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Protein phosphatase 1 (PP1) is a ubiquitous serine/threonine phosphatase that regulates many
cellular processes, including cell division. When transiently expressed as fluorescent protein (FP)
fusions, the three PP1 isoforms, «, B/, and v1, are active phosphatases with distinct localization
patterns. We report here the establishment and characterization of HeLa cell lines stably express-
ing either FP-PP1y or FP alone. Time-lapse imaging reveals dynamic targeting of FP-PP1y to
specific sites throughout the cell cycle, contrasting with the diffuse pattern observed for FP alone.
FP-PP1y shows a nucleolar accumulation during interphase. On entry into mitosis, it localizes
initially at kinetochores, where it exchanges rapidly with the diffuse cytoplasmic pool. A dramatic
relocalization of PP1 to the chromosome-containing regions occurs at the transition from early to
late anaphase, and by telophase FP-PP1y also accumulates at the cleavage furrow and midbody.
The changing spatio-temporal distribution of PPly revealed using the stable PP1 cell lines
implicates it in multiple processes, including nucleolar function, the regulation of chromosome

segregation and cytokinesis.

INTRODUCTION

Reversible protein phosphorylation is the major general
mechanism that regulates most physiological processes in
eukaryotic cells. Protein phosphatase I (PP1) is involved in a
wide range of cellular processes and is believed to derive
both its intracellular localization and its substrate specificity
from proteins with which it associates, termed “targeting”
subunits (see Cohen, 2002 for review).

Analysis of the subnuclear targeting of PP1 is complicated
by the fact that it is expressed in mammalian cells as three
closely related isoforms, «, 8/, and y1, which are encoded
by separate genes (Sasaki et al., 1990; Barker et al., 1993;
Barker et al., 1994). These isoforms are more than 89% iden-
tical in amino acid sequence, yet show distinct subcellular
localization patterns when analyzed by antibody staining of
fixed cells (Andreassen et al., 1998). Although all three iso-
forms are found in the nucleus in interphase cells, only PP1y
shows a strong accumulation in the nucleolus, suggesting a
role in the regulation of one or more nucleolar processes.
Evidence also points to PP1 as a major counteracting phos-
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phatase to several cell cycle-regulated kinases (Fernandez et
al., 1992; Berndt et al., 1997), with antibody staining also
suggesting distinct patterns for the isoforms during mitosis
(Andreassen et al., 1998; Zeitlin et al., 2001).

We were interested in examining the organization of the
specific isoforms throughout the cell cycle but found that
PP1 isoform-specific antibodies from three different com-
mercial sources, while giving clean signals on Western blots
for both endogenous and expressed PP1, gave weak and
irreproducible signals for immunostaining. An alternative
approach to analyzing the localization of PP1 isoforms in
vivo is to express each isoform fused to a fluorescent protein
(FP) tag, which avoids problems of antibody cross-reactivity
and fixation effects while also permitting imaging of protein
in live cells. A critical issue, however, is whether the pres-
ence of the FP-tag influences PP1 function or localization.
We have already demonstrated that the respective FP-PP1
fusion proteins are active phosphatases, with distinct local-
ization patterns that can be disrupted by overexpression of a
PP1 targeting subunit (Trinkle-Mulcahy et al., 2001). On
transient transfection of expression plasmids, FP-PPla is
found mainly in a diffuse nucleoplasmic pool and largely
excluded from the nucleolus, whereas FP-PP1+y accumulates
predominantly within the nucleolus. FP-PP1 is found in
both the nucleoplasm and the nucleolus but does not appear
to accumulate within the nucleoli to the same extent as
FP-PP1vy (Trinkle-Mulcahy ef al., 2001). We were particularly
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interested in PP1y because of its nucleolar accumulation,
which is consistent with its identification in our recent pro-
teomics study of purified nucleoli (Andersen et al., 2002).
Having the ability to purify nucleoli allows us to analyze
tagged PPly in this structure both by microscopy and by
biochemistry.

Two different HeLa cell lines stably expressing FP-PP1y
were established and characterized, as was a cell line ex-
pressing FP alone. Fluorescence time-lapse imaging reveals
that localization of FP-PP1y is dynamic throughout the cell
cycle, with specific patterns implicating it in the regulation
of nucleolar function, chromosome segregation, and cytoki-
nesis.

