Two sites on CDC25B are required for the
efficient binding of 14-3-3¢, which means that 14-3-3G must
be a dimer to bind efficiently to the two different sites on
CDC25B.

During the preparation of this manuscript an on-line report
was published, describing two sites, other than Ser323 of
CDC25B2, necessary for 14-3-3 binding (Giles et al., 2003).
Those two sites in CDC25B2, Ser151 and Ser230, are exactly
the same as Ser137 and Ser216 of CDC25B! that have been
discussed here. We have demonstrated that 14-3-3¢ binds to
these sites. It is well known that 14-3-30 is one of the
downstream transcriptional targets of p53 (Hermeking et al.,
1997). There have been several reports that 14-3-3g can
downregulate CDK activity by binding to it or that 14-3-3¢ can
move the CDK1/cyclin B complex to the cytoplasm (Bulavin
et al., 2002). Here, we suggest that 14-3-36 downregulates the
function of CDC25B and thereby acts as a G2-checkpoint
regulator. Our preliminary experiments indicate that the co-
expression of CDC25B and Chkl, but not MKK6 (that
activates p38), enhances phosphorylation at Ser137 and Ser216
(S.U, AK, MO, MS,, MH, HN,, TM,, Y.I. and K.Y,

unpublished data). Further studies are required to determine
whether the phosphorylation of both sites leads to the binding
of 14-3-35 and to establish the consequences for CDC25B.
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Girolline, an antitumor compound isolated from a sponge, has been reported to inhibit the termination step
of protein synthesis in vivo. In this study, we found that girolline induced G2/M ¢ell cycle arrest in several tumor
cell lines. Immunochemical analysis revealed that polyubiquitinated p53 was accumulated in girolline-treated
cells, while other polyubiquitinated cellular proteins were not accumulated, indicating that the effect of girolline
is specific for p53. On the other hand, girolline did not inhibit proteasome activity in vitro, and accumulation of
polyubiquitinated p53 was scarcely detected in the presence of leptomycin B, an inhibitor of nuclear export.
Based on the above findings, we propose that girolline affects the step of recruitment of polyubiquitinated p53 to

the proteasome.

Key words girolline; cell eyele; ubiquitin; p53; proteasome

The ubiquitin-dependent proteolytic pathway plays a major
role in selective protein degradation.'™ Ubiquitin attaches
to a target protein prior to degradation. Ubiquitination of pro-
teins requires the sequential actions of the ubiquitin-activat-
ing enzyme (E1), ubiquitin-conjugating enzymes (E2s), and
ubiquitin-protein ligases (E3s). The polyubiquitin chains thus
formed are recognized by the 26S proteasome, an intracellu-
lar high-molecular-mass protease subunit complex, and the
protein portion is degraded by the proteolytic active sites in a
cavity in the 268 proteasome.™? The stability of short-lived
proteins, including p33, is regulated through the ubiquitin-
dependent proteolytic pathway. The tumor suppressor protein
p53 controls cell growth and development of genetic abnor-
malities through G1 arrest or apoptosis in response to DNA
damage.>®

Girolline, a 2-aminoimidazole derivative, was originally
isolated as an antiturmnor compound from the marine sponge
Pendaxinyssa cantharella collected in New Caledonia.” This
compound exhibits significant cytotoxicity in vitro against
several tumor cell lines and in vive against murine grafted tu-
mors, including P388 and L1210 leukemias, and solid tu-
mors.? Although its structure suggests it has alkylating activ-
ity toward nucleic acids, biochemical study revealed that
girolline is not an alkylating agent but is a protein synthesis
inhibitor.*' Further study suggested that girolline inhibits the
termination step of protein synthesis.” Since toxicological
study using dogs and mice suggested that girolline has little
toxic effect, a phase [ clinical study has been conducted.
However, it was found that girolline had severe side effects in
patients but no apparent antitumor activity.'®

Recently, we isolated girolline from another species of the
marine sponge Axinella brevistyla collected in western Japan.
We found that cells treated with girolline exhibited G2/M
cell cycle arrest. An immunochemical study showed that
girolline induced the accumulation of pelyubiquitinated p53
but not that of other polyubiquitinated cellular proteins. On
the other hand, girolline did not inhibit activity of the protea-
some in vitro. Thus, the results suggest that girolline affects
the step of recruitment of polyubiquitinated p53 to the pro-

* To whom correspondence should be addressed.
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teasome.
MATERIALS AND METHODS
Materials Girolline was isclated from the marine

sponge Axinella brevistyla as previously reported.'"” Lep-
romycin B was a gift from Dr. M. Yoshida of RIKEN, Wako,
Japan.

