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SUMMARY

Protein phosphatase 1 (PP1) is expressed in mammalian of both isoforms to these structures, indicating that steady-

cells as three closely related isoformsy, 3/d and y1, which

state localization is based, at least in part, on relative

are encoded by separate genes. It has yet to be determined affinities for various targeting subunits. Photobleaching

whether the separate isoforms behave in a similar fashion
or play distinct roles in vivo. We report here on analyses by
fluorescence microscopy of functional and fluorescently
tagged PP1 isoforms in live cells. PRl and PPl
fluorescent protein fusions show largely complimentary
localization patterns, particularly within the nucleus where

analyses show that PPR{is rapidly exchanging between the
nucleolar, nucleoplasmic and cytoplasmic compartments.
Fluorescence resonance energy transfer (FRET) analyses
indicate that the direct interaction of the two proteins
predominantly occurs at or near interchromatin granule
clusters. These data indicate that PP1 isoforms are highly

mobile in cells and can be dynamically (re)localized
through direct interaction with targeting subunits.

tagged PPY¥ accumulates in the nucleolus, whereas
tagged PPh is primarily found in the nucleoplasm.
Overexpression of NIPP1 (nuclear inhibitor of PP1), a PP1
targeting subunit that accumulates at interchromatin

granule clusters in the nucleoplasm, results in a retargeting Key words: PP1, Isoforms, Fluorescent

INTRODUCTION being at the N- and C-termini. One complication in studying
the specific isoforms is that, when expresse&soherichia
Hundreds of protein kinases and protein phosphatases areli as recombinant proteins, the RPand PP[B/d isoforms
involved in changing the phosphorylation states of proteinsshow different properties to their native, purified forms (Alessi
and they collectively control a wide range of phosphorylationet al., 1993). Most of the in vitro analyses have therefore
mediated cellular events, including division, signalling,focused on PRA The subcellular localization of endogenous
differentiation and metabolism. These enzymes are organizéP1 isoforms is not entirely clear. Anti-peptide antibodies
both spatially and temporally, and they can change thelave been generated against the divergent C-terminal regions
intracellular localization dynamically during cell cycle of PPXn, /6 andy isoforms (da Cruz e Silva et al., 1995;
progression and other processes (Inagaki et al., 1994). In th@la-Moruzzi et al., 1996), and immunolocalization studies
case of the serine/threonine protein phosphatase 1 (PP1), whighh these anti-peptide antibodies suggest distinct localization
is involved in multiple regulatory events throughout the cellpatterns for the three PP1 isoforms within the cell.dPR1
substrate specificity is likely to be determined both bydiffuse in the cytoplasm and nucleoplasm and accumulates in
subcellular localization and by affinity for proteins that bringunidentified nuclear bodies; PBd is diffusely distributed
the enzyme in proximity to the substrate. These proteins hatkroughout the nucleus and cytoplasm; andyR®diffuse in
been termed ‘targeting subunits’ (Hubbard and Cohen, 1993he cytoplasm and nucleoplasm and accumulates within
and several reports have confirmed their importance for theucleoli (Andreassen et al., 1998). Other studies, however,
regulation of PP1 activity. In many cases, however, it remainsave reported different localization patterns using
to be established whether interactions identified in vitrandependently isolated isoform-specific antibodies (Kotani et
actually occur within living cells and in which intracellular al., 1998; Haneji et al., 1998) and argue that{#®1and not
locations these interactions take place. It is therefore importaPPly, is the isoform that accumulates within the nucleolus.
to find experimental approaches that permit direct analyses éttempts to link a specific PP1 isoform to a particular
PP1-targeting subunit interactions in live cells in order tocsubstrate led to conflicting reports in the literature, one
understand in detail how the localization and activity of thisdescribing the specific association of BPWwith the
phosphatase is controlled. retinoblastoma gene product (Rb) (Tamrakar and Ludlow,
Complexity is further increased as PP1 is found as thre2000) and others describing the association ofR3R4ith the
isoforms €, B/6 andyl), each encoded by distinct genes, insame protein, Rb (Puntoni and Villa-Moruzzi, 1997; Puntoni
the mammalian cell (Sasaki et al., 1990; Barker et al., 1992nd Villa-Moruzzi, 1999). A potential problem in studying the
Barker et al., 1994). These isoforms are more than 89%ndogenous PP1 isoforms is the cross-reactivity of some of
identical in amino acid sequence, most of the differencethe available anti-isoform antibodies, which could explain
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conflicting reports in the literature, but it cannot be ruled outescribed to date, NIPP1 contains an Arg/Lys-Val/lle-Xaa-
that differences in cell type and/or experimental condition®he/Trp motif important for interaction with PP1 (Egloff et al.,
play a role. Also, there is now evidence that all three isoform$997). Mutation of one or both of the conserved hydrophobic
can interact with Rb, but they may show different site-specificesidues disrupts the interaction of NIPP1 with PP1 without
preferences within the substrate (Rubin et al., 2001). affecting the intracellular localization of the protein (Trinkle-

