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Summary
Protein phosphatase 1 (PP1) is a ubiquitous serine/threonine phosphatase that regulates many cellular processes, including cell division, signaling, differentiation, and
metabolism. It is expressed in mammalian cells as three closely related isoforms: D, E/G,
and J1. These isoforms differ in their relative affinities for proteins, termed targeting
subunits, that mediate their intracellular localization and substrate specificity. Because
of the dynamic nature of these interactions, it is important to find experimental
approaches that permit direct analyses of PP1 localization and PP1-targeting subunit
interactions in live cells. When transiently or stably expressed as fluorescent protein
(FP) fusions, the three isoforms are active phosphatases with distinct localization patterns and can interact with both endogenous and exogenous targeting subunits. Their
changing spatio-temporal distributions can be monitored both throughout the cell cycle
and following cellular perturbations by time-lapse fluorescence microscopy, and turnover rates of intracellular pools of the protein calculated by fluorescence recovery after
photobleaching (FRAP). Interactions with targeting subunits can be visualized in vivo
by fluorescence resonance energy transfer (FRET), using techniques such as sensitized
emission, acceptor photobleaching, or fluorescence lifetime imaging.
Key Words: PP1; isoforms; targeting; GFP; fluorescence; microscopy; localization;
FRAP; FRET; FLIM

1. Introduction
Reversible protein phosphorylation is the major general mechanism that
regulates most physiological processes in eukaryotic cells. Protein phosphatase
1 (PP1) is involved in a wide range of cellular processes and is believed to
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derive both its intracellular localization and its substrate specificity from proteins with which it associates, termed “targeting subunits” (for review, see ref. 1).
Analysis of the subcellular targeting of PP1 is complicated by the fact that it is
expressed in mammalian cells as three closely related isoforms (D, E/G, and
J1), which are encoded by separate genes (2–4). These isoforms are more than
89% identical in amino acid sequence, yet show distinct subcellular localization patterns (5,6) that most likely reflect their relative affinities for different
targeting subunits. We have shown that overexpression of a targeting subunit
can cause redistribution of all PP1 isoforms (7), which supports the targeting
theory, yet indicates that overexpression assays cannot be used to assess differences in isoform specificity of the endogenous protein.
To study the properties of individual PP1 isoforms in living cells, including
their localization and interaction with targeting subunits, we have taken advantage of the in vivo approach of fusing PP1 to fluorescent reporter molecules, in
this case, chromatic variants of the green fluorescent protein (GFP) derived
from the jellyfish Aequorea victoria (for review, see ref. 8). This method effectively “tags” the intracellular pool of the protein and allows analyses of
dynamic properties in living cells. Fluorescence microscopy offers a unique
approach to the study of living and fixed cells because of its sensitivity, specificity, and versatility. Fluorescence emitted from the biological sample can be
simultaneously detected as both an image and as photometric data using the
microscope, and it has great potential for qualitative and quantitative studies
on the function and structure of cells. The fixed- and live-cell imaging of PP1
and/or targeting subunits described here can be performed on either a laser
scanning microscope, such as a confocal, or a wide-field fluorescence microscope, provided a temperature-controlled chamber is available for the live-cell
imaging.
More recently, increasingly elaborate techniques, including fluorescence
recovery after photobleaching (FRAP), fluorescence lifetime imaging microscopy (FLIM), and fluorescence resonance energy transfer (FRET), have been
developed that enable the visualization and analysis of ever more complex
events in cells (for review, see refs. 9 and 10). For example, although timelapse imaging can only show the steady-state distribution of a protein over
time, FRAP analyses can reveal its kinetic properties, such as whether it is free
to diffuse or is immobilized to a scaffold and if it is exchanging between particular compartments and at what rate. In short, bleaching a fluorescent pool of
protein in one region of the cell using a high-intensity laser pulse renders that
protein “invisible,” and recovery can then be monitored as the unbleached
molecules from neighboring regions of the cell move into the bleached region.
Interactions between proteins, such as PP1 and a targeting subunit, can be
shown in vivo using FRET measurement techniques such as those described
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here. The basic principle of FRET is the transfer of energy from an excited
donor fluorophore to an acceptor fluorophore in close proximity. FRET is
strongly dependent on the distance between donor and acceptor, falling off
with the sixth power of the distance between the two. Because of this, FRET
can only occur when the proteins are within 1–10 nm of each other and in the
proper orientation. A simplified diagram is presented in Fig. 3A, which demonstrates how excitation of the donor sensitizes emission from the acceptor
that ordinarily would not occur. Therefore, FRET can be detected as sensitized
emission of the acceptor.
Energy transfer from donor to acceptor depletes or “quenches” the excitedstate population of the donor, and FRET will, therefore, reduce the fluorescence intensity of the donor. Photobleaching the acceptor to relieve this
quenching of the donor (termed “acceptor photobleaching”) offers another
option for detecting FRET in vivo.
FRET-induced donor quenching is also observed as a decrease in the donor’s
fluorescence lifetime, which is the average time that a molecule spends in the
excited state before emitting a photon and returning to the ground state. Comparison of donor lifetime in the presence and absence of acceptor is the last
FRET method presented here, termed the FLIM/FRET technique. Key advantages of this approach are the independence of measurement on probe concentration and the use of infrared excitation wavelengths, which are less damaging
to cells (for review, see refs. 11 and 12). For all three of these FRET techniques, the efficiency of energy transfer can be used as a molecular ruler to
determine the scale of a particular interaction (13).
2. Materials
2.1. Cell Culture and Transfection
1. Enhanced GFP-C1 (EGFP-C1), EYFP-C1, and ECFP-C1 were purchased from
Clonetech (California, USA). These vectors contain an SV40 origin for replication and a neomycin-resistance gene for selection (using G418) in eukaryotic
cells. A bacterial promoter upstream of the neomycin gene expresses kanamycin
resistance in Escherichia coli.
2. Nonfluorescent tags can be used for fixed-cell analyses. An example is pSG8M,
which allows expression of protein with an N-terminal 9E10 c-myc epitope tag (7).
3. HeLa cells (and other cell lines) are available from Promochem/ATCC (Teddington, UK).
4. Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen Life Technologies,
California, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen)
and 100 U/mL penicillin–streptomycin (Invitrogen). All growth media are stored
at 4°C.
5. 1X Trypsin-EDTA solution (0.05% trypsin/0.53 mM EDTA; Invitrogen).
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Dulbecco’s-PBS (D-PBS; Invitrogen).
Cellstar 6-well and 24-well tissue culture plates (Greiner).
Nunclon 90-mm-diameter tissue culture dishes (VWR).
25- and 75-cm2 flasks with filter caps (Greiner).
Dimethyl sulfoxide (DMSO; Sigma-Aldrich).
Effectene transfection reagent (QIAGEN).
Geneticin (G418; Roche, Mannheim, Germany). Prepared as a 200-mg/mL stock
in serum-free DMEM, filter-sterilized, and stored in 0.5 mL aliquots at –20°C.
Add 0.5-mL to a 500-mL bottle of DMEM for a 200-Pg/mL stock, or 1 mL to a
500-mL bottle of DMEM for a 400-Pg/mL stock.