MATERIALS AND METHODS

Establishment and Characterization of FP-PP1y
Stable HeLa Cell Lines

EGFP-PP1y, EYFP-PP1y, and ECFP-NIPP1 were obtained as de-
scribed previously (Trinkle-Mulcahy et al., 2001). For the establish-
ment of HeLaPCS-PP1Y 1 yo of EGFP-PP1y plasmid was transfected
into a 10-cm dish of HeLa cells using Effectene transfection reagent
(Qiagen, Santa Clara, CA). The HeLa"F" cell line was established in
a similar manner, transfecting the EGFP-C1 plasmid (Clontech, Palo
Alto, CA) alone. For the establishment of HeLa®¥*"-PP1v 1 uo of
EYFP-PP1y plasmid and 0.1 ug of ECFP-NIPP1 plasmid were co-
transfected into a 10-cm dish of HeLa cells using Effectene. After
18 h, medium containing 200 ug/ml G418 was added to select for
cells that had stably incorporated the plasmid into their genomic
DNA. Colonies were picked and subcloned and then expanded for
biochemical and microscopic analyses. Characterization of ex-
pressed FP-PP1 by Western blotting, immunoprecipitation, and
phosphatase assays was performed as previously described
(Trinkle-Mulcahy et al., 2001). Cellular fractionation and large-scale
purification of nucleoli was performed as described previously
(Andersen et al., 2002), using 20 14-cm dishes of cells for each
experiment. FACS analyses were performed using a FACScan (Bec-
ton Dickinson, Mountain View, CA).

Cell Fixation and Immunostaining

Cells were grown on glass coverslips and fixed for 10 min in 3.7%
paraformaldehyde in 37°C PHEM buffer (60 mM PIPES, 25 mM
HEPES, 10 mM EGTA, 2 mM MgCl,, pH 6.9). After a 10-min
permeabilization with 1% Triton X-100 in phosphate-buffered saline
(PBS), cells were blocked with 1% donkey serum for 10 min and
then incubated with primary antibodies for 1 h, washed, and incu-
bated with secondary antibodies for 45 min. If required, cells were
stained with DAPI (0.3 pg/ml; Sigma). After a final set of washes,
cells were mounted in Vectashield media (Vector Laboratories, Bur-
lingame, CA).

Antibodies were obtained from a variety of sources. Isoform-
specific PP1 antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA), Calbiochem (La Jolla, CA), and Oxford
Biomedical Research and tested over a range of dilutions and fixa-
tion conditions for immunofluorescence. For Western blotting, all
were used according to the manufacturer’s recommendation.
CREST (1:5000 for immunofluorescence) was a generous gift from
Professor W. Earnshaw (Wellcome Trust Centre for Cell Biology,
Edinburgh, Scotland). Anti-CENP F (mitosin; 1:100 for immufluo-
rescence) and anti-aurora B kinase (AIM 1; 1:100 for immunofluo-
rescence) were from BD Transduction Laboratories (Lexington, KY).
Rhodamine-phalloidin was from Molecular Probes (Eugene, OR).
Anti-PCNA was used at 1:500 for immunofluorescence. Anti-a-
tubulin (DM1A; 1:10,000 for immunofluorescence) was from Sigma.
Antifibrillarin (72B9; 1:10 for immunofluorescence) was a generous
gift from Professor E. M. Tan. Anticoilin (204/10; Bohmann et al.,
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1995) was used at 1:350 for immunofluorescence. Actinomycin D
(Sigma), okadaic acid (Calbiochem), Inhibitor 2 (New England Bio-
labs, Beverly, MA), monastrol (Tocris, Ballwin, MO), nocodazole
(Sigma) and taxol (Paclitaxel, Sigma) were used as described in the
text.

Isolated nucleoli were processed for transmission electron micros-
copy as described previously (Andersen ef al., 2002). Sections were
cut using a Reichart ultracut ultramicrotome and visualized in a
JEOL 1200 EX TEM (Peabody, MA).

Fluorescence Microscopy and Photobleaching
Experiments

For live cell microscopy, cells were grown on glass coverslips and
mounted in phenol Red—free media in a closed, heated chamber
(Bioptechs FCS2, Butler, PA; or Bachofer POC, Reutlingen, Germa-
ny). Live and fixed cell images were obtained on a Deltavision
Restoration microscope (Applied Precision Instruments, Issaquah,
WA) using a MicroMax 5 MHz cooled CCD camera (Roper Scien-
tific, Tucson, AZ) and running SoftWoRx (Applied Precision) de-
convolution and data analysis software.

Quantitation of relative fluorescence intensity in various subcel-
lular compartments was performed on high-resolution three-dimen-
sional (3D) data set images collected using a Zeiss (Thornwood, NY)
63X objective with a numerical aperture of 1.4. A series of 0.5-um
Z-sections was taken through each cell (40 sections for interphase
cells and 80 sections for mitotic cells), ensuring that the entire cell
volume was included. For each optical section, the data were col-
lected using a binning of 2 X 2, resulting in an image pixel size of
0.212 X 0.212 pm. Utilizing the image analysis programs included in
the SoftWoRx data analysis software, 2D polygons were drawn
around each subcellular compartment/object of interest, in each
Z-section in which they appeared. The integrated intensities of these
polygons were summed to give an integrated intensity for the 3D
volume corresponding to the intracellular compartment/object, af-
ter which an average background fluorescence per pixel (calculated
from a region of similar size outside the cell) was subtracted. The
total cellular fluorescence was also calculated in this manner, by
selecting the entire cell as the region of interest over the full range
of Z-sections. Dividing the total intensity value for a particular
region of interest by the total intensity value for the whole cell
reveals the fraction of the total fluorescence intensity in that partic-
ular subcellular compartment/object.