If separate PP1 isoforms indeed vary in their substrat®lulcahy et al., 1999).
specificity and/or localization, a reasonable assumption would Here we have used fluorescent-protein-PP1 (FP-PP1) and
be that this is due to varying affinities for regulatory subunitsfluorescent-protein-NIPP1 (FP-NIPP1) fusion proteins to
which have distinct subcellular distributions themselvesinvestigate, in vivo, the organization of the separate PP1
PP1/d, for example, appears to preferentially associate witlsoforms. Importantly, the use of EYFP and ECFP as
the glycogen- and myosin-targeting subunits in skeletal muscluorescent tags not only permits visualization of the
(Berndt et al., 1987; Dent et al., 1992; Alessi et al., 1992)ocalization of the phosphatases and of their targeting subunits
Although these results could reflect the binding of PP1nthe same cell, but allows monitoring of direct protein-protein
isoforms to distinct sets of targeting subunits, they could alsimteractions via fluorescence resonance energy transfer (FRET)
be explained by the isoforms sharing similar affinities for all(Pollock and Heim, 1999), and monitoring of protein dynamics
targeting subunits. However, they may be expressed at differemsing fluorescence recovery after photobleaching (FRAP) and
levels or compartmentalized in some other way, for exampldluorescence loss in photobleaching (FLIP) techniques [for
through their coordinated expression with a particular targetingeview see White and Stelzer (White and Stelzer, 1999)]. The
subunit. data show that PP1 isoforms have distinct intracellular

Although several groups have shown that targetindocalizations, but they can be dynamically retargeted through
subunits exogenously expressed in mammalian cells can forhigh affinity interactions with a targeting subunit showing a
complexes with endogenous PP1 (Trinkle-Mulcahy et al.different localization pattern.
1999; MacMillan et al., 1999; Kim et al., 2000; Jagiello et
al., 2000), it not yet clear whether a PP1 molecule that has
already formed a complex with one targeting subunit can bATERIALS AND METHODS
recruited in vivo by another targeting subunit. The formation
of new complexes may rely on the expression of new proteifaterials

instead. It is therefore important to determine where in thgjsq,e culture reagents were obtained from Life Technologies Inc.
cell these complexes form. In the case of nuclear targetingaisley, UK) and Protein G-Sepharose from Pharmacia (Milton
subunits, for example, the question arises of whether thgeynes, UK). Custom oligonucleotides were purchased from Oswel
proteins come into contact with each other in the cytoplasrand MWG Biotech. Anti-PP1 was obtained from Transduction
as the protein is translated or whether they contact each otHeboratories.
at the targeting sites where the proteins localize under steadlglsl oni
state conditions. Alternatively, they may come into contact at. - c.o "9 _
another location. PP1B/d and PP{l were cloned from a human HelLa cell library

. PRRT . ... (Clontech) and PRifrom an expressed sequence tag (Image clone

To study the properties of individual PP1 isoforms in I|V|ng(

- . ; . - . . . 23503172, HGMP) using specific oligonucleotide primers. The clones
cells, including their localization and interaction with targeting,, e inserted into the enhanced green, enhanced yellow and enhanced

subunits, we have taken advantage of the in vivo approach gfan fiuorescent protein vectors (EGFP-C1, EYFP-C1 and ECFP-C1,
fusing PP1 to fluorescent reporter molecules. This methodontech). The DNA constructs were confirmed by restriction analysis
which effectively ‘tags’ the intracellular pool of the protein andand DNA sequencing (performed by The Sequencing Service,
allows analyses of dynamic properties in living cells, has beeudniversity of Dundee, http://www.dnaseq.co.uk). Catalytically
successfully used to study the dynamic localization of théactive PP§ was generated by PCR mutagenesis (Quickchange,
Saccharomyces cerevisinemologue of PP1, GLC7 (Bloecher Stratagene) of His residue 125 in the catalytic site of EYFPy RP1
and Tatchell, 2000). The three mammalian PP1 isofooms, anAlaresidue. This mutation was shown previously to abolish in vitro
B/& andyl, were expressed in mammalian cells as functiondihosphatase activity (Helps et al., 2000).
fusion proteins with either enhanced green, enhanced yellolipp1 and U1A cloning
or en_hanced cyan qu_oresqent protein (EGFP/EYFP/ECFP), a}\llild-type NIPP1 was obtained as previously described (Trinkle-
of which are chromatic variants of the green fluorescent proteifjicahy et al., 1999) and subcloned from the enhanced green
(GFP) derived from the jellyfishequorea victorigEllenberg,  fluorescent protein (EGFP-C1) vector into the EYFP-C1 and ECFP-
1999). C1 vectors using uniquEcoRI and Sal restriction sites. For these
To study the interaction of the three PP1 isoforms with @&xperiments we employed a NIPP1(V201K/F203K) mutant that
targeting subunit, we chose one of the major nuclear proteirghaves in a similar fashion to the NIPP1(V201A/F203A) mutant
with which PP1 interacts — nuclear inhibitor of PP1 (NIPP1)previously published (Trinkle-Mulcahy et al., 1999). UlA was
This protein binds tightly to PP1 both in vitro and in vivo, pbtalned as described prewogsly (S.Ieeman et al., 1998) anq §ubcloned
and can prevent it from dephosphorylating a number ginto the EYFP-N1 vector using uniquigcoRl and Kpnl restriction
radioactively labeled phosphoproteins (Van Eynde et al., 199§5tes'
Vulsteke et al., 1997; Trinkle-Mulcahy et al., 1999). WhenTransient expression of fluorescent-protein-tagged PP1
expressed as a fluorescent-protein fusion in mammalian celisoforms in mammalian cells
NIPP1 shows a speckled nucleoplasmic distribution, where itisjasmids were transiently transfected into 10 cm dishes of Hela
colocalized with several pre-mRNA splicing factors (Trinkle- (human cervical carcinoma) cells using Effectene transfection reagent
Mulcahy et al.,, 1999). Like most PP1l-targeting subunit{QIAGEN) and 1ug DNA/10 cm dish. For double transfections, 0.5
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pg of each plasmid was added per 10 cm dish. After 12-16 hours, tl A o
cells were examined by microscopy, either live in a heated chamb e Pe

or paraformaldehyde-fixed and mounted in Mowiol-DABCO. In some /

experiments, the plasmids were directly microinjected into the cell EGFP

at a low concentration (7-3%g/ml), which allowed tighter control of | (EmRECER)

both protein expression levels and time of detection (from two hour A .