2.2. Live- and Fixed-Cell Imaging
1.
2.
3.
4.
5.
6.
7.

8.

9.
10.
11.
12.

13.

14.
15.
16.

Phenol red-free DMEM (Invitrogen).
CO2-independent media (Invitrogen).
WillCo-dish 35-mm glass-bottom dishes (Intracel, Royston, UK).
Lab-Tek chambered cover glass (Sigma-Aldrich).
40 mm diameter glass cover slips (Bioptechs Inc., Pennsylvania, USA).
Microscope cover slips (13 and 19 mm in diameter; Thickness No. 1; VWR).
Paraformaldehyde (Sigma-Aldrich) prepared fresh as a 3.7% (w/v) solution in
phosphate-buffered saline (PBS). Heat to dissolve using a stirring hot plate in a
fume hood and then cool to room temperature for use.
Permeabilization solution: 1% (v/v) Triton X-100 (Sigma-Aldrich) in PBS. Prepare this stock fresh, from a 20% Triton X-100 stock solution that can be stored
at room temperature.
Blocking buffer and antibody dilution buffer: 1% donkey serum (Sigma-Aldrich)
and 0.1% Tween®-20 (VWR) in PBS. Prepare fresh.
Primary antibody for staining c-myc fusion proteins: anti-c-myc epitope, clone
9E10 (Novus Biologicals) used at a 1 : 100 dilution.
Secondary antibody: antimouse IgG conjugated to Texas red (Jackson Immunoresearch Laboratories, Inc.).
DNA stain for fixed cells: 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich).
A 5-mg/mL stock solution in distilled water (dH2O) was prepared and stored at
4°C. The working stock was a 1 : 15,000 dilution in dH2O.
DNA stain for live cells: Hoechst No. 33342 (bisbenzimide; Sigma-Aldrich). A
25-mg/mL stock solution in dH2O was prepared and stored at 4C. The working
solution, prepared fresh as needed, was a 1 : 1000 dilution in dH2O (25 Pg/mL
final concentration), of which 20 PL was added to cells in 2 mL of DMEM in a
35-mm glass-bottom dish (adapted from ref. 14).
VECTASHIELD® mounting media (Vector Laboratories, California, USA).
FluorSave™ mounting media (Calbiochem).
Immersion oils (Applied Precision) used with the wide-field fluorescence restoration microscopes had refractive indices of 1.514 (for fixed-cell imaging) and
1.520 (for live-cells imaging). Immersion oil 518 N (Carl Zeiss Inc., New York,
USA) was used with the laser scanning confocal microscopes.
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Table 1
Filter Sets Used With the DeltaVision Wide-Field Fluorescence Microscopes
Filter set/beam
splitter

Excitation
(P/BW)

Emission
(P/BW)

Fluorophores

DAPI/PC
FITC/PC
RD-TR-PE/PC
CFP/JP4
YFP/JP4

360/40 nm
490/20 nm
555/28 nm
436/10 nm
500/20 nm

457/50 nm
528/38 nm
617/73 nm
470/30 nm
535/30 nm

DAPI, Hoechst No. 33342
Fluorescein; EGFP
Rhodamine; Texas red
ECFP
EYFP

2.3. Microscopes Used in This Study
1. Live-cell imaging and FRAP experiments were performed on a DeltaVision®
Spectris wide-field deconvolution microscope (Applied Precision) equipped with
a three-dimensional motorized-stage, temperature- and gas-controlled environmental chamber (Solent Scientific, Segensworth, UK) and 488-nm diode laser
(for photobleaching EGFP; see Note 1). Images were collected using a 60x NA
1.4 Plan-Apochromat objective (Olympus, New York, USA) and recorded with a
CoolSNAP coupled-charge device (CCD) camera (Roper Scientific, Ottobrun,
Germany). The microscope is controlled by SoftWorx imaging and deconvolution
software (Applied Precision). Specific excitation/emission filter sets and stationary beam splitters (Chroma Technology, Vermont, USA; see Table 1) were used
to resolve the different fluorophore signals and minimize spectral bleed-through.
2. A similar system, the DeltaVision® DV3 wide-field fluorescence microscope
mounted on a Zeiss inverted microscope with a slow readout CCD camera was
used for the sensitized emission FRET studies. For temperature control, cells
were grown on 40-mm-diameter glass cover slips and maintained in a closed,
heated FCS2 POC (perfusion open/closed) chamber (Bioptechs). An objective
heater (Bioptechs) was also used with this system to minimize temperature gradients between the objective and the cover slip, which can cause a drift in focus as
the cover slip flexes. This is not necessary when using an environmental chamber
that fully encloses the microscope and stage.
3. Acceptor photobleaching FRET experiments were performed on a Zeiss Confocal LSM 510 high-resolution confocal laser scanning microscope. Laser modules,
scanning module, and the correct filter combinations for scanning (see Table 2)
were controlled by the LSM 510 control module using the LSM 510 software.
The microscope was fitted with a remote control to switch filter cubes for viewing, control focus, and switch objectives. Images were collected using a 63u NA
1.4 Plan-Apochromat objective and recorded with an AxioCam digital microscope camera using a scanning resolution of 256 u 256 pixels and employing
bidirectional scanning mode to achieve a high scan speed (maximum 1.6 Ps/pixel,
resulting in a scan time of 123 ms) without losing quality.
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Table 2
Filter Sets Used With the Zeiss Confocal LSM 510
Filter/dichroic