FRAP (fluorescence recovery after photobleaching) experiments
were performed using a Zeiss LSM510 confocal microscope. After
an initial image collected with the laser attenuated to 10% full
power, a defined region of the cell was photobleached with the laser
at full power. Subsequent images, taken at 3-s intervals with the
laser attenuated to 10% full power, were obtained in order to follow
the recovery of the fluorescent signal within the bleached region.
Metaphase cells were fixed at the end of the experiment to show that
the spindles remained intact and FP-PP1y localization had not al-
tered. Fluorescence quantitation was performed using the LSM510
software. A region of background fluorescence was defined outside
the cell, and subtracted from both the experimental and control
regions before further analysis. The relative intensity of the
bleached region over time was then normalized to that of a similar
unbleached region in the same cell, to account for normal photo-
bleaching that occurs during image acquisition throughout the
course of the experiment. These normalized values were presented
as fractions of the starting intensity, to demonstrate both the pho-
tobleaching and the recovery from photobleaching over time. It
should be noted that the kinetics of recovery of photobleached
FP-PP1Yy, particularly at the kinetochore, are so rapid that the fluo-
rescence intensity shows a significant recovery before the first post-
bleaching image can be taken. To ensure that the photobleaching
conditions used here were sufficient to bleach the pools of FP-PP1y
found at the kinetochore and nucleolus, the experiments were per-
formed under similar conditions with fixed cells. Under these con-
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ditions, FP-PP1vy can be efficiently bleached but, as expected, cannot
recover (unpublished data). The initial recovery that occurs before
taking the first postbleaching image is therefore a limitation of the
imaging system, based on the lag time it takes for the system to
switch from the full laser power required for bleaching to the laser
power (10%) at which the first postbleaching image is taken. Al-
though this limitation precludes the accurate measurement of ab-
solute half-times for recovery, it does allow us to compare the
recovery profiles of the photobleached nucleolar and kinetochore
pools of FP-PP1y, and the kinetochore pools of FP-PP1y after vari-
ous drug treatments.

RESULTS

Characterization of Stable Cell Lines

HeLaFYFPTP1y cells express full-length FP-PP1y at a similar
level to endogenous PP1y (Figure 1, A and B). Importantly,
total phosphatase activity in HeLaFYFF"FP17 cells is equiva-
lent to parental cells (Figure 1D), indicating regulation of
any excess phosphatase activity. The FP tag allows recovery
of >50% of the fusion protein from cell lysates by immuno-
precipitation (Figure 1C, lanes 4-6). Endogenous PP1 does
not coprecipitate with the fusion protein (Figure 1C, lane 5),
confirming the phosphatase activity associated with the
beads results from FP-PP1ly (Figure 1E). No activity is re-
covered using a catalytically inactive fusion protein (Trinkle-
Mulcahy et al., 2001).

Fluorescence imaging of HeLa®YF"-TP1¥ cells reveals a dif-
fuse cytoplasmic pool of FP-PP1y, a more intense nucleo-
plasmic pool and prominent accumulation within nucleoli
(Figure 1, F and G). These data are consistent with transient
expression assays (Trinkle-Mulcahy et al., 2001) and anti-
body staining of untransfected cells (Andreassen et al., 1998).
The population is homogeneous, with >95% of the cells
expressing FP-PP1y at similar levels. Quantitation of the
fluorescent signal reveals that the nuclear pool (nucleoplas-
mic and nucleolar combined) of FP-PP1y accounts for 31.8 =
5.5% of the total fluorescent protein in the cell, whereas the
nucleolar pool represents 5.4 * 1.7% of the total fluorescent
protein in the cell (n = 7). If these measurements are limited
to the nuclear pool, the nucleolar FP-PP1vy signal is found to
represent 17.1 = 5.1% of the nuclear FP-PP1y signal (n = 7).

Properties of Nucleolar FP-PP1y

The nucleolar pool of FP-PP1vy specifically localizes to the
granular compartment that contains the bulk of the rRNA
(Figure 2A), remaining spatially distinct from the dense
fibrillar component marked by fibrillarin (Figure 2B). Inhi-
bition of transcriptional activity using actinomycin D causes
a relocalization of FP-PP1vy to perinucleolar caps Figure 2C).
These caps are distinct from those formed by fibrillarin and
by p80 coilin (see Figure 2C inset; Raska et al., 1990; Carmo-
Fonseca et al., 1992). Using transmission electron micros-
copy, with silver-conjugated antibodies to the FP domain
detecting the fusion protein, perinucleolar caps containing
FP-PP1y can be shown on actinomycin p-treated nucleoli
(Figure 2E). These caps do not appear on control nucleoli
(Figure 2D).