Cell Culture FL, HelLa and A549 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, penicillin (100 units/ml), and strepto-
mycin (100 gg/ml) under a humidified atmosphere of 5%
CO,at 37°C.

Flow Cytometric Analysis Cells were harvested by
trypsin digestion, washed with cold phosphate-buffered
saline (PBS), and fixed with ice-cold 70% ethanol. The fixed
cells were collected by brief centrifugation and treated with
PBS containing 500 pg/ml RNase A (Sigma) at 37°C for
20min and then with 10 trg/ml propidium iodide (Wako Pure
Chemicals) at room temperature for 15min. Samples were
then subjected to flow cytometric analysis by using a FAC-
Scalibur (Becton-Dickinson Immunocytometer Systems).

Preparation of Cell Extracts and Immunoprecipitation
The cells were disrupted with ice-cold buffer A consisting of
20mum Tris-HCL, pH 7.5, Smm EDTA, 150mm NaCl, 1%
Nonidet P-40, 5 mm N-ethylmaleimide, 10 um MG132 (Pep-
tide Institute), and a proteasome inhibitor cocktail (Roche).
After removing cell debris by centrifugation, the resulting su-
pernatant was used as the cell extract. To immuoprecipitate
p53, anti-p53 antibody-immobilized agarose beads (Santa
Cruz) were added to the cell extract, and the mixture was
stirred at 4 °C for 2 h and centrifuged at 15000 rpm for 1 min.
After the precipitated beads had been extensively washed
with buffer A, the matenials bound to the beads were sub-
jected to SDS-PAGE and then to Western blotting as de-
scribed below.

Gel Electrophoresis and Western Blotting SDS-PAGE
was carried out in a slab gel containing 12% polyacrylamide.
After SDS-PAGE and blotting to the membranes, blocking

© 2004 Pharmaceutical Socicty of Japan
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with 5% skim milk in PBS containing 0.1% Tween 20 and
immunoblotting were carried out. For immunochemical de-
tection of p53 and ubiquitin, a mouse monoclonal antibody
against human p53 (Santa Cruz) and a rabbit polyclonal anti-
body against bovine ubiquitin (DAKO), respectively, were
used as primary antibodies and peroxidase-conjugated anti-
mouse IgG or anti-rabbit IgG (Amersham) was used as a sec-
ondary antibody. For detection of polyubiquitin chains, FK1
antibody, which specifically recognizes polyubiquitin
chains,' and biotin-conjugated anti-mouse IgM (Amer-
sham) were used as the first and second antibodies, respec-
tively. Detection was performed using an enhanced chemilu-
minescence system (Amersham), and bands were visualized
with X-ray film.

Preparation of Proteasome-Enriched Fraction FL
cells were centrifuged at 1000 rpm for 5min, and the resul-
tant packed cells were suspended in ice-cold buffer B con-
sisting of 20 mM HEPES, pH 7.5, 5mm KCl, 1.5 mm MgCl,,
1 mm dithiothreitol, 2mm ATP, and 10% glycerol and were
then disrupted by a Teflon homogenizer at 4°C for 5min.
The cell lysate was immediately centrifuged at 106000 rpm for
5 min, and the resultant supernatant was further centrifuged
at 100000xg for 5h. The precipitates thus obtained were
suspended in buffer B and used as a proteasome-enriched
preparation.

Assay for Proteasome Activity The fluorogenic sub-
strate  Suc-Leu-Leu-Val-Tyr-MCA  (Peptide Institute) was
used as a substrate for chymotrypsin-like activity of the pro-
teasome. The ATP-activated activity of the proteasome was
measured at 37 °C for 30min using the above proteasome-
enriched preparation in a reaction mixture (1ml) that con-
tained 50 mm Tris-HCI1, pH 7.8, 1 mu dithiothreitol, 10mm
MgCl,, 2mM ATP, 0.05mm substrate, and an enzyme solu-
tion (5 ul), and the reaction was stopped by adding 1 ml of
10% SDS. The fluorescence intensity derived from 7-amino-
4-methylcoumarin (excitation, 380nm; emission, 460nm})
was measured using a Shimadzu spectrofluorophotometer
RF-5004.