Characteristics

BP 440-505

Band-pass emission filter for ECFP; passes wavelengths
440–505 nm to the detector
Long-pass emission filter for EYFP; passes wavelengths higher
than 525 nm to the detector
Main dichroic beam splitter; deflects the indicated laser lines
(413 nm and 514 nm) onto the specimen and allows the
emitted fluorescent light to pass
Secondary dichroic beam splitter; is used to split the emitted
light that will be guided into separate channels; light with
wavelengths shorter than 505 nm is deflected, and light
with a longer wavelength passes the NFT

LP 525
HFT 413/514

NFT 505

4. FLIM/FRET experiments were performed on a Bio-Rad Radiance 2100MP confocal, multiphoton. and fluorescence lifetime imaging system (now Zeiss). Multiphoton excitation is provided by a Coherent Chameleon automatically tunable
titanium sapphire laser (Coherent Inc.) controlled through Bio-Rad’s LaserSharp
2000 software. The microscope (Nikon TE2000 inverted with an array of waterand oil-immersion high-NA objectives) is housed in a blacked-out environmental chamber (Solent Scientific) that controls CO2 and temperature. This system is
also equipped with two external detectors (for multiphoton laser scanning microscopy) and two FLIM detectors, which are used with an SPC830 board for timecorrelated single-photon counting FLIM (Becker & Hickl, Berlin, Germany).

3. Methods
3.1 Transient Expression of FP-PP1 and Targeting Subunits
1. Subclone PP1 and/or any targeting subunits of interest into the required fluorescent protein vectors. EGFP is recommended for live-cell imaging and for FRAP
experiments, and EYFP and ECFP are recommended for dual-wavelength livecell imaging (i.e., imaging two proteins in the same cell) and for FRET measurement (see Note 2).
2. Targeting subunits can also be cloned into expression vectors with nonfluorescent tags. This permits analysis of the retargeting of FP-PP1 without the requirement for special filter sets to distinguish the green fluorescence protein (GFP)
variants. An example is the 9E10 c-myc epitope (see Fig. 1G–I), which can be
detected by immunostaining fixed cells, and it is also useful for detection on
Western blots and for immunoprecipitation assays (see Note 3).
3. To increase the likelihood of DNA uptake, passage cells the day before transfection and allow them to reach 70–90% confluency.
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Fig. 1. Transient expression of FP-PP1 isoforms in mammalian cells. Localization
of transiently expressed PP1 isoforms was visualized in both live (A, C, and E) and
fixed (B, D, and F) HeLa cells. Differential interference contrast (DIC) imaging shows
the cell structure in the live cells (A, C, E) and staining DNA with DAPI in fixed cells
delineates the nucleus (B, D, F). All three isoforms have both cytoplasmic and nuclear
pools, although FP-PP1D (A,B) shows a greater accumulation within the nucleus,
where it is largely excluded from nucleoli (arrowheads). FP-PP1E is found in equal
amounts in the nucleus and cytoplasm and within nucleoli (C,D). FP-PP1J shows a
greater accumulation within the nucleus and a dramatic accumulation within nucleoli
(E,F). These intrinsic localization patterns can be overridden by exogenous expression of a targeting subunit, such as FP-NIPP1, as shown in (G–I). In this case, all three
isoforms adopt the nuclear speckle (interchromatin granule) localization pattern of
NIPP1 (arrows). Scale bars are 5 PM.
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4. For transfection of a 90-mm-diameter dish of adherent cells, combine 2 Pg DNA
with 16 PL enhancer solution and 300 PL DNA-condensation buffer and vortex
to mix. Add 60 PL of the nonliposomal lipid Effectene and vortex again.
5. Allow complexes to form for 15 min and then add the solution dropwise to the
cells.
6. Incubate transfected cells at 37°C for 12–18 h, change the media, and then either
prepare the cells for live-cell imaging (see Note 4) or fix for immunostaining (see
Subheading 3.3.).

3.2. Establishing Stable Cell Lines Expressing FP-Tagged PP1
1. Grow HeLa cells (or desired cell line) in 90-mm dishes and transfect as described
in Subheading 3.1.
2. Approximately 24 h after transfection, put cells under selective pressure by
replacing the standard medium with medium containing 400 Pg/mL G418 (see
Note 5).
3. Change the medium daily, taking care not to pipet directly onto the cells. Because
of selective pressure, most of the cells will die and wash off the bottom of the
dish after approx 10–14 d, leaving colonies of stable, G418-resistant cells behind.
4. To pick and screen resistant colonies for expression of fluorescently tagged protein, first rinse the cells with D-PBS and overlay them with warm D-PBS containing 5% trypsin-EDTA (a 1 : 20 dilution of the 1X solution in Subheading
2.1., item 5). Colonies can either be picked on an inverted fluorescent microscope, which offers a better chance of success because only fluorescent colonies
are picked, or they can be picked “blind” on a standard light microscope. Using a
P200 Gilson pipet and sterile tips, locate a colony of interest, touch the pipet tip
to it, and then gently scrape across it while sucking it up into the pipet. Transfer
to a 24-well plate with 1 mL of media in each well.
5. Allow picked colonies to grow to 80–90% confluency before splitting.
6. To split cells, rinse with D-PBS and then add 100 PL of 1X trypsin-EDTA solution to each well. After approx 5 min, when the cells have detached from the
well, resuspend in 2 mL media and transfer 1. 5 mL to a 6-well plate as a stock
and 0.5 mL to a 24-well plate containing 13-mm-diameter glass cover slips for
screening.
7. One to two days after splitting, fix the cover slips for 5 min with 3.7% paraformaldehyde in PBS, wash well with PBS, and mount in FluorSave mounting media
to screen the colonies by fluorescence microscopy (see Note 6).
8. Any colonies showing expression of the FP-tagged protein at appropriate levels
(i.e., bright enough to image but not too highly overexpressed, which might
affect localization and even cell viability) in more than 95% of the cells can be
expanded from the six-well plates as stable cell lines. If necessary, an additional round of subcloning can be carried out before choosing colonies to be
expanded as cell lines.
9. For subcloning, seed cells at clonal density. This is done by trypsinizing cells in
the six-well plate with 0.5 mL of 1X trypsin-EDTA and resuspending in 4.5 mL
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growth media. Add 1 mL of this cell suspension to 9 mL growth media in a
90-mm dish. Take 10 PL of this 1 : 10 split and add to 10 mL of media containing
G418 in another 90-mm dish. Mix well and allow cells to settle (see Note 7).
10. Grow the subclones under selection for a further 2 wk, and then pick and screen
resistant colonies as described earlier.
11. To expand stable colonies from six-well plates, trypsinize with 0.5 mL of 1X
trypsin-EDTA solution and resuspend in 5 mL media in a 75-cm2 filter flask.
Maintain newly established stable cell lines in standard growth medium containing 200 Pg/mL G418.
12. Stocks of newly established stable cell lines should be frozen down at early passage numbers in case they need to be recovered at a later date. To do this, set up
an extra 75-cm2 flask when passaging the cell line and allow the cells to grow to
confluency. Trypsinize as described previously and resuspend in 10 mL of media. Pellet cells by centrifuging at 167g for 4 min, and resuspend in 1 mL of
DMEM containing 10% sterile DMSO. Aliquot 0.5 mL each into two cryovials
and allow to freeze slowly by placing the cryovials in a box in a –80°C freezer.
Working stocks can be stored in this way for several months, but it is recommended that they be transferred to a liquid-nitrogen system for long-term storage
(see Note 8).

