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data indicate that PAK does not stimulate MLC 
phosphatase activity (30). Thus, regulation o f  
MLCK activity and, hence, MLC phosphoryl- 
ation appears to be an important component o f  
Rac- and Cdc42-dependent cytoskeletal remod- 
eling in spreading cells. Because Rho kinase 
and PAK have opposing effects on MLC phos- 
phorylation, the integrated cellular response to 
the activation o f  Rho, Rac, and Cdc42 may 
depend on the timing o f  GTPase activation as 
well as the intracellular localization and extent 
o f  MLC phosphorylation. 
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Imaging Protein Kinase Ca 
Activation in Cells 
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Spatially resolved fluorescence resonance energy transfer (FRET) measured by 
fluorescence lifetime imaging microscopy (FLIM), provides a method for tracing 
the catalytic activity of fluorescently tagged proteins inside live cell cultures 
and enables determination of the functional state of proteins in fixed cells and 
tissues. Here, a dynamic marker of protein kinase Cu (PKCu) activation is 
identified and exploited. Activation of PKCa is detected through the binding of 
fluorescently tagged phosphorylation site-specific antibodies; the consequent 
FRET is measured through the donor fluorophore on PKCu by FLIM. This ap- 
proach enabled the imaging of PKCu activation in live and fixed cultured cells 
and was also applied t o  pathological samples. 

For many proteins, there is a need to integrate 
spatial data with information on catalytic func- 
tion. This is a particular concern in signal trans- 
duction processes, where the networking o f  
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multiple inputs affects the output, leading to 
grossly different cellular consequences. Meth- 
ods applicable to the functional analysis o f  par- 
ticular (signaling) proteins in situ would pro- 
vide a significant advance in reaching a molec- 
ular description o f  cellular behavior. 

The classical and novel protein kinase iso- 
types (cPKC and *KC, respectively) undergo 
conformational changes in response to their 
second messenger, diacylglycerol (DAG) ( I -  
3). This PKC activator is restricted to mem- 
brane compartments, and the stable membrane1 
DAG-associated comvlexes formed bv PKC 
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$To w h o m  correspondence should be addressed. 

have traditionally provided a useful means o f  
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branes before cell stimulation, making mem- bly reflects the reequilibration of cellular followed through the immunoreaction of 
brane association an insufficient criterion for PDBu pools, T(P)250 immunoreaction de- T(P)250. 
determining PKC activity. We identified a creased with a half-life of -5 min (Fig. 1E). To monitor the activation of endogenous 
marker of PKCa activation and used FLIM to Thus, the dynamics of PKC activation can be PKCa, we conjugated the fluorophore Cy3 to 
describe the activation state of PKCa in situ. 
The utility of this approach is exemplified in 
analyses of fixed and live cells and additionally 
of archived human tissues. 

PKCa is phosphorylated in vivo on threo- 
nine-250 (5). A site-specific antiserum to phos- 
phorylated ThrZs0 [T(P)250] reacted with 
PKCa expressed in COS-7 cells only after 
treatment of cells with tetradecanoyl phorbol 
acetate (TPA), and this response was blocked 
by the PKC inhibitor bisindolylmaleimide I 
(Fig. 1A). Optimal phosphorylation was in- 
duced after 30 min with 400 nM TPA (Fig. 1 B). 
The protein we observed to be T(P)250 irnrnu- 
noreactive is PKCa, as judged by immunopre- 
cipitation and immunoblot (6). 

Purification of His-tagged PKCa from un- 
stimulated COS-7 cells (7), followed by an in 
vitro autophosphorylation reaction, led to a 
time-dependent increase in immunoreaction 
with the T(P)250 antiserum (Fig. 1C). These 
results demonstrate that the Thr2'0 site is an 
autophosphorylation site in vitro and in vivo. 
The equivalent site in PKCP is also an auto- 
phosphorylation site; it is also conserved in 
PKCy but not in other PKC isotypes (6). 