Nucleolar FP-PP1ly remains associated with this sub-
nuclear body when cells are fractionated using a purification
method used in a recent nucleolar proteomics project (Fig-
ure 2F; Andersen et al., 2002). Western blotting reveals that
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Dynamic Cell Cycle Localization of PP1vy

HeLaFYFP-PP1Y cells express full-length FP-PP1y at a similar
level to endogenous PP1y throughout all the cellular frac-
tions in which this isoform is found (Figure 2G), and that
regulation of any excess phosphatase activity is maintained
throughout these fractions (Figure 2H). The bulk of the total
phosphatase activity in purified nucleoli from both HeLa
and HeLaFYFPPP1y cells is sensitive to Inhibitor 2 and thus
can be attributed to PP1 (Figure 2I).

Cell Cycle Progression

Addition of exogenous PP1 affects mammalian cell cycle
progression (Fernandez et al., 1992; Berndt et al., 1997). Cell
lines constitutively expressing exogenous PP1 must there-
fore regulate excess activity to prevent cell cycle defects. We
compared cell cycle progression of HeLa®™-FP1v and
HeLaESFF-FP1y cells with that of both parental HeLa cells
and HeLaESFT cells. The growth rates of the respective cell
lines are equivalent, and FACS analysis confirmed that the
relative populations in G1, S, and G2/M are similar (Figure
3, A-D). The broadened shoulder observed on the G1 peak
for all three stable cell lines may indicates a small increase in
the number of apoptotic cells, representing ~2-5% of the
total population. When HeLaFYFP"FP17 cells were fixed and
stained with an antibody to proliferating cell nuclear antigen
(PCNA,; Figure 3F), a protein whose localization pattern can
be used as a marker for cell cycle stages, no differences in
FP-PP1y localization and/or levels were observed between
cells in G1, S, or G2 (Figure 3, E-G).

Dynamic Cell Cycle Localization of FP-PP1y

Although the typical interphase localization pattern for FP-
PP1y is maintained throughout the G1, S, and G2 stages of
the cell cycle (Figure 4A), at M phase, FP-PP1vy localization
changes dramatically. Bright foci appear in the region of
condensed chromosomes as the nuclear envelope breaks
down (Figure 4B). These foci are detectable until late an-
aphase, at which point a significant fraction (19.9 = 2.2%,
n = 5) of the total FP-PP1vy fluorescent signal relocates to the
chromosomes (Figure 4C and J-K). At telophase, FP-PP1y is
observed both in the reforming nuclei and at the cleavage
furrow and spindle midzone (Figure 4D). These patterns
differ markedly from the diffuse distribution observed for
GFP alone in HeLa®<FY cells (Figure 4, E-H). Fluorescence
time-lapse imaging of a single HeLaFYFF-FP1¥ cell reveals the
short time span over which this relocalization occurs (Figure
4, I-L).

HeLaBYFF-FP1y cells were fixed and stained with both
DAPI and anti—a-tubulin to map the relationship between
FP-PP1vy, chromatin, and spindles throughout mitosis. The
foci observed in metaphase cells align on the metaphase
plate at the ends of spindle fibers (Figure 4, M-P). They are
detectable until early anaphase (Figure 4, Q-T), suggesting a
centromere localization pattern. By telophase, FP-PP1y is
retargeted to the chromosomes, cleavage furrow and mid-
body (Figure 4, U-X).