3.3. Fixing and Immunostaining Cells
1. Fix transfected cells grown on glass cover slips for 5 min at room temperature
with freshly prepared 3.7% (w/v) paraformaldehyde in PBS, followed by three
5-min washes with PBS (see Note 9).
2. Permeabilize cells with 1% Triton X-100 in PBS for 10 min at room temperature,
followed by three 5-min washes with PBS (see Note 10).
3. For immunostaining, first block cells for 10 min with blocking buffer (Subheading 2.2., item 9) and then incubate with primary antibody prepared in this same
blocking buffer. All blocking and antibody-staining steps can be done by removing the cover slip from the 90-mm dish with forceps, blotting off excess PBS
with a tissue, and placing the cover slip, cell side up, on a piece of parafilm in a
humidified chamber. This chamber is simply a box with a lid and a damp piece of
paper or sponge in the corner to minimize evaporation. Pipet solutions gently
onto the cells. For a 19-mm cover slip, 40–50 PL of solution is adequate to cover
the cells (see Note 11).
4. After incubating cells in primary antibody for 1 h, wash the cover slips three
times in PBS by transferring them to wells in a six-well plate. Add the PBS
directly to the wells (avoid squirting or pouring directly on top of the cells) and
then pour it off into a waste beaker (the cover slips will stick to the bottom of
the well).
5. Transfer the cover slips back to the humidified chamber as described above, blotting excess liquid onto a tissue, and incubate with secondary antibody for 1 h.
Transfer back to the six-well plate and wash three times with PBS.
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6. If desired, cells can be stained with DAPI (diluted 1:15,000 in water) to visualize
DNA. Treat cells with DAPI for 1 min in the six-well plate and then wash three
times with PBS (see Note 12). DAPI should not be used with ECFP since the two
cannot be spectrally resolved.
7. Mount cells for imaging by blotting excess liquid off the cover slip and placing it
cell side down on top of a small drop of VECTASHIELD mounting medium on a
glass slide. Press down gently to displace bubbles and wipe away excess liquid
with a tissue. Seal by brushing a small amount of nail varnish along the sides of
the cover slip. When dry, clean slides with dH2O first and then 70% ethanol and
store at 4°C in the dark until analyzed (see Note 13).

3.4. Time-Lapse Imaging
1. For imaging live cells in glass-bottom dishes or POC chambers, replace the standard growth medium with phenol red-free medium supplemented with FBS and
penicillin–streptomycin. If using an environmental chamber supplied with 5%
CO2, pH will be maintained. If not, add 20 mM HEPES to the medium as a
buffer. Alternatively, a custom-made CO2-independent phenol red-free medium
(Invitrogen) can be used, supplemented with FBS and penicillin–streptomycin.
This medium does not require additional buffering.
2. DNA can be stained in live cells, with the cells remaining viable and progressing
through the cell cycle. To do this, treat cells for 30 min at 37°C with Hoechst No.
33342 dye diluted as previously described (Subheading 2.2., item 13) in normal
growth medium. Replace the medium with phenol red-free DMEM or phenol
red-free CO2-independent medium for imaging. It is important to note that this
dye cannot be used with ECFP-tagged proteins because the two cannot be spectrally resolved.
3. When imaging cells through the cell cycle, prophase cells can be found by
their characteristic condensed DNA pattern (see Fig. 2A). Minimize the

Fig. 2. Time-lapse imaging of FP-PP1. A HeLa cell stably expressing FP-PP1J and
stained with the cell-permeable DNA dye Hoechst No. 33372 was imaged as it progressed through mitosis (A,B). Images were taken every 3 min using low light levels
and short exposure times to minimize photodamage. This cell starts in the prophase,
with the DNA condensing and FP-PP1J still visible within nucleoli (arrowhead).
Within 12 min, it has progressed to metaphase, at which point, FP-PP1J is primarily
diffuse but also shows an accumulation at kinetochores. As the cell progresses through
anaphase (at 15–18 min), FP-PP1J shows a relocalization to chromatin, where it
remains, and starts to reaccumulate in nucleoli at late telophase (just visible at 27 min;
for details, see ref. 17). The dynamic nature of different pools of FP-PP1J in interphase cells can be demonstrated by FRAP (C–H). A small circular region (hashed
circle indicated by arrow) was photobleached in a region of the cell and recovery of
fluorescent signal within that region monitored over time. For the same cell, a region
was bleached in either the cytoplasm (C), nucleoplasm (D), or nucleolus (E). By plot-
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ting recovery of fluorescence intensity vs time after photobleaching (F–H), half-times
of recovery can be calculated for each pool of FP-PP1J PP129. Cytoplasmic FP-PP1J
shows the fastest recovery, with a t1/2 of approx 1 s(comparable to that for free GFP).
Nucleoplasmic FP-PP1J shows a slower recovery rate (t1/2 = 2 s), as does nucleolar FPPP1J (t1/2 = 9 s), but these rates still indicate a rapid flux of PP1 through these intracellular pools.
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amount of light to which the cells are subjected during imaging by keeping
exposure times as low as possible while maintaining adequate resolution.
Hoechst No. 33342 can be imaged using a DAPI filter set, whereas EGFP can
be imaged using a FITC filter set. EYFP and ECFP require special filter sets
(see Table 1).