The response of endogenous PKCa was 
determined in the murine Swiss 3T3 fibro- 
blast line. Exposure of quiescent Swiss 3T3 
cells to TPA induced rapid phosphorylation 
of PKCa (Fig. ID). This was time-depen- 
dent, with optimum phosphorylation induced 
within 5 min. The dynamics of ThrZ5O dephos- 
phorylation were monitored upon the remov- 
al of the relatively hydrophilic agonist, phor- 
bol dibutyrate (PDBu). After a lag period of 
variable length (10 to 25 min), which proba- 

Fig. 2. Endogenous PKCa ac- -'TPA A + P A  
tivation detected by immu- 
nofluorescence and FLIM. 
(Upper panels) Stacked con- 
focal micrographs show an 
increase in ThrZ50 phospho- 
rylation of endogenous PKCa 
following 20 min of TPA 

I 
stimulation (+TPA), as de- yM4p w 
tected by a Cy5-conjugat- 
ed IgG fraction of T(P)250 
[T(P)250-Cy5]. There was no I 
apparent difference in the 
level of PKCa protein expres- 
sion before and after TPA 
treatment, as demonstrated 
by concomitant detection 
with MC5-Cy3. Double-Label 
immunofluorescence staining <r> 0.9 
was performed as described 
(22), except for minor modi- I 
fications (23). Antibodies 

0 En 0.5 
I 10.4 

were conjugated to fluoro- 0 N( 0.5 

phores as described (24). 
(Middle panels) "I" shows 2.1 
the steady-state fluorescence 
images from the donor flu- 3 
orophore (Cy3) conjugated - 
to MC5 in fixed 293T cells, ' 
which were stained with ei- (I 6 . - - .z6- -- 
ther MC5-Cy3 alone or with 

T~ 
both MC5-Cy3 and T(P)250- 

I 
Cy5 (acceptor fluorophore) as indicated (25). FRET from the donor (Cy3) to acceptor (Cy5) 
fluorophore took place on individual PKCa molecules that were phosphorylated after TPA stimu- 
lation, resulting in a reduction of the fluorescence emission lifetime of Cy3 as demonstrated by 
changes in (7) (the average of T, and 7,). (Lower panels) The 2D histograms quantify the 
reduction of the donor lifetimes of Cy3 emission for both the phase (7,) and modulation (7,). 
A detailed description of the FLIM apparatus used for FRET determination can be found 
elsewhere (76). FRET efficiency color tables (Eff) were calculated from EFF = 1 - T~./(T~) 
where T~~ is the lifetime map (or color table) of the donor in the presence of acceptor and (7,) 
is the average lifetime of the donor in the absence of acceptor. 

Fig. 1. Identification and detection of an autophosphorylation site on PKCa. (A) A 
COS-7 cells were transfected with a cDNA expression plasmid for PKCa. After 48 TP# (mi") 1 30 30 

- 
hours, the cells were treated with TPA for 0 (untreated) or 30 min either in the BIM - + TPA(min) 0 1 5 10 30 
presence (+) or absence (-) of the PKC inhibitor bisindolylmaleimide I (BIM, 10 
FM) The upper panel indicates immunoreactivity with the T(P)250 antiserum (20). 
The Lower panel shows immunoreactivity with the MC5 antibody to PKCa protein. (B) 
Transfected COS-7 cells expressing PKCa were treated with TPA (400 nM) for the 
times indicated. Extracts were prepared and subjected to protein immunoblotting. - -- PKCa 
The upper panel shows the immunoreactivity for the T(P)250 antibody, and the lower 
panel shows there was no change in PKCa during this treatment. (C) COS-7 B 
cell-expressed, histidine-tagged PKCa was purified by nickel-agarose chromatogra- 
phy (7). Autophosphorylation of purified PKCa was carried out in the presence of TPA TPA (rnin) 0 2 5 10 2030 
(2 FM), phosphatidylserine (1.25 mglml) in 1% (vlv) Triton X-100,50 mM Hepes (pH 
7.5), 12.5 mM MgCl,, and 100 FM ATP. Reactions were initiated with ATP and - 
terminated with Laemmli sample buffer at the times indicated. Phosphorylation of 
the ThrZS0 site was monitored with the T(P)250 antiserum (upper panel) and the 
amount of PKCa protein with MC5 (lower panel). (D) Quiescent Swiss 3T3 cells (27) 
were treated with TPA for the times indicated. Extracts were prepared and blotted for 
immunoreaction with the T(P)250 antibody or for PKCa protein. The dot in the upper c 
panel indicates an immunoreactive band that is variably observed and not competed 
by the phosphopeptide antigen (6). (E) Quiescent 3T3 cells were treated with PDBu 
(500 nM) for 20 min, and then washed with medium at 4OC and incubated at 37OC 
in the absence of PDBu for the times indicated. Cell extracts were blotted with the 
T[P)250 antiserum, and immunoreaction was quantified by scanning densitometrv. 
  he graph illustrates the lag period observed bdore an exponential d<cay in T(P)~<o - 
immunoreaction. 
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the MC5 anti-PKCa antibody (MC5-Cy3) 
and also conjugated the fluorophore Cy5 to 
purified T(P)250 immunoglobulin G (IgG) 
[T(P)250-IgG-Cy51. In unstimulated, fixed 
293T cells, heterogeneous staining of the pro- 
tein was observed with only weak immuno- 
reaction to T(P)250-IgG-Cy5 (Fig. 2, upper 
panels). Upon stimulation with TPA, 
T(P)250-IgG-Cy5 immunoreactivity was in- 