onward). The data are not presented here but were in agreement w \ \ Kan's Ned' b

those obtained by transient transfection. The plasmids were al \ \\ i A

transiently transfected into human embryonic kidney 293 cells usin \\‘] =4

a modified calcium phosphate-mediated tranfection procedure with N

pHg DNA/10 cm dish. After 12-16 hours of expression, total cell lysate:

were prepared by lysis in 0.5 ml of ice-cold 50 mM Tris-HCI, pH 7.5, C

0.5 M NacCl, 1% (by vol.) Nonidet P-40, 1% (by mass) sodium B

deoxycholate, 0.1% (by mass) SDS, 2 mM EDTA plus Complete 12345 12 345

protease inhibitor cocktail (Roche, one tablet per 25 ml). The lysat 4g4 . 197 =

was passed through a QIAShredder column (QIAGEN) to break u gy 97—

the DNA and then cleared by centrifuging at 4°C for five minutes a o Py

13,000g. - - - - FP-PP1 .1 = ~w-FP-PP1
51 w— —
39— 39 m— -

Phosphatase assays za——--- —~=-PP1 % @

Lysates from HEK 293 cells expressing fluorescent-protein-tagge
PPIn, PPB/S, PPY, PPY(H125A) or fluorescent protein alone (0.5
ml, 6 mg/ml protein) were incubated for one hour on a shaking
platform with 25ul Protein G-Sepharose coupled to i@ anti-GFP
monoclonal antibody (Roche; also recognizes EGFP, EYFP an
ECFP). The beads were washed three times with lysis buffer, on D 40 4
with phosphatase assay buffer, and then assayed for phosphorylas 35 -
phosphatase activity as described previously (Cohen et al., 1988). 30
25
20 -
16
10

Microscopy

The localization of fluorescently tagged proteins was examined usir
either a Zeiss 410 confocal microscope, a Zeiss Axioplan microscoy
with a cooled CCD camera running IP Lab Spectrum imaging
software (Digital Pixel) or a Zeiss Axiovert-DeltaVision Restoration o
Microscope (Applied Precision, Inc.) running SoftWorx collection FP FP-PP1a FP-PP1f8 FP-PP1y  FP-
and imaging software. In the case of ECFP and EYFP co PP1y(H1254)
transfections, specific excitation and emission filters (Chroma) wer
used to resolve the two signals.

% 32P Released

Fig. 1.Expression of FP-tagged PP1 isoforms in transiently
transfected mammalian cells. (A) Cartoon depicting the plasmids
Heterokaryons constructed for expression of EGFP, EYFP or ECFRIPB/S andy.
(B) Western blot showing the bands detected with anti-PP1
antibodies in lysates (30g total protein) from non-transfected
HEK?293 cells (lane 1), and from cells transiently expressing EYFP
alone (lane 2), EYFP-PB1lane 3), EGFP-PHLS (lane 4) or
EYFP-PPY (lane 5). Arrows point to expressed and endogenous
PP1. (C) Western blot showing the bands detected with anti-GFP
antibodies in the same lysates. (D) In vitro phosphorylase a
phosphatase activity associated with EYFP, EYFPePBEGFP-
PP/, EYFP-PPY and EYFP-PPEH125A) immunoprecipitated
from these lysates using anti-GFP/YFP antibodies.

HelLa cells expressing fluorescently tagged constructs wer
trypsinized to lift them off the dish, mixed with cells expressing a
different construct and allowed to settle back onto glass coverslips
6 cm dishes. After four to six hours, the cells were rinsed in PBS ar
covered with a thin layer of 50% PEG solution (Sigma) with gentle
rocking for 90 seconds to allow fusion. The PEG solution was
removed by repeated rinses with media and the cells allowed -
recover for two to four hours. They were then viewed live in a heate
chamber or fixed and mounted as described above.

Photobleaching analysis

EYFP-PPY was transiently expressed in HelLa cells and imaged live

in a heated chamber on a Zeiss 410 confocal laser scannil.,

microscope. The entire field of view was first scanned at low |as€l3eltaVision system, which allowed independent control of excitation

power, and then, for the region of interest selected, a horizontal lirghd emission filters. The signals measured in the FRET channel
was scanned at full laser intensity to photobleach the YFKexcitation at 436 nm, emission at 528 nm) were corrected for
fluorophore. For FRAP experiments, following this photobleachingcrosstalk from the cyan (excitation 436 nm, emission 488 nm) and
the field of view was then scanned at low laser power every threxellow (excitation 517 nm, emission 528 nm) channels using the
seconds to monitor recovery of fluorescent signal within theollowing equation:

photobleached region. For FLIP experiments, following the initial - : :
photobleaching, the field of view was scanned once at low laser powerNet Energy Transfer = FRET &gnah{Cyan_[S;(%r;ﬁgW Signal)

and then the region of interest was photobleached a second time at 9

full laser intensity. This cycle was repeated every five seconds until For this equationp and B were determined by measuring the

all the fluorescent signal was lost from the cell. crossover into the FRET channel of the cyan and yellow signals,
respectively, in cells expressing each fusion protein on its (Kam et al.,
FRET measurement 1995). In our system, approximately 67% of the cyan signal and 19%