3.5. FRAP
1. The FRAP experiments are generally performed on cells expressing GFP- or
EGFP-tagged proteins (see Note 14), and can be done using either laser scanning
microscopes or wide-field fluorescence microscopes equipped with an external
laser for photobleaching. When analyzing proteins with very fast turnover rates,
such as those shown in Fig. 2F–G, the microscope system used must offer the
appropriate temporal resolution (i.e., image rapidly enough to capture early
events). The experiments shown in Fig. 2 were performed on the DeltaVision
Spectris system described in Subheading 2.3., item 1.
2. To perform a FRAP experiment, take two to three images of the cell prior to
photobleaching and then bleach a region of interest to approx 50% of its original intensity, acquiring images over time after the photobleach period to
monitor recovery of fluorescence signal within the bleached region (see
Fig. 2C–E). If recovery is observed, it indicates that the fluorescently tagged
proteins are mobile, and the rate of recovery is therefore an indication of the
speed at which they are moving. For comparison, the same photobleaching
experiment can be conducted on fixed cells, in which no recovery is observed
(see Note 15).
3. For qualitative FRAP, it might be enough to simply plot fluorescence intensity
over time (known as the recovery curve), as a fraction of the initial fluorescence
prior to photobleaching (see Fig. 2F–H). Different pools of the same protein can
be compared for relative mobility, or the same pool of protein can be assessed
before and after a particular perturbation.
4. For quantitative FRAP, the most commonly published results are the mobile
fraction (fraction of fluorescent molecules that are free to move within the
bleached region) and the half-time for recovery of fluorescence (t1/2), which is
the time required for half of the mobile fraction to recover. The t1/2 can then be
used to calculate the diffusion coefficient (see ref. 15, for a review of FRAP
analysis).

3.6. Measuring FRET Between PP1 and a Targeting Subunit
by Sensitized Emission
1. This approach requires independent control of emission and excitation filters,
and for the study shown in Fig. 3A,B, we used the DeltaVision DV3 system
detailed in Subheading 2.3., item 2. A laser scanning microscope fitted with a
436-nm laser, or one with a tunable laser, can also be used. Measurements are
taken using a combination of three filter sets (ECFP [excite, 436 nm; emit, 470
nm], EYFP [excite, 514 nm; emit, 528 nm], and what we refer to as the FRET
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channel [excite, 436 nm; emit, 528 nm]). The principle of FRET is detailed in
Fig. 3A.
Grow cells on the appropriate cover slips (e.g., 40-mm diameter for mounting in
a POC chamber or 35-mm-diameter glass-bottom dishes for use in an environmental chamber; see Note 16).
Cotransfect cells with 1 Pg each of EYFP-PP1 and ECFP-targeting subunit (or
the inverse, ECFP-PP1 and EYFP-targeting subunit. For control measurements,
transfect some cells with the EYFP construct alone and some with the ECFP
construct alone. As a negative control, cotransfect cells with PP1 and a mutant
version of the targeting subunit that cannot bind PP1 (e.g., mutation of one or
both hydrophobic residues in the RVXF motif, as described in ref. 5). An alternate control is the ECFP-tagged protein coexpressed with an EYFP-tagged protein that shows the same localization but does not interact with it.
Approximately 12–18 h after transfection, mount cells in the appropriate medium
for live-cell imaging.
To correct for spectral bleed-through, first examine cells expressing either donor
alone or acceptor alone with each of the three filter sets. For example, using our
system, ECFP-NIPP1 alone gives a strong signal in the ECFP channel and no
signal in the EYFP channel, but it does show significant spectral bleed-through
into the FRET channel (approx 70% of the signal measured in the ECFP channel). EYFP-PP1J alone gives a strong signal in the EYFP channel and no signal
in the ECFP channel, but also shows spectral bleed-through into the FRET channel (approx 20% of the signal measured in the EYFP channel).
Measure FRET in cells expressing both PP1 and targeting subunit by exciting at the
ECFP wavelength (436 nm) and detecting at the EYFP emission wavelength (528 nm).
The following equation is used for the correction of spectral bleed-through, in
which FRETN is Net Energy Transfer:
FRETN = FRET signal – D(donor signal) – E(acceptor signal)
For this equation, D and E are determined by imaging the cells expressing each
fusion protein on its own (0.7 for ECFP-NIPP1 and 0.2 for EYFP-PP1J).
Certain software programs, such as the SoftWorx analysis software used with the
DeltaVision system, allow image subtraction, to obtain a final FRET image showing
the signal remaining in the FRET channel following this correction (see Fig. 3A).
The same analysis should then be applied to data collected from cells expressing
PP1 and a mutant targeting subunit that cannot interact with it or, alternatively,
two proteins that show the same localization but do not interact.

As shown in Fig. 3B, after the data have been corrected for spectral bleedthrough, there is no signal remaining in the FRET channel.