Mapping Mitotic Accumulations of FP-PP1y to
Known Structures

CREST, a human autoimmune sera that recognizes several
centromere proteins (Earnshaw and Rothfield, 1985), labels
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paired foci that are spatially distinct from FP-PP1vy foci
(Figure 5A). A high-resolution image of a single pair of
centromeres clearly maps the FP-PPly foci to the space
between the end of the spindle fiber and the CREST-labeled
outer centromere region (Figure 5B). The 2D model (Figure
5B, inset) is based on a single section from the same region
and demonstrates that there is some overlap between the
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bodies detect endogenous PP1 in
both lysates and the fusion pro-
tein in the HeLaPYFP-PP1Y Jysate.
The fusion protein was specifi-
cally immunodepleted by >50%
from HeLaBYFF-PP1Y lysates (5),
whereas no PPl-positive bands
were pulled down from HeLa ly-
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associated with HeLa and
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with anti-GFP beads alone and
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with 50 ug total protein from
HeLa or HeLaBYFF-PP1Y cell ly-
sates. Data are means *= SD for
n = 4. The EYFP signal in a field
of HeLaPYFP-PP1Y cells is shown in
F, with the DAPI-stained DNA
pattern in G. A nucleolus is
marked by the arrowhead. Scale
bar, 10 uM.
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FP-PP1vy signal and the CREST signal. This spatial mapping
implies a kinetochore localization, which was confirmed by
staining with an antibody to the kinetochore marker
CENP-F (Figure 5C; Zhu et al., 1995). Disruption of spindle
fibers by treatment with nocodazole does not change the
kinetochore localization of FP-PP1+y (Figure 5D). Similar re-
sults were obtained using taxol, which releases tension on
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Figure 2. Purification and char-
acterization of FP-PP1y- enriched
nucleoli from HeLaF®YFP-PP1Y cells.
(A) HeLaPYFP-PP1y cell fixed and
stained with DAPI for DNA
(blue) and Pyronin Y for RNA
(red). FP-PP1y (green) colocalizes
with the Pyronin Y-stained RNA
in the granular compartment. In-
set: an enlarged nucleolus, with the
granular compartment indicated
by an arrow. (B) HeLa®YFrPP1y cell
fixed and stained with antifibrilla-
rin (red) to mark the dense fibrillar
component of the nucleolus. Nu-
cleolar FP-PP1y (green) is spatially
distinct from this compartment, as
shown clearly in the enlarged inset.
The arrow indicates FP-PP1vy in the
granular component, whereas the
hashed arrow points to the dense
fibrillar component labeled by an-
tifibrillarin. (C) HeLa®Yf"PP1y cell
treated with actinomycin D. The
nucleolus in the enlarged inset
shows the spatial distinction be-
tween the perinucleolar caps
caused by FP-PPly (green, ar-
row), fibrillarin (blue, arrow-
head) and p80 coilin (red, hashed
arrow). (D) Transmission electron
micrograph of a nucleolus (ar-
rowhead) from a HeLaFYF'-Priy
cell. (E) Similar micrograph of a nu-
cleolus (arrowhead) from an actino-
mycin D—treated HeLa®YFPPP1Y cell.
Perinucleolar caps containing FP-
PP1y were detected using anti-GFP
antibodies and are marked by ar-
rows. (F) Nucleoli were purified
from HeLa and HeLa®Y™"PP17 cells.
rRNA is stained with Pyronin Y,
and a YFP signal is only detected
in the HeLa®Y™PP1¥ nucleoli. (G)
Cellular fractions (30 g total pro-

tein per lane) from HeLa (lanes H
1-5) and HeLaPYFPPP1y (lanes

6-10) cells probed on a Western

blot with anti-PP1y antibodies.

The fractions probed include

whole cell lysates (1, 6), nuclei (2,

7), nucleoli (3, 8), nucleoplasm (4,

9), and cytoplasm (5, 10). (H) Total
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were repeated twice (each time in duplicate) with similar results.

the kinetochore by stabilizing microtubules (Waters et al.,
1998; Figure 5, E-G) and monastrol, an inhibitor of the
mitotic kinesin Eg5 (unpublished data; Kapoor et al., 2000).
This indicates that PP1 is a stable component of the mam-
malian kinetochore. Quantitation of fluorescent signal in
metaphase HeLaPYFPPF1v cells revealed that 0.008 + 0.003%
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of the total cellular FP-PP1vy signal is found at each kineto-
chore (n = 5), a value that does not change significantly
upon treatment with either taxol or nocodazole (unpub-
lished data). The total number of FP-PP1vy-labeled kineto-
chores in each cell was found to be 92.8 + 8.0 (n = 5), which
is in agreement with the number of CREST-stained centro-

111



L. Trinkle-Mulcahy et al.

A EGFP
4, Hela B4. HelLa
G2/IM G2M
3 ,' 1 s —
® ik G1: 55.8% @ et c1:548%
s 21 S: 15.5% 3 21 = S: 15.7%
o G2/M: 28.7% o G2/M: 29.5%
2 2
0 x — 0 : Y
0 200 400 0 200 400
DNA Content (Pl) DNA Content (Pl)
5 EGFP-PP1
C .. HeLaErPeen D, teLateeen
G2/M G2M
— g I
@ G1 & g1
= 24 [ | G1: 58.8% = o — G1: 58.4%
3 S: 15.8% 3 S:13.7%
° G2/M: 25.4% - G2IM: 27.9%

200 400
DNA Content (PI)

E PP

r

E 4
: - B

200

meres observed in these cells (96.0 * 5.6). This slight devi-
ation from the expected number of centromeres/kineto-
chores, which would be 92 for a standard diploid cell, is not
surprising, because HeLa cells are often aneuploid. In the
case of the parental HeLa cells used to establish all of the
stable cell lines; however, chromosome spreads have shown
that any deviation from the diploid number of chromosomes
is minimal (unpublished results).

Antibodies to aurora B, a marker for the inner centromere
region, label an area directly between paired FP-PP1vy foci in
metaphase cells (Figure 5E), and the FP-PP1y/aurora B sig-
nals remain spatially distinct throughout mitosis (unpub-
lished data). When tension on metaphase kinetochores is
released by taxol treatment (Figure 5F), FP-PP1y and aurora
B still remain spatially distinct, at least at the level of reso-
lution available by light microscopy.