The data used for FRET measurement were collected using tlod the yellow signal was detected in the FRET channel.
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Fig. 2. Localization of FP-tagged PP1 isoforms in
transiently transfected Hela cells. Panel A shows the
localization of EYFP-PR1in live HelLa cells, with an
accompanying DIC (differential interference contrast)
image in Panel B and the two images merged in Panel
C. EGFP-PPf/3 localization is shown the same way
in Panels D-F, and EYFP-Plbcalization in Panels
G-l. PP and PP¢ maintain their specific

localization patterns when co-expressed in the same
cells as ECFP-PRd(Panel J) and EYFP-PR{Panel

K). Panel L shows the two patterns merged, with
ECFP-PPi pseudocolored green and EYFP-RP1
pseudocolored red. Arrowheads indicate nucleoli.
Scale bars are M.

fusion proteins (63 kDa) were detected by PP1-
specific antibodies, along with endogenous PP1
(39 kDa) (Fig. 1B). Lysates from control cells,
either non-transfected (lane 1) or expressing FP
alone (lane 2), are shown for comparison. The
identities of the FP-PP1 fusion proteins were
confirmed using GFP-specific antibodies (Fig.
1C). In the case of FP-PR/D, two additional,
smaller, GFP-positive bands were detected,
suggesting that a subset of the fusion protein may
be cleaved or modified within the cell, leading to
a loss of the epitope recognized by the PP1
antibody.

To determine whether the fluorescent-protein-
tagged phosphatases were catalytically active,
both FP alone and the respective FP-PP1 fusion
proteins were immunoprecipitated from these
lysates under stringent conditions (see Materials
and Methods) and assayed for phosphorylase
phosphatase activity (Fig. 1D). This shows the
high levels of phosphatase activity recovered for
EYFP-PPt, EGFP-PPR/d and EYFP-PPL
constructs and not for EYFP alone. The lack of
phosphatase activity with an H125A point
mutation of PPy, known to disrupt the
phosphatase activity of recombinant PRelps

ECFP-PP1a EYFP-PP1y

RESULTS et al., 2000), served as an additional control to show that
. ) . the phosphatase activity is not the result of co-
Expression of functional fluorescent-protein-tagged immunoprecipitation of endogenous enzyme. Although it is
PP1la, PP1p/6 and PP1yin transiently transfected tempting to relate the phosphatase activities in this figure to the
mammalian cells activity of endogenous PP1, the heterogenous nature of the

PPXIn and PP¢ were cloned, in frame, downstream of EGFP,transfected cell population prevents this type of quantitative

EYFP or ECFP in the respective plasmid expression vectoranalysis. Nonetheless, the activities measured provide clear

as depicted in Fig. 1A. In order to accept the fusion proteinsvidence that the fusion proteins are functional phosphatases.

as ‘tags’ for the endogenous pools of PP1 isoforms, it was first

necessary to show that they are functional phosphataskgcalization of FP-tagged PP1 isoforms in

recognized by both GFP and PP1 antibodies on a western blgiammalian cells

Both HelLa and HEK-293 cells could be transiently transfecteé&luorescent-protein-tagged RR1PPB/d and PPY were

with expression plasmids to permit greater than 90% of thexpressed transiently in mammalian cells, following

cells to express the fusion proteins, but in all cases fluorescengansfection of their respective expression plasmids, and

microscopy revealed a heterogenous population of expressianalysed by fluorescence microscopy. Although all three

levels. Lysates prepared from these cells represent a rangeisfforms were found in both the cytoplasm and in the nucleus,

FP-PP1 expession levels, and we cannot therefore determitieere was a striking difference in their intranuclear distribution

the expression level or phosphatase activity of the fusio(Fig. 2). FP-PPd was found mainly in a diffuse nuclear pool

protein relative to endogenous PP1 in a particular cell. and largely excluded from the nucleolus (Fig. 2A-C), whereas
Following gel electrophoresis and protein blotting of FP-PPY accumulated predominantly within the nucleolus

transiently transfected HEK293 cell lysates, all three FP-PP(Fig. 2G-l) in a pattern corresponding to the granular
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compartment that contains the bulk of the ribosomal RNA (datagreement with immunofluorescence data from a recent study
not shown). FP-PHBLS is found in both the nucleoplasm and of endogenous PP1 isoforms using anti-peptide antibodies
the nucleolus (Fig. 2D-F), but does not appear to accumulafdndreassen et al., 1998). The possibility that the FFH3RP1

within the nucleoli to the same extent as FPy\PFhis, along
with the localization patterns for FP-RPand FP-PPy, is in

-
EYFP-PBW

G

ECFP-NIPP1

A |
k‘ﬁ.:

“M'/

'}'. P 2N
. &
Ko \:

Fig. 4. Dynamic relocalization of PRby a spatially distinct

EYF P-P P1 ECFP-N | PP1 mut targeting subunit. Heterokaryons created by the fusion of transiently

transfected mammalian cells in the presence of cyclohexamide
Fig. 3.Relocalization of FP-PRland FP-PPLby overexpression of demonstrate that ECFP-NIPP1 can retarget the nucleolar pool of
a targeting subunit. Co-expression of EYFP-PP1 and ECFP-NIPP1 EYFP-PP¥to nucleoplasmic speckles in both HEK293 (A and
transiently transfected HelLa cells leads to retargeting of both the  B) and HelLa (E and F) cells, whereas the NIPP1(V201K/F203K)
isoform (A) and theyisoform (E) to nuclear speckles, where NIPP1 mutant cannot (C and D, HEK293; G and H, HeLa). The dashed
accumulates (B and F). An ECFP fusion of the arrow in Panel E indicates a nucleus within the EY FPyBIFP-
NIPP1(V201K/F203K) mutant that still accumulates at speckles NIPP1 HelLa cell heterokaryon that has a lower level of NIPP1 than
(D and H), but does not interact strongly with PP1 in vitro (Trinkle- its neighbors and shows no significant retargeting of/PP1
Mulcahy et al., 1999), was not able to retarget either isoform (C anddemonstrating that this is a concentration-dependent effect. Arrows
G). Arrows indicate nuclear speckles, whereas arrowheads indicateindicate nuclear speckles, whereas arrowheads indicate nucleoli.
nucleoli. Scale bars are 10/. Scale bars are (M.