3.7. Measuring FRET Between PP1 and a Targeting Subunit
by Acceptor Photobleaching
1. This approach, which is based on the increase in donor (ECFP) signal when FRET
is disrupted by photobleaching the acceptor (EYFP) molecule, requires a laser
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Fig. 3. Measurement of the direct interaction between PP1 and a targeting subunit
by FRET. The FRET pair CFP (donor) and YFP (acceptor) were used to label PP1 and
NIPP1 in transiently transfected HeLa cells. FRET depends on the close proximity of
the donor and acceptor (1–10 nm), as shown in the diagram in (A) If the proteins are
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line at approx 532 nm to photobleach EYFP (without bleaching ECFP) and appropriate excitation and emission filter sets to monitor ECFP fluorescence before
and after this bleaching. It can be done using either a laser scanning microscope
such as the Zeiss LSM 51 510 described in Subheading 2.3., item 3, or a widefield fluorescence microscope equipped with an external laser, such as the
DeltaVision Spectris system described in Subheading 2.3., item 1. The
DeltaVision system offers slightly greater flexibility because of its improved temporal resolution, as the increased donor signal is only apparent until the
photobleached pool of acceptor recovers and once again quenches the signal (see
Fig. 3D). If the protein happens to turn over rapidly, as does PP1, then the
unquenched donor signal will only be observed at very early time-points. This
can be compensated for when using a system with slower postbleach imaging
resolution by photobleaching a larger area of the cell, to ensure that acceptor
recovery does not mask the unquenched donor signal in the region of interest (see
Fig. 3C).
2. Grow cells on the appropriate cover slips (e.g., 40-mm diameter for mounting in
a POC chamber or 35-mm-diameter glass-bottom dishes for use in an environmental chamber) and cotransfect with EYFP-PP1- and ECFP-targeting subunit
or, alternatively, ECFP-PP1- and EYFP-targeting subunit (as shown in Fig.
3C,D).
3. Approximately 12–18 h after transfection, mount cells in the appropriate medium
for live-cell imaging.
4. After obtaining several prebleach images of both the donor and the acceptor proteins, photobleach the acceptor in a region of the cell using the appropriate settings for the system used (e.g., 100% laser power and several iterations).

close enough and in the proper orientation, excitation of the donor (CFP-NIPP1) leads
to a transfer of energy to the acceptor (YFP-PP1), thereby exciting it and causing it to
fluoresce. This sensitized emission can be detected in the FRET channel, which excites
CFP and detects emission of YFP. (B) demonstrates the absence of FRET between
two proteins that do not interact, in which case the donor and acceptor are not close
enough for energy transfer to occur. The donor shown here (CFP-NIPP1 with a mutated
PP1-binding motif that disrupts interaction with PP1) cannot retarget YFP-PP1J from
nucleoli (arrowheads) to nuclear speckles, and there is no signal in the FRET channel.
(C,D) show a different approach to the measurement of FRET. In this case, the acceptor (YFP-NIPP1) is photobleached in half of the nucleus (indicated by the hashed
polygon) and the fluorescence intensity of the donor (CFP-PP1J) monitored over time
(D) in a region within this half of the nucleus (hashed circle). Photobleaching the
acceptor “dequenches” the donor because the acceptor is no longer available for the transfer of energy from the donor. The intensity of the donor therefore shows a transient
increase (D), which can be used to calculate the efficiency of the FRET interaction.
This increased intensity is transient, decreasing over time as new acceptor molecules
replace the photobleached molecules in that region of the cell and quench the donor.
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4. After bleaching, collect images at the desired time intervals, using the same settings used to obtain the prebleach images (see Fig. 3C).
5. Analyze the data utilizing the image analysis tools included in the imaging
system’s software. Most systems now include FRAP analysis tools in their software packages. Spreadsheet and biostatistics programs such as Microsoft Excel
(Microsoft Corp.) and GraphPad Prism (GraphPad Software Inc.) are also useful
tools for the analysis of photobleaching data.
6. In addition to the bleached region, include a region in the nonbleached portion of
the same cell or in a neighboring cell in the data analysis as a control for bleaching resulting from imaging. A region of background fluorescence should also be
defined outside of the cell and subtracted from both the bleached and control
regions.
7. The FRET efficiency (see Fig. 3D) can be calculated using the following formula:
FRET efficiency E = (ID(post) – ID(pre))/ID(post)
ID(pre) and ID(post) are donor intensity before and after photobleaching, respectively;
Bleach efficiency B = (IA(pre) – IA(post))/IA(pre)
Corrected FRET efficiency: (E/B) u 100%
The subscript A denotes acceptor.
7. Using these equations, the ECFP-PP1J/EYFP-NIPP1 interaction shown in Fig. 3C
has a FRET efficiency of 10.2%.

3.8. Measuring FRET Between PP1 and a Targeting Subunit
by FLIM/FRET
1. To briefly summarize the principle of lifetime imaging, the fluorescence of organic molecules is not only characterized by their excitation and emission spectra but also by their lifetimes. When a fluorophore absorbs a photon, it goes into
the excited state and returns to the ground state by emitting a fluorescence photon, converting the energy internally, or by transferring the energy to the environment. Although fluorescence lifetime imaging systems can seem overly
complex at first, in reality the basics are fairly easy to grasp (see Fig. 4). We use
the Bio-Rad Radiance Multiphoton Imaging System described in Subheading
2.3., item 4, which allows us to obtain both intensity and lifetime images for the
fluorescent proteins of interest in live cells.
2. Grow cells in 35-mm glass-bottom dishes and co-transfect with either ECFPtargeting subunit and EYFP-PP1, or ECFP-PP1- and EYFP-targeting subunit.
For control measurements, transfect cells with the ECFP construct alone (to measure the lifetime of unquenched ECFP), or with the ECFP construct and an EYFPtagged protein that shows the same localization but does not interact with it (see
Fig. 5F–J). Excite ECFP at a wavelength of 840 nm, allowing the external detectors to collect the fluorescence emission and calculate lifetimes.
3. In Fig. 5, lifetime maps have been plotted (i.e., each pixel is color-coded with a
lifetime value to build up an image of differences in lifetime throughout the
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Fig. 4. Principle of FLIM. Illumination is provided by a pulsed laser (1); the pulsed
laser excites the sample (2) and simultaneously sends a start signal to the computer (3).
Fluorescence is emitted by the sample and recorded on the photomultiplier tubes (PMT;
4) while the next pulse of light leaves the laser and sends a stop signal to the computer
(5). The process is repeated many times so that an average lifetime can be calculated for
the population of excited fluorophores. If a large number of similar molecules with similar local environments are excited by a short laser pulse, the time taken for fluorescence
to decay can be plotted as a single exponential curve. Therefore, FLIM is a measurement
of the probability of fluorescence emission of a certain lifetime.