donor fluorophore (conjugated to MC5) were 
monitored in cells stained with MC5-Cy3 
alone or both MC5-Cy3 and T(P)250-IgG- 
Cy5. The Cy3 lifetimes (Fig. 2, middle pan- 
els) were reduced after stimulation of cells 
with TPA, when staining was done with both 
antibodies; for MC5-Cy3 alone, there was no 
change in lifetimes. The largest reduction in 
lifetimes (from 1.0 to 0.49 ns) was associated 
with regions of the plasma membrane and 
vesicular structures in the cytoplasm. These 
PKCa-containing vesicular structures over- 
lapped in part with the distribution of ectopi- 
cally expressed PKCa described for NIH 3T3 
cells (18). The reduced lifetimes observed in 
the unstimulated cells were also localized to 
punctate cytoplasmic structures. 

To demonstrate the specificity of the 
FRET signals as measured by FLIM, cells 
were stained for PKCa or activated PKCa, or 

for markers of the endoplasmic reticulum 
(anti-p62-Cy3) or Golgi (anti-galactosyl 
transferase-Cy3 or anti-p 1 15-Cy3) (19). 
There was some overlap in localization of 
PKCa with both compartments; however, 
there was no FRET between the fluoro- 
phores, and thus no reduction in lifetime was 
observed. The specificity of the PKCa anti- 
body itself (MC5) is essential for the inter- 
pretation of the FLIM measurements. After 
treatment of cells for 18 hours with TPA (1 
pM) in order to down-regulate PKCa, irnmu- 
noreactivity with MC5 was abolished (19). 

FLIM can be used to analyze a donor-flu- 
orophoretagged PKCa in live cells microin- 
jected with an excess of acceptor labeled 
T(P)250-IgG. In transiently transfected COS-7 
cells, green fluorescent protein-PKCa (GFP- 
PKCa) accumulated in a partly cytoplasmic 
and partly perinuclear location in untreated cells 

creased and localized with MC5 immunore- 
activity, consistent with activation of PKCa. 
Colocalization gives only an indication of 
association, because the determination of 
proximity is limited by the resolution of the 
optical system. FRET between Cy3 and Cy5, 
as measured by FLIM (8-16), provides a 
molecular proximity assay with nanometer- 
scale resolution for the quantitative determi- 
nation of the activation and intracellular lo- 
cation of PKCa (1 7). Lifetimes of the Cy3 

A TPA [mlnl GFP-PKC GFP-,Kc/ 
T(P)250 

I -1 
TPA 
(mlb 

Fig. 3. TPA-induced ThrzM phos horylation of GFP-tagged PKCa in live 
COS-7 cells detected by FUM. &) CCOS-7 cells were transiently trans- 
fected with an NH -terminal CFP-tagged PKCa construct (details to be 
described elsewhere5 and cultured in serum-containing Dulbecco's modified 
Eagle's medium for 36 hours before transfer to serum- and phenol red-free 
Optimax medium (Life Technologies). After an overnight culture, ceb were 
washed and resuspended in phosphate-buffered saline, then miaoinjected 
with a Cy3.5-conjugated, protein C-purified I fraction of T(P)250. The 
fluorescence images are shown from the donor GFP) in four live COS-7 dlr 
which were either left as controls (CFP) w microinjected with T(P)250-lgC- 
Cy3.5 p(P)250-Cy3.51. The bottom four cells were transfected, but only the 
top three cells (including an untransfected cell) were microinjected with 
T(P)250-lgG-Cy3.5. By 30 min of TPA stimulation, two separate 
fluorescence lifetime populations belonging to the microinjected and 