EYFP-PP1y LE_CFP-N|PP1 mut
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Fig. 5. Photobleaching analyses of EYFP-FP1
EYFP-PPY was transiently expressed in HelLa cells
and imaged live on a confocal laser scanning
microscope. Panel A shows a FRAP (fluorescence
recovery after photobleaching) experiment in which a
nucleolar pool of EYFP-PRIn a cell was
photobleached at full laser intensity (region indicated
in dashed brackets) for a total of four seconds. The
recovery of the signal was monitored by repeated
scanning of the entire field of view at low laser power.

; An unbleached neighboring cell is included for
Pre-bleaching comparison. Panel B shows a FLIP (fluorescence loss
in photobleaching) experiment in which repeated
photobleaching within a defined region (dashed box)
was shown to deplete the fluorescent signal
throughout the cell. The entire field of view was
scanned at low laser power, and the boxed region then
bleached with 2 scans at full laser intensity (4 seconds
total). This sequence was repeated 15 times, with the
bleached cell gradually becoming dimmer while the
unbleached control cell remained bright. Times
indicated are total photobleaching times at full laser
intensity. Arrows indicate photobleached cells
whereas arrowheads indicate nucleoli. The scale bar is
10 uM.

several complexes throughout the nucleus, and
the patterns detected by microscopy must reflect
a combination of these various pools of PP1.
What is not yet known is whether these PP1
complexes are relatively stable structures or
whether the phosphatase is dynamically
exchanged between targeting subunits. In the
latter case the steady-state localization pattern for
PP1 would represent an equilibrium based on its
affinities for the various targeting subunits and

would change in response to any alteration in the
intracellular levels of different targeting subunits.

In order to test this hypothesis, we chose
NIPP1, the major nuclear PP1 binding protein
characterized in mammalian cells. This protein
localizes primarily to the interchromatin granule
clusters known as nuclear speckles (Lamond and
Earnshaw, 1998). Neither FP-RPhor FP-PP{
accumulated at nuclear speckles under steady-
state conditions, although endogenous NIPP1
was present in these cells. This does not mean that
they do not interact with NIPP1, as they both co-
immunoprecipitated the endogenous protein from
fusion protein is subjected to partial cleavage, however, led «=ll lysates (data not shown). Instead, it indicates that the
to focus on PR1 and PP for all subsequent analyses. Their NIPP1-FP-PP1 complex is just one of several pools of FP-PP1
complimentary localization patterns also allowed a cleadetected in the nucleus.
demonstration of the intrinsic nature of this intracellular In order to co-express NIPP1 with the EYFP-PP1 fusion
compartmentalization, as co-expression of both FRsR#l  proteins and distinguish between the two signals in the same
FP-PPY¥ in the same cell showed that they maintained theicell, the NIPP1 cDNA was subcloned into the ECFP plasmid

distinct intrinsic localization patterns (Fig. 2J-L). expression vector. ECFP-NIPP1 showed a similar localization
pattern to EGFP-NIPP1 (Trinkle-Mulcahy et al.,, 1999).

An exogenously expressed PP1 targeting subunit Expression levels varied from cell to cell, with an average two-

can retarget both PP1 o and PP1y fold excess over endogenous levels (data not shown). The

The intranuclear localization patterns for BRihd PP{, both  protein maintained its speckled localization pattern when co-
exogenous (this report) and endogenous (Andreassen et a&ixpressed with either EYFP-RiPar EYFP-PP¥ (Fig. 3B and

1998), did not correspond to any particular PP1 targeting). Under these conditions, however, the nuclear fractions of
subunit yet identified. This is not surprising, as PP1 exists iboth PP1 isoforms were redirected to speckles (Fig. 3A and E),
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Fig. 6. Measurement of the direct interaction between
PP1 and a targeting subunit. EYFP-RPEY) and
ECFP-NIPP1 (B) show a strong FRET signal (C) when
co-expressed in transiently transfected Hela cells,
with the phosphatase retargeting from nucleoli to
nuclear speckles. Mutant ECFP-
NIPP1(V201K/F203K) (E) does not retarget EYFP-
PPl to speckles (D), and no significant FRET signal
i is observed (F). Although both EYFP-U1A (G) and
0 ECFP-NIPP1 (H) are found to colocalize at nuclear
speckles, the proteins are not known to interact and no
FRET signal is observed between them (I). The FRET
signal between PR&Nnd NIPP1 can also be measured
when the fluorophores are exchanged (L), by co-
expression of EYFP-NIPP1 (J) and ECFP-PE). In
the cell shown here, a significant nucleoplasmic pool
of EYFP-PP%remains to be retargeted, and it can be
seen that the FRET signal is found mainly in the
nucleoplasm and at the speckles. All EYFP and ECFP
signals are shown scaled from 0-4094 pixels, although
FRET signals are scaled from 0-1000 pixels and
intensity colored as shown. Arrows indicate nuclear
speckles, whereas arrowheads indicate nucleoli. Scale
bars are 1QuM.