sample) for ECFP-NIPP1 in the presence of either EYFP-PP1J (see Fig. 5B) or
EYFP-U1A (see Fig. 5G). They are shown next to corresponding intensity images for ECFP-NIPP1 (see Fig. 5A,F). Quenching of the donor (ECFP-NIPP1)
causes a shift to a shorter lifetime, and FRET is observed as the appearance of a
second, “quenched” lifetime (approx 1.6 ns, compared to the unquenched lifetime of approx 1.9 ns, as shown in Fig. 5D). In the presence of EYFP-U1A,
which shows the same localization pattern but does not interact with ECFPNIPP1, only a single, unquenched lifetime of approx 1.9 ns is observed (Fig. 5I).
The quenched and unquenched lifetimes can also be color-coded to demonstrate
more clearly where FRET is occurring within the cell (Fig. 5C,E). In this example, although NIPP1 is found throughout the cell nucleus, the predominant
FRET signal is observed at nuclear speckles, where mRNA splicing factors are
known to accumulate, suggesting a role for the complex in the regulation of premRNA splicing (7).
4. The FRET efficiency can be calculated using the following formula:
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FRET efficiency E = 1– (WDA/WD)
WDA and WD are donor lifetime in the presence and absence of acceptor, respectively.
5. Using this FRET efficiency, the distance between the donor and acceptor can
also be calculated:
Rdonor/acceptor = R0((1/E) – 1)1/6
R0 = Forster distance, which is 50Å for the CFP/YFP pair
6. For the example shown in Fig. 5 (ECFP-NIPP1 and EYFP-PP1J), a FRET efficiency of 15.8% is calculated, which translates into a donor/acceptor distance of
approximately 66 Å.

4. Notes
1. Lasers are also available on this system for photoactivatable GFP (PA-GFP;
405 nm) and for photobleaching EYFP (532 nm). PA-GFP (BD Biosciences/
Clonetech) offers an alternative approach to FRAP experiments. This GFP variant
shows a 10- to 30-fold increase in fluorescence when activated with 405-nm light. The
exchange of the activated pool with the non-activated pool can therefore be measured
to monitor protein turnover, without any of the deleterious effects of photobleaching.
2. Filter sets are available for dual imaging of either EGFP and EYFP or EYFP and
ECFP coexpressed in the same cell. EGFP and ECFP cannot be resolved in the
same cell because of their overlapping spectral curves.
3. The GFP-tagged proteins can also be detected on Western blots and immunoprecipitated using a monoclonal antibody (Roche).
4. If you do not have access to a live-cell imaging system, it is still possible to
image FP-tagged proteins in live cells. Grow and transfect cells on cover slips
and then mount in either growth medium or PBS on a glass slide, sealing the
edges by melting a 2% agarose solution and pipetting it gently around the edges
of the cover slip. Once the agarose hardens, clean the cover slip carefully with
dH2O and image on a fluorescence microscope. The cells will remain viable for a
short time period (approx 10–20 min, depending on cell type).
Fig. 5. Measurement of the direct interaction between PP1 and a targeting subunit
by FLIM/FRET. Coexpression of NIPP1 with PP1J in cells causes both the relocalization of PP1 to the nuclear speckles at which NIPP1 is found (A; speckles indicated
by arrows), and the transfer of energy between the donor (CFP-NIPP1) and the acceptor (YFP-PP1J). This energy transfer leads to a decreased fluorescence lifetime for the
donor, and two lifetimes (quenched, approx 1.6 ns; unquenched, approx 1.9 ns) are
thus detected within the cell (D). When plotted as a lifetime map (B), it can be seen
that although both proteins are located throughout the nucleus, the FRET interaction is
mainly occurring at speckles. This is shown more clearly in (C), in which the two
lifetimes have been assigned specific colors [red for quenched and blue for unquenched
CFP, as assigned in the graph in (E)]. As a negative control, similar measurements
were taken for CFP-NIPP1 coexpressed with YFP-U1A. Although both proteins local-
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ize to nuclear speckles, they do not interact directly. This is evident from the lifetime
maps (G–H), which show a single, unquenched lifetime of approx 1.9 ns throughout
the cell (I–J).
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5. The concentration of G418 must be calculated for each cell type, using serial
dilutions and assaying cell viability. The appropriate dilution is that which kills
all cells within 10–14 d.
6. This medium dries completely and does not require sealing with nail varnish;
therefore, it is useful for mounting small cover slips (which are difficult to seal
with nail varnish) and for screening large numbers of cover slips.
7. An optional technique for subcloning cells is to trypsinize the cells and dilute to
5 cells/mL. Place 0.1 mL in each well of a 96-well plate. There is a 50% chance
of having a cell in that well, which will then expand to a clonal cell line.
8. If stable cell lines become contaminated with yeast, they should be discarded and
a previously frozen aliquot recovered. However, if the contamination occurs
before stocks have been frozen down, cells can be treated with a solution of the
antimycotic agent amphotericin B (e.g., Fungizone from Sigma-Aldrich; available as a 100X stock, which is used at 1X in growth media to treat cells).
9. There are many different permeabilization methods, and it is best to test several
to determine which works best for your particular protein of interest. Some antibody epitopes are destroyed by particular fixation methods, and some FP-tagged
proteins show different localization patterns in fixed cells compared to live cells,
depending on the fixation method. For example, the bulk of FP-PP1 is washed
out of cells when they are fixed with methanol, presumably as a result of its rapid
turnover rates throughout the cell (methanol destroys all cell membranes, allowing rapidly diffusing molecules to “escape” before they are fixed). Paraformaldehyde fixation is therefore recommended for all FP-PP1 experiments.
10. Fixed cells can be stored for up to 2 wk at 4°C in the dark prior to permeabilization
and staining. Once cells are permeabilized, they must be used that same day.
11. Smaller volumes of liquid (20–40 PL) can be used if you pipet the solution
directly onto the parafilm and then flip the cover slip cell side down and place it
on top of the solution.
12. For cells expressing the ECFP fusion protein, DNA should not be stained with
DAPI because the two cannot be spectrally resolved. As an alternative, DNA can
be stained with propidium iodide. This cannot be used in live cells, however, and
because it fluoresces in the red channel, it cannot be used with rhodamine-labeled
secondary antibodies or with red fluorescent proteins.
13. Slides can also be stored at –20°C, which allows them to be imaged for up to 3 mo.
Various slide boxes are available for storage (we use cloth-covered cardboard boxes
with card trays from VWR), although wrapping them in foil is also an option.
14. We do not recommend the use of EYFP-tagged constructs for FRAP experiments
because we and others (16) have observed a small but significant amount of spontaneous recovery of the molecule from photobleaching, which complicates the
interpretation of FRAP results
15. If you are unable to bleach your protein to 50% of the original intensity, that
already indicates a rapid turnover, because the protein is recovering while it is
still being bleached. To demonstrate this, photobleach the protein using the same
parameters in fixed cells, in which recovery will not occur.
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16. Fluorescence resonance energy transfer can also be measured in fixed cells, but
in our experience it is not as reliable as live-cell FRET measurements (i.e., using
our positive controls, we do not always see a FRET signal in fixed cells but can
always measure it in live cells). Whether you set out to measure FRET in fixed or
live cells, it is helpful to have a reliable set of positive and negative controls. A
fusion of ECFP and EYFP works well as a positive control and can be generated by
subcloning EYFP in frame into the multiple cloning site of ECFP (or vice versa).
The choice of restriction sites will determine the number of amino acids separating
the two proteins and, hence, their distance. We have made fusions that are either 7
or 15 amino acids apart, with the former showing a higher FRET efficiency. The
latter is useful for FLIM/FRET experiments, however, because its lower FRET
efficiency permits measurement of both a quenched and an unquenched donor pool.
As a negative control, the EYFP and ECFP vectors can be cotransfected into cells.
Both show a diffuse localization throughout the cell but do not interact.