RESULTS AND DISCUSSION

Girolline Induces G2/M Cell Cycle Arrest Girolline
has been reported to inhibit protein synthesis.*® Since we
also isolated girolline from another species of the marine
sponge, we first carried out an experiment to determine
whether girolline affects the cell cycles of several tumor cell
lines. FL, HeLa, and A549 cells were cultured in the pres-
ence of 50 ym girolline for 24 h, washed with PBS, fixed, and
stained with propidium iodide. The stained cells were then
subjected to flow cytometric analysis to examine the cell
cycle profile. As shown in Fig. 1, girolline was found to in-
duce G2/M cell cycle arrest in FL cells. Girolline-induced
G2/M arrest was also observed in HeLa and A549 cells,
though to a lesser extent (data not shown).

Polyubiquitinated p53 Accumulates in Girolline-
Treated Cells The tumor suppressor p53 has been reported
to be involved in G2 cell cycle arrest as well as in Gl ar-
rest.>*'¥ Since we found that girolline induced G2/M cell
cycle arrest, we next carried out an experiment to determine
the relationship between girolline and p53. FL cells were cul-
tured in the presence of 50 um girolline for 24 h, and the cell
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Fig. 1. Girolline Induces G2/M Cell Cycle Arrest

FL cells were cultured in the absence (A) or presence (B} of 50 um girolline for 24 b,
harvested, and subjccted to flow cytometric analysis. The positions of G1 and G2/M are
labeled.
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Fig. 2. Girolline Induces Accumulation of Polyubiquitinated p53

FL cells were cultured in the presence of girolline for 24 h, and the cell extract was
prepared and subjected to immunoprecipitation {IP) using anti-p53 antibody-immobi-
lized agarose. The immunoptecipitates thus formed were then subjected to Western
blotting with anti-p53 (feft panel) and anti-ubiquitin (anti-Ub) (right panel) antibodics.
IB, immunoblotting.

extract was prepared and subjected to SDS-PAGE followed
by Western blotting with anti-p53 antibody. Several bands
with higher molecular masses than that of the original p53
were detected (data not shown). To characterize the high-
molecular-mass bands of p33, the cell extract was subjected
to immunoprecipitation using anti-p53 antibody-immobilized
agarose, and the immunoprecipitates thus formed were then
subjected to Western blotting with anti-p53 and anti-ubiqui-
tin antibodies (Fig. 2). It was found that, among the bands
recognized by anti-p53 antibody, two bands with 70kDa and
58 kDa also immunoreacted with anti-ubiquitin antibody, in-
dicating that the immunoreactive bands are derived from
polyubiquitinated p53. In addition, it should be noted that the
bands recognized by both antibodies became stronger as the
concentration of girolline used was increased. These results
indicate that girolline induces accumulation of polyubiquiti-
nated p53 in a concentration-dependent manner. The absence
of two anti-p53 immunoreactive bands with 70 and 58 kDa in
control may be partly due to the difference in sensitivity of
antibodies used.

Girolline Is Unable to Inhibit the Activity of the Pro-
teasome and Nuclear Export of p53 To determine
whether the accumulation of polyubiquitinated p53, induced
by girolline treatment, was due to its inhibition of the activity
of the proteasome, we assayed chymotrypsin-like activity of
the proteasome toward Suc-Leu-Leu-Val-Tyr-MCA in the
presence of girolline. It was found that girolline did not in-
hibit the protcasome activity even at the concentration of
200 um, while MG132 at 10 um completely inhibited the pro-
teasome activity. In contrast, MG132 induced accumulation
of polyubiquitinated p53 as girolline did (see Fig. 3).

It has been reported that some proteins such as p27, a cy-
clin-dependent kinase inhibitor, are polyubiquitinated/de-
graded inside the nucleus, or, alternatively, are exported to