FRET Signal

PPl isoform by overexpression of spatially
] distinct ECFP-NIPPL permits investigation of
both the nature and the location of this interaction.
It is possible that both proteins are co-expressed
in the cytoplasm, bind with high affinity, enter the
nucleus as a complex and localize to nuclear
speckles. However, an alternative possibility is
that both can reach their nuclear targets
independently and that retargeting occurs through
the dynamic flux of one or both of them through
the cell. To answer this question, HEK293 or
HelLa cells were transfected independently with
either EYFP-PPylor ECFP-NIPP1 and then fused
EYEP-NIPP1 ECFP-PP1y to create heterokaryons (Fig. 4). The cells were
left to equilibrate for two to four hours post-fusion
in the presence of cycloheximide to block protein
indicating that they had been retargeted by overexpression synthesis.
exogenous NIPP1. A similar result was obtained for FFBRP1  When ECFP-NIPP1 was present in a nucleus, EYFR:PP1
(data not shown). relocalized from the nucleolus to nuclear speckles (Fig. 4A and
Mutation of two conserved hydrophobic residues within theE). The retargeting was concentration-dependent, in that cells
primary PP1 binding site in NIPP1 (shown previously toshowing lower levels of ECFP-NIPP1 relative to EYFPPP1
disrupt interaction of the two proteins) (Trinkle-Mulcahy et al.,(as determined by relative fluorescence intensity) maintained
1999), prevented PP1 retargeting to speckles, with the isoforntise nucleolar localization of the phosphatase (see Fig. 4E,
showing their normal localization patterns (Fig. 3C and G)hashed arrow). However, cells with higher levels of ECFP-
whereas the mutant NIPP1(V201K/F203K) still accumulatedNIPP1 showed a loss of EYFP-RHfom the nucleolus and a
at speckles (Fig. 4D and H). Taken together, these result®rresponding accumulation at nuclear speckles (see Fig. 4E,
extend the targeting hypothesis to living cells, where PParrow). The specificity of NIPP1-mediated relocalization of
isoforms have localization patterns that are distinct, but caRPly in heterokaryons was demonstrated by the fusion of
be altered by overexpression of a specific targeting subunitells expressing EYFP-PR1o cells expressing the ECFP-
Mutation of the classic ‘Arg/Lys-Val/lle-Xaa-Phe/Trp’ motif in NIPP1(V201K/F203K) mutant that is defective in binding PP1.
NIPP1 confirmed it as the primary site of interaction with PPI'he presence of high levels of this mutant protein caused little
in vivo, although other regions of NIPP1 play a role inor no retargeting of EYFP-PR1Fig. 4C-D and G-H). The
stabilizing the complex (Beullens et al., 1999; Jagiello et alresults suggest that the retargeting of \#RANIPP1 is due not

FRET Signal 0i

2000). only to the interaction of newly synthesized proteins before, or
) _ o ) just after, they enter the nucleus, but also to a dynamic process
Analysis of the PP1-targeting subunit interaction that can occur even after PP1 has been targeted to its original

Retargeting of the normally predominantly nucleolar EYFP{ocation.
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Photobleaching analyses of the dynamic localization a direct, high affinity PP1-NIPP1 interaction predominantly
of EYFP-PP1y occurs within a restricted region of the nucleus.

Evidence supporting the idea that the nucleolar pool of EYFP-

PPl is dynamic was provided by photobleaching experiments

performed on live cells. FRAP experiments involvedDISCUSSION

photobleaching an area of the cell to destroy the fluorophore ] )
on the EYFP-PRLfusion protein, and then monitoring the In this study we analyzed separate PP1 isoforms by expressing
recovery of fluorescence over time as the bleached fusidhem as fusions with fluorescent reporter molecules. To the best
protein exchanged with fluorescent fusion protein from anothedf our knowledge, this is the first report of the expression of
area of the cell (White, 1999). Fig. 5A shows the rapid recoverffuorescent-protein-tagged PP1 in mammalian cells, and this
(half-time less than 30 seconds) of the nucleolar pool of EYFRpproach opens the possibility of combining microscopy and
PP following photobleaching of this region. This recovery biochemistry to analyze the properties of PP1 isoforms in both
did not occur when the same experiment was performed dive and fixed cells. We show that the tagged PP1 isoforms each
fixed cells (data not shown), indicating that this is a dynami¢etain phosphatase activity when expressed in vivo. The fact
process. In a different photobleaching approach, termed FLIfat the cells are able to tolerate exogenous expression of a
photobleaching of one area of the cell is used to monitor thiginctional protein phosphatase for any length of time is
loss of fluorescence signal from other areas of the cell that wilomewhat unexpected and supports the idea that there are
only occur if they equilibrate with the protein in the bleachedsystems in place within the cell to cope with changes in the
region. Fig. 5B shows that repeated photobleaching of a sméa@ivels of phosphatase activity.

area of the nucleus in a cell expressing EYFPyR&d to the Fluorescence microscopy revealed specific and distinct in
complete loss of fluorescent signal from the cell. Takeryivo localization patterns for FP-P&LFP-PPB/5 and FP-
together, these data indicate that the nucleolar pool of BP1 PPY, in agreement with immunolocalization data shown for
dynamic and in equilibrium with the nucleoplasmic andthe endogenous isoforms using anti-peptide antibodies

cytoplasmic pools. (Andreassen et al., 1998). These data argue that localization
) ) _ ) is an inherent property of each isoform, either by direct

FRET analysis shows a localized interaction of PP1 targeting or via interaction with regulatory subunits for which

with NIPP1 in vivo they have differing affinities. The fact that we show here that