uninjected cells, respectively, were evident fmm changes in both the phase 
(rp) and modulation (7,) lifetimes of GFP emission (bottom panels). Images 
shown are representative of fwe independent experiments. A detailed de- 
scription of the FUM apparatus used for FRET determination can be found 
elsewhere (76). (B) COS-7 cells were transiently transfeded with a CFP- 
tagged PKCa construct, stimulated with TPA (400 nM), and fixed at 
various time points as indicated, then either left as controls (CFP-PKC) or 
stained with T(P)250-lgC-Cy3.5 [CFP-PKC/T(P)ZSO]. The fluorescence 
images from the donor (I) are shown. The cumulative lifetimes of 
GFP-PKC alone (green) and that measured in the presence of the 
acceptor fluorophore [T(P)ZSO-lgt-Cy3.51 (red) are plotted on the same 
2D histonram for each time ~oint .  For derivation of Eff. see Fie. 2. 
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(Fig. 3A). After treatment of cells with TPA, 
there was a progressive increase in GFP-PKCa 
accumulation in vesicular structures within the 
cytoplasm; this was most evident after 30 min. 
The two central GFP-PKCa-transfected cells 
and one untransfected cell (Fig. 3A) were mi- 
croinjected with T(P)250-IgG-Cy3.5. The do- 
nor fluorophore (GFP), when visualized in the 

experiments done in fixed, GFP-PKCa- this phosphorylation process in live cells 
transfected COS-7 cells revealed a subse- through donor lifetime properties, revealing the 
quent ThrZ50 dephosphorylation event after tonic and stimulated juxta-membrane vesicular 
approximately 30 min of TPA treatment, location of activated PKCa. The studies in 
with some degree of variation in time fixed cells and tissues complement the analysis 
course among cells (Fig. 3B). The persis- and demonstrate the use of these techniques for 
tent reduction in (T) observed in live cells investigation of human disease. 
may result from a masking effect of the 

unstimulated cells, was broadly dispersed in the phdspho-specific antibody which protects 
References and Notes cytoplasm and excluded from the nucleus. the epitope from subsequent dephosphoryl- Y, Nishizuka, Science 233, 305 (1986). 

Analysis of mean fluorescence lifetime images ation by phosphatases that act on PKC. 2. H. H U ~  and T. F. Sarre. Biochem. 1. 291.3~9 (1993). 
((T), the average of T, and T,) revealed that This also shows that the FLIM experiments 3. L V. ~ekker and P. J. Parker, Trends Biochem. Sci. 19. 

there was a small deGee of GFP-PKC~ phos- on live and fixed cells are complementary. 73 (l-1. 
4. A. S. Kraft and W. B. Anderson. Nature 302, 621 

phorylation in unstimulated cells, but following We investigated the activation state of ,,,,,, ,.---,- 
stimulation. there was a proaessive increase in PKCa in fixed tissue samples, using FLIM to 5. ThrZM was identified follow in^ in vivo 3zP-labeling of 

ThrZ50 phosphorylatio~ evidenced by a de- 
crease in GFP emission lifetimes; this was ev- 
ident only in the two central GFP-PKCa-trans- 
fected and T(P)250-IgG-Cy3.5-microinjected 
cells. After 15 min, the most intense decrease 
was observed in punctate areas adjacent to the 
plasma membrane. By 30 min, there was a 
greater shift in donor emission lifetimes at the 
plasma membrane with a broader distribution 
of shorter lifetimes throughout the cytoplasm. 
The T, and T, two-dimensional (2~)-histo- 
grams show the shlft in lifetimes that occurred 
upon TPA stimulation. Control experiments on 
fixed cells analyzed by confocal imaging and 
protein imrnunoblotting confirmed a redistribu- 
tion of GFP-PKCa to a perinuclear compart- 
ment, but indicated little or no protein degrada- 
tion within this time h e .  

Monitoring of donor emission lifetimes in 
live cells for up to 40 min after TPA treat- 
ment showed that there was a persistent re- 
duction of (7) in the transfected, microin- 
jected cell population. In contrast, control 

provide the required specificity ofdetection. 
In a series of formalin-fixed paraffin-embed- 
ded breast tumors (n = 23), parallel samples 
were stained either for PKCa (MC5-Cy3) or 
for both PKCa and ThrZs0 phosphorylation 
[T(P)250-IgG-Cy51. The results obtained fall 
into two categories: those patients where 
there was no detectable change in fluores- 
cence lifetime (12 of 23 patients) and those 
where there was a significant decrease in (7) 

(1 1 of 23) (Fig. 4). Quantification of the T, 
and T, changes is provided by the 2D histo- 
gram. The results demonstrate that PKCa is 
activated in situ in a significant number of 
human breast tumors. Notably, whereas some 
tumors displayed