Acknowledgments
The authors thank Dr. Judith Sleeman, and Dr. David Lleres at the University of Dundee (Dundee, UK) for advice and assistance, and Dr. Jan Ellenberg
at EMBL (Heidelberg, Germany) for advice and the use of the Zeiss 510 LSM
system. This work was supported by the Wellcome Trust.
References
1. Cohen, P. T. (2002) Protein phosphatase 1-targeted in many directions. J. Cell
Sci. 115, 241–256.
2. Sasaki, K., Shima, H., Kitagawa, Y., Irino, S., Sugimura, T., and Nagao, M. (1990)
Identification of members of the protein phosphatase 1 gene family in the rat and
enhanced expression of protein phosphatase 1 alpha gene in rat hepatocellular
carcinomas. Jpn. J. Cancer Res. 81, 1272–1280.
3. Barker, H. M., Craig, S. P., Spurr, N. K., and Cohen, P. T. (1993) Sequence of
human protein serine/threonine phosphatase 1 gamma and localization of the gene
(PPP1CC) encoding it to chromosome bands 12q24.1-q24.2. Biochim Biophys
Acta. 1178, 228–233.
4. Barker, H. M., Brewis, N. D., Street, A. J., Spurr, N. K., and Cohen, P. T. (1994)
Three genes for protein phosphatase 1 map to different human chromosomes:
sequence, expression and gene localisation of protein serine/threonine phosphatase 1 beta (PPP1CB). Biochim Biophys Acta. 1220, 212–218.
5. Trinkle-Mulcahy, L., Sleeman, J. E., and Lamond, A.I. (2001) Dynamic targeting
of protein phosphatase 1 within the nuclei of living mammalian cells. J Cell Sci.
114, 4219–4228.
6. Andreassen, P. R., Lacroix, F. B., Villa-Moruzzi, E., and Margolis, R. L. (1998)
Differential subcellular localization of protein phosphatase-1 alpha, gamma1, and
delta isoforms during both interphase and mitosis in mammalian cells. J. Cell
Biol. 141, 1207–1215.

154

Trinkle-Mulcahy et al.

7. Trinkle-Mulcahy, L., Ajuh, P., Prescott, A., et al. (1999) Nuclear organisation of
NIPP1, a regulatory subunit of protein phosphatase 1 that associates with premRNA splicing factors. J. Cell Sci. 112, 157–168.
8. Ellenberg, J., Lippincott-Schwartz, J., and Presley, J. F. (1999) Dual-colour imaging with GFP variants. Trends Cell Biol. 9, 52–56.
9. Lippincott-Schwartz, J. and Patterson, G. H. (2003) Development and use of fluorescent protein markers in living cells. Science 300, 87–91.
10. Swift, S. R. and Trinkle-Mulcahy, L. (2004) Basic principles of FRAP, FLIM and
FRET. Proc. R. Microsc. Soc. 39, 3–10.
11. Peter, M. and Ameer-Beg, S. M. (2004) Imaging molecular interactions by multiphoton FLIM. Biol. Cell 96, 231–236.
12. Periasamy, A., Elangovan, M., Elliot, E., and Brautigan, D. L. (2002) Fluorescence lifetime imaging (FLIM) of green fluorescent fusion proteins in living cells.
Methods Mol. Biol. 183, 89–100.
13. Stryer, L. (1978) Fluorescence energy transfer as a spectroscopic ruler. Annu.
Rev. Biochem. 47, 819–846.
14. Haraguchi, T., Kaneda, T., and Hiraoka, Y. (1997) Dynamics of chromosomes
and microtubules visualized by multiple-wavelength fluorescence imaging in living mammalian cells: effects of mitotic inhibitors on cell cycle progression. Genes
Cells 2, 369–380.
15. Carrero G., McDonald D., Crawford E., de Vries G., and Hendzel, M. J. (2003)
Using FRAP and mathematical modeling to determine the in vivo kinetics of
nuclear proteins. Methods 29, 14–28.
16. Jayaraman, S., Haggie, P., Wachter, R. M., Remington, S. J., and Verkman, A. S.
(2000) Mechanism and cellular applications of a green fluorescent protein-based
halide sensor. J. Biol. Chem. 275, 6047–6050.
17. Trinkle-Mulcahy, L., Andrews, P. D., Wickramasinghe, S., et al. (2003) Timelapse imaging reveals dynamic relocalization of PP1J throughout the mammalian
cell cycle. Mol. Biol. Cell 14, 107–117.