Having shown that both ECFP-NIPP1 and EYFPyPP1FP-PP&r and FP-PP{ maintain their distinct localization
accumulated in nuclear speckles when co-expressed in tpatterns even when co-expressed in the same cell (Fig. 2)
same cell, we next took advantage of their respectiveupports the idea that systems are in place to localize each
fluorophores to demonstrate and map the location(s) where tisoform.
fusion proteins directly interact. EYFP and ECFP function as Having shown the distinct localization of fluorescent-
a donor-acceptor pair for FRET, with excitation of the donoiprotein-tagged PP1 isoforms, we exploited this expression
(ECFP) molecule leading to emission from the acceptosystem to analyze how changes in the level of a known PP1-
(EYFP) molecule, provided that the fluorophores are in théargeting subunit, which localizes to a different region of the
appropriate relative orientation and close enough (<10 nm) taucleus to both PRdand PP¥, can affect localization of these
allow this energy transfer to occur (Pollok and Heim, 1999). Asoforms in living cells. NIPP1 is one of the major nuclear
strong FRET signal was observed within the nucleus (strongetgtrgeting subunits for PP1, and the interaction between the two
at speckles) when ECFP-NIPP1 and EYFP-\PRé&re co- proteins has been demonstrated using such techniques as
expressed in transiently transfected HelLa cells, confirming théar western assays, in vitro phosphatase assays and co-
there is a direct interaction between the two proteins in vivanmunoprecipitation of the two proteins from cell lysates (Van
(Fig. 6A-C). No detectable FRET signal was measured wheBynde et al., 1995; Trinkle-Mulcahy et al., 1999; Jagiello et
the NIPP1(V201K/F203K) mutant that is defective in PPlal., 2000). We demonstrate here the interaction of PP1 with
binding was co-expressed with BREig. 6D-F). The NIPP1 NIPPL1 in live cells using fusions of the proteins to EYFP and
mutant did not relocalize a significant amount of theECFP. As shown in Fig. 3, NIPP1, when overexpressed in cells,
phosphatase to speckles and the FRET data indicated that tb@s interact with both PRland PP$ and redirect these
protein did not interact strongly with PP1 in vivo. As a negativasoforms to nuclear speckles. The ability of NIPP1 to interact
control, ECFP-NIPP1 was co-expressed with EYFP-U1A, avith both PPi& and PP{is in agreement with an earlier study
splicing factor that also accumulates at nuclear speckles bsihowing that immunoprecipitation of transiently expressed
which does not appear to interact directly with NIPP1 (TrinkleFlag-tagged NIPP1 co-precipitated all three isoforms of PP1
Mulcahy et al., 1999). Under these conditions, the proteinwith similar efficiency (Kim et al., 2000). However, we note
colocalized to the resolution of a light microscope (~200 nmjhat targeting of PRL to the nucleolus must result
but showed no sign of a direct interaction (within 10 nm) vigoredominantly from an interaction with an as yet unidentified
FRET analysis (Fig. 6G-I). nucleolar protein for which it has a high affinity, relative to that
FRET interaction between NIPP1 and RPRa&s also shown for NIPP1, as neither endogenous nor expressed NIPP1
when the fluorophores were exchanged, so that ECFRP-PPAccumulates in any significant amount in the nucleolus.
was the donor and EYFP-NIPP1 the acceptor (Fig. 6J-L). In Although neither FP-PRL nor FP-PP{ showed an
this particular cell, some of the PPhas not yet been accumulation in nuclear speckles in the absence of FP-NIPP1,
retargeted and remains in the nucleolus, yet the strong FRERe presence of diffuse nucleoplasmic pools for both isoforms
signal is restricted to the nucleoplasm and is not seen withsuggests that one or both of them could nonetheless interact
the nucleolus (Fig. 6J-L, arrowhead). Therefore, we infer thatansiently with speckles under steady-state conditions. Many
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pre-mRNA splicing factors accumulate at these speckles, amgdrade, L. E., Chan, E. K., Raska, I., Peebles, C. L., Roos, G. and Tan,
in vitro evidence suggests a regulatory role for both NIPP1 andE. M. (1991). Human autoantibody to a novel protein of the nuclear coiled

PP1 in the regulation of pre-mRNA splicing (Mermoud et al., body: immunological characterization and cDNA cloning of p80-cailin.
1992: Cardinali et al., 1994; Mermoud et al., 1994: Misteli and, - Med-173 1407-1419.
’ . ’ " ’ q\ndreassen, P. R., Lacroix, F. B., Villa-Moruzzi, E. and Margolis, R. L.

Spector, 1996; Trinkle-Mulcahy et al., 1999; Boudrez et al., (1998). Differential subcellular localization of protein phosphatase-1 alpha,
2000). A previous report of endogenous localization patterns gammail, and delta isoforms during both interphase and mitosis in

for the three PP1 isoforms using anti-peptide antibodieg mkamfif_"a',ﬁ” ée”ﬁ-sceF')' Bsi;(’l 143';‘ 1}307-%12(%5-}] . T(1993). S
; ; arker, H. M., Craig, S. P., Spurr, N. K. and Cohen, P. . Sequence
showed PPd accumulating in some type of nuclear speckle of human protein serine/threonine phosphatase 1 gamma and localization of

or spot (Andreassen et al., 1998), but as the cells were NOtpe gene (PPP1CC) encoding it to chromosome bands 12024.1-q24.2.
counterstained with markers for subnuclear bodies it is not Biochim. Biophys. Actal178 228-233.

clear which structures were detected. We also see expresdigker, H. M., Brewis, N. D., Street, A. J., Spurr, N. K. and Cohen, P. T.
FP-PPh accumulating in nuclear foci. some of which (1994). Three genes for protein phosphatase 1 map to different human

. . . - chromosomes: sequence, expression and gene localisation of protein
counterstain with an antibody to p80 cailin, a marker for the serine/threonine phosphatase 1 beta (PPP1BBrhim. Biophys. Acta.