As mitosis progresses, accumulations of FP-PP1y appear
on the chromosomes as already shown and at the cleavage
furrow and midbody (Figure 5, H and I). Figure 5H shows
the overlap between the pool of FP-PP1y and F-actin at the
central section of the cell where the cleavage furrow forms.
Cortical FP-PP1y accumulation coincides with appearance
of the cleavage furrow in anaphase. In late telophase (Figure
5I), FP-PP1y (arrow) still overlaps cortical F-actin (arrow-
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Figure 3. Cell cycle distribution of HeLa""""1Y
cells. A-D: Distribution of cells in G1, S and G2/M
for the parental HeLa (A), HeLa®“f" (B),
HeLaFYF-PPly (C), and HeLaPCF™-PP1y (D) cell
lines, as determined by FACS analysis.
HeLaFYF-PP1y cells (E) were stained with anti-
PCNA (F) to mark cell cycle stages, and the two
signals are shown merged in G. Cells in G1 are
indicated by an arrow, those in S-phase by a
hashed arrow, and those in G2 by a yellow
arrow. Scale bar, 10 uM.

head) but is also observed at the spindle midbody (hashed
arrow). FP-PP1y eventually reaccumulates in newly-formed
nucleoli marked by an antibody to the nucleolar protein
fibrillarin (Figure 5]).

Rapid Kinetics of FP-PP1y Turnover

FRAP experiments were performed on live metaphase
HeLa®YFPTP1y cells to measure exchange of FP-PP1y at two
distinct intracellular pools. Nucleolar FP-PP1y recovers rap-
idly from photobleaching (Figure 6, A-C and G), as does the
kinetochore pool of FP-PP1y in metaphase cells (Figure 6,
D-F and G). No significant difference in recovery kinetics
was observed for FP-PP1vy at kinetochores in cells treated
with nocodazole, monastrol, or taxol (Figure 6G), indicating
that the rapid exchange of PP1vy at the kinetochore is inde-
pendent of an intact, functional spindle mechanism.

DISCUSSION

We have established stable cell lines expressing FP-tagged
PP1yand used these cells to analyze the in vivo organization
of pools of PP1vy at different stages of the cell cycle. Live cell
imaging analyses have shown that the localization of PP1vyis
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Dynamic Cell Cycle Localization of PP1vy

Figure 4. Dynamic distribution of FP-PP1y throughout cell division. Live HeLaFYFP"P"1Y (A-D) and HeLa®CF? (E-H) cells were imaged using
a Deltavision restoration microscope. All images shown here are 2D maximum projections of Z-series data. In interphase cells (A and E),
nucleoli are marked by arrowheads. Regions of condensed chromatin are marked by arrows in metaphase cells (B, F) and by open arrowheads
in anaphase cells (C and G). The spindle midzone region is marked by a hashed arrow in telophase cells (D and H). Time-lapse imaging of
a single mitotic HeLaBYFP-PP1Y cell confirms these patterns and reveals the short time period over which they occur (I-L). Mitotic
HeLaPYFPPP1y cells were also fixed and stained with anti—e-tubulin to mark spindles (N, R, and V) and DAPI to mark chromosomes (O, S,
and W). The FP-PP1y signal (M, Q, and U) is shown for cells in metaphase (M-P), early anaphase (Q-T), and telophase (U-X). All three
patterns are shown merged in P, T and X. Scale bar, 10 uM.
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FP-PP1y

Figure 5. FP-PP1yaccumulates at kinetochores, cleavage furrow, and midbody. (A) HeLa®**" ¥ metaphase cell stained with anti—a-tubulin to marker
mitotic spindles, and with CREST, a centromere marker. FP-PP1vy foci are marked by arrows and centromeres by arrowheads. (B) High-resolution image
of a pair of centromeres from a HeLa®**" 1Y metaphase cell stained with anti-a-tubulin and CREST. The spatial orientation of the FP-PP1vy signal
(arrowhead) with respect to the end of the spindle fiber (hashed arrow) and the centromere (arrowhead) can be clearly seen. The inset shows a 2D model
of a single section through a pair of centromeres, which reveals a slight overlap between the FP-PP1y and CREST signals. (C and D) HeLa®YFTr1y
metaphase cells stained with DAPI and anti-CENP F, a kinetochore marker. FP-PP1+y foci (arrow) colocalize with kinetochores (arrowhead) both in control
cells (C) and in cells treated with nocodazole to disrupt microtubules (D). (E and F) HeLa®¥*""Y metaphase cells stained with anti-aurora B, a marker
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highly dynamic and indicates specific subcellular sites and
times throughout interphase and mitosis where PP1+y activ-
ity is likely to be involved.