Cajal body (Andrade et al., 1991) (data not shown), but this 122q 212-218.
FP-tagged isoform does not accumulate at speckles unless iBisndt, N., Campbell, D. G., Caudwell, F. B., Cohen, P., da Cruz e Silva,
co-expressed with exogenous NIPP1. E. F, da Cruz e Silva, O. B. and Cohen, P. T1987). Isolation and

The observed relocalization of the predominantly nucleolar S€quence analysis of a cDNA clone encoding a type-1 protein phosphatase
. catalytic subunit: homology with protein phosphatase PBBS Lett22
EYFP-PP by nucleoplasmic ECFP-NIPP1 suggests that the Sao.a4c. gy with protein phosp 3

proteins can interact, at least transiently, even though theBeullens, M., Van Eynde, A., Vulsteke, V., Connor, J., Shenolikar, S.,
steady-state localization patterns might suggest that they areStaimans, W. and Bollen, M.(1999). Molecular determinants of nuclear
predominantly segregated. A likely interpretation of these data Protein phosphatase-1 regulation by NIPR:1Biol. Chem 274, 14053-

IS th?:lt t.he protein distribution 'is dynamlc and the ty.plcalBI echer, A. and Tatchell, K. (2000). Dynamic localization of protein
localization pattern represents a steady-state accumulation an@hosphatase type 1 in the mitotic cell cycléSatcharomyces cerevisiak
not a static localization. This view was further supported by cell Biol. 149, 125-140.

photobleaching experiments that demonstrated the dynamfoudrez, A., Beullens, M., Groenen, P., Van Eynde, A., Vulsteke, V.,

_ ; Jagiello, I., Murray, M., Krainer, A. R., Stalmans, W. and Bollen, M.
eXChange of EYFP PW]bEtween nucleolar, nUCIeOplasmIC 2000). NIPP1-mediated interaction of protein phosphatase-1 with CDC5L,

and cytoplasmic pOQ|S. Energy transfer between the ECFP- an regulator of pre-mRNA splicing and mitotic entdy.Biol. Chem 275,
EYFP-tagged proteins suggests that they contact each othepsa11-25417.

mainly in the nucleoplasm, as RPshuttles in and out of the Cardinali, B., Cohen, P. T. and Lamond, A. I. {994). Protein phosphatase
nucleolus. Alternatively, PP1-NIPP1 interactions may form in 1 can modulate alternative $plice site selection in a HelLa splicing extract.

the nucleolus but result in extremely rapid exit of the compIeéoiiﬁspwifnfaﬁ;egs%emmings B A Resink T J. Stralfors. P. and

from the nucleolus. ] ] Tung, H. Y. (1988). Protein phosphatase-1 and protein phosphatase-2A
The present data offer an explanation for previous from rabbit skeletal musclélethods Enzymoll59, 390-408.
discrepancies in studies reporting either localization oda Cruz e Silva, E. F, Fox, C. A,, Ouimet, C. C., Gustafson, E., Watson,

association of endogenous PP1 isoforms detected using®: 9 and Greengard, P.(1995). Differential expression of protein
9 gps)hosphatase 1 isoforms in mammalian braiNeuroscil5, 3375-3389.

separate |soform-sng|f[c antibodies. ,\Ne show he,re’ using II\@ent, P., MacDougall, L. K., MacKintosh, C., Campbell, D. G. and Cohen,

cells, that the localization of a particular PP1 isoform can p. (1992). A myofibrillar protein phosphatase from rabbit skeletal muscle
change according to the level of expression of interacting contains the beta isoform of protein phosphatase-1 complexed to a
subunits. There is clearly an equilibrium for these complexes regulatory subunit which greatly enhances the dephosphorylation of myosin.

o . N Eur. J. Biochem210, 1037-1044.
within the cell, and this equilibrium may vary from cell type Egloff, M.-P., Johnson. D. F., Moorhead, G., Cohen. P. T. W., Cohen, P.

to. cell type, and may even VarY Withir_‘ the Sam_e cell typg unde and Barford, D. (1997). Structural basis for the recognition of regulatory
different conditions. In conclusion, this study directly validates subunits by the catalytic subunit of protein phosphataseMBO J 16,
the targeting hypothesis for PP1 in live cells and further shows 1876-1887.

the dynamic behavior and distinct specificity of the separat/lenberg, J., Lippincott-Schwartz, J. and Presley, J. 1999). Dual-colour
PP1 isoforms imaging with ‘GFP varlants'lfr(_ends Cell B|o|_9, 52-56. _
) Haneji, T., Morimoto, H., Morimoto, Y., Shirakawa, S., Kobayashi, S.,
. . . . Kaneda, C., Shima, H. and Nagao, M(1998). Subcellular localization of
L.T.-M. was supported by a Biotechnology and Biological Sciences protein phosphatase type 1 isotypes in mouse osteoblasticBietthem.
Research Council fellowship. A.l.L. is a Wellcome Trust Principal Bjophys. Res. Commu248, 39-43.
Research Fellow. We thank Dr Nicholas Helps for technical advicejelps, N. R., Luo, X., Barker, H. M. and Cohen, P. T(2000). NIMA-related
and Professor Philip Cohen and Dr Joost Zomerdijk for their critical kinase 2 (Nek2), a cell-cycle-regulated protein kinase localized to
reading of the manuscript. centrosomes, is complexed to protein phosphataB@dhem. J15, 509-
518.
Hubbard, M. J. and Cohen, P.(1993). On target with a new mechanism for
the regulation of protein phosphorylatidmends Biochem. Sdi8, 172-177.
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