It has proven difficult to derive the stable cell lines ex-
pressing functional FP-PP1. For example, transient transfec-
tion studies revealed that cells do not tolerate long-term
expression of FP-tagged PP1. Although the control cell line,
HeLaE“Fr, was readily established, a HeLaFSFP-PP1Y cell line
was difficult to establish and resulted in a single stable clone.
Interestingly, we observed that the number of stable clones
incorporating FP-PP1y could be increased by cotransfection
of low levels of an expression vector encoding the PP1
regulator NIPP1 (Nuclear Inhibitor of PP1; Van Eynde et al.,
1995). No NIPP1 fusion protein was detected in any of the
resulting cell clones, confirming that it had not been stably
incorporated. We infer that low levels of NIPP1 were tran-
siently expressed during the early stages of selection,
thereby regulating excess PP1 activity and allowing cells to
survive long enough to stably incorporate the FP-PP1y plas-
mid. For comparative purposes, all experiments presented
here were performed on both the FP-PP1y cell line estab-
lished in this manner (HeLa®YFP-PP1v) and on the FP-PP1y
cell line established by transfection of the PP1 plasmid alone
(HeLaF<FF-PP1y) with equivalent results. This cotransfection
approach may therefore aid the establishment of cell lines
expressing other protein phosphatases or other enzymes
that can be toxic if their activity is not regulated.

Expressing phosphatases as fluorescent fusion proteins
provides the opportunity to study their regulation using a
combined microscopy/biochemistry approach. The pattern
observed for FP-PP1vy, for example, represents the cumula-
tive pattern for a variety of PP1y complexes present in the
cell, and the fluorescent tag permits quantitation of signal
levels at various intracellular sites. Live cell imaging shows
the nucleolar accumulation of FP-PP1vy in interphase cells,
which represents ~5% of the total cellular FP-PP1y signal.
The significance of this accumulation is highlighted by the
fact that >80% of the total phosphatase activity in purified
nucleoli was found to be sensitive to Inhibitor 2 and thus
attributable to PP1. This suggests a possible role for PP1 in
the regulation of one or more nucleolar processes, such as
rRNA transcription, rRNA maturation or ribosome subunit
assembly.

Figure 5 (facing page). for the inner centromere region. FP-PP1ly
foci are marked by arrows and the inner centromere region by an
arrowhead. The spatial distinction between the two signals is main-
tained both in control cells (E) and when cells are treated with taxol
to release tension on kinetochores (F). The release of tension can be
quantitated as a reduction in the mean distance between paired
kinetochores marked by FP-PP1y (G; n = 57). (H) HeLaEYfrPPly
telophase cell stained with DAPI and rhodamine-phalloidin, to
visualize F-actin. FP-PP1y accumulates at the cleavage furrow (ar-
row), colocalized with F-actin (arrowhead). (I) A cell at a later stage
of telophase, where the cortical accumulation of FP-PP1y (arrow)
remains colocalized with F-actin (arrowhead) in a ring-like structure
at the junction between the two daughter cells, with an additional
accumulation of FP-PP1y at the midbody (hashed arrow). (J) A cell
in which nucleoli are starting to reform, as indicated by an antibody
to the nucleolar protein fibrillarin (arrowhead). FP-PP1y is starting
to reaccumulate in nucleoli (arrow), which is its predominant inter-
phase localization pattern. Scale bars, 10 M.
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The dynamic localization of PP1 throughout mitosis sug-
gests targeting of phosphatase activity to specific sites and at
specific times during cell division. Movement of FP-PP1vy to
the decondensing chromatin in telophase, for example, sug-
gests recruitment of PP1 activity for a function connected
with this stage of the cell cycle. Two known regulatory
events that occur at this time and location are dephosphor-
ylation of histone H3 and nuclear lamin B. Reversible phos-
phorylation of histone H3 may be involved in the regulation
of chromatin condensation (Cheung et al., 2000), and the
chromosome targeting of FP-PP1y in late anaphase corre-
lates with the rapid disappearance of a Serl0 phospho-
epitope on histone H3 (unpublished data). Chromatin-asso-
ciated PP1 has also been shown to be recruited for nuclear
lamina assembly (Steen et al., 2000). Although we observed
no significant overlap between FP-PP1y and either immu-
nostained histones or lamin B (unpublished data), the initial
retargeting occurs within a very short time span (<3 min)
and these processes may only involve a small percentage of
the total PP1 at this site. Therefore, the involvement of PP1y
in one or both of these regulatory pathways is a possibility.

The spatial organization of FP-PP1y foci with respect to
the aurora B kinase signal in mitotic cells is interesting in
light of the fact that PP1 can either oppose or directly inhibit
aurora B activity on one of its substrates, histone H3 (Fran-
cisco et al., 1994; Hsu et al., 2000; Murnion et al., 2001) and has
also been suggested to oppose its activity on kinetochore
proteins (Tanaka et al., 2002). Although aurora B localizes to
centromeres in G2 (Zeitlin et al., 2001), PP1y accumulation is
not evident at kinetochores until prophase (unpublished
data). Changes in the physical organization of the kineto-
chore may therefore modulate the competition between au-
rora B and PP1 for their substrates.

Kinetochore and spindle midzone localization has also
been observed for a GFP construct of Glc7, the yeast ortho-
logue of PP1 (Bloecher and Tatchell, 2000), placing PP1 at
precise sites where and when phosphatase activity is known
to be required (Sassoon et al., 1999; see Nigg, 2001 for re-
view). Although a phosphatase has been reported not to be
the likely tension-sensitive component of kinetochore phos-
phorylation (Nicklas et al., 1998), there is evidence for PP1
playing a role in the microtubule binding of the kinetochore
complex (Sassoon et al., 1999; Bloecher and Tatchell, 2000)
and in spindle stability (Tournebize et al., 1997). A role for
PP1 in the regulation of cytokinesis has also been suggested
(Fernandez et al., 1992; Cheng et al., 2000), which is consis-
tent with the colocalization of FP-PP1y and F-actin at the
cleavage furrow and spindle midzone.

Significantly, PP1y is found in the center of the midbody,
where CENP-F also localizes, rather than the outer regions
to which aurora B/INCENP/surviving localize. This central
region is the site of membrane fusion events in cytokinesis,
and PP1 has been shown to regulate the terminal step of
membrane fusion in yeast (Peters et al., 1999). The midzone
accumulation of PP1y may also be related to the regulation
of CENP-A by aurora B kinase, because it is disrupted by
expression of dominant-negative phosphorylation site mu-
tants of CENP-A that cause delays in the terminal stage of
cytokinesis (Zeitlin et al., 2001).

The rapid exchange FP-PP1y at both the nucleolus and the
kinetochore revealed by FRAP analyses is of particular in-
terest because it argues against a static model of PP1 target-
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Figure 6. Nucleolar and kineto-
chore pools of FP-PP1y show rapid
turnover rates. Live HeLaFYFP-PPly
cells were subjected to FRAP experi-
ments in which a specific pool of
EYFP-PP1y was photobleached and
recovery of fluorescent signal moni-
tored over time. For the interphase
HeLaFYFP-PP1y cell shown in A-C, a
nucleolus (hashed circle/arrow) was
photobleached, whereas a non-
bleached nucleolus (circle/arrow)
was monitored for comparison. The
signal recovered by ~50% in 9 s (C).
The experiment was repeated three
times, and a plot of signal recovery
over time for a bleached nucleolus
normalized to a nonbleached nucle-
olus in the same cell is shown (G; [J),
with each time point presented as
mean relative intensity + SD. For the
metaphase HeLaBYFPPP1Y cell shown
in D-F, a kinetochore region (hashed
circle/arrow) was photobleached,
whereas a nonbleached kinetochore
region (circle/arrow) was monitored
for comparison. The signal showed
an apparent full recovery by 9 s (F).
The experiment was repeated five
times, and a plot of signal recovery
over time for a bleached kinetochore
normalized to a nonbleached kineto-
chore in the same cell is shown (G;
M), with each time point presented as
mean relative intensity = SD. Similar
recovery kinetics were observed for this
intracellular pool when HeLa®YFP-PPly
cells were treated with monastrol to
inhibit the Eg5 mitotic kinesin (G; @,

2 :
2 0.8 [ .
Qo . a
= 0.6 A £|I"./’ _|_ +
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4 l —e— Kinetochore (+ monastrol[)
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ing. A slower turnover rate, on the order of minutes or tens
of minutes, would have indicated a more stable association
of the phosphatase with its relevant targeting subunit and/or
substrate (i.e., some sort of docking mechanism). In fact, it is
clear that there is a rapid flux of PP1 through both the nucleolar
pool in interphase cells and the kinetochore pool in metaphase
cells, which provides the opportunity for rapid retargeting to
another site if required. It remains to be determined whether
PP1 is exchanging on its own or as a complex with a targeting
subunit(s). The fact that the rapid rate of exchange of FP-PP1y
at the kinetochore persists after treatment with various inhib-
itors that destabilize the mitotic spindle complex suggests that

116

n = 3), with nocodazole to disrupt mi-
crotubules (G; A, n = 4) or with taxol
to release tension on kinetochores (G;
¢, n = 4). Scale bars, 10 uM.

80

this pool exchanges directly with the diffuse cytoplasmic pool.
The reason for the rapid turnover of kinetochore-localized PP1
may be to provide a sensitive regulatory mechanism for its
activity at this critical step in cell division.

In summary, the spatio-temporal mapping of stably ex-
pressed FP-PP1y in live cells has revealed dynamic accumu-
lations within the nucleolus in interphase cells, and at the
kinetochore, chromosomes, cleavage furrow and midbody
throughout mitosis. This suggests roles for PP1 in the regu-
lation of multiple processes, including nucleolar function
and the regulation of chromosome segregation and cytoki-
nesis. Future work will focus on identification of both the
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relevant substrates and the targeting subunits that direct
PP1 to these sites and regulate its activity.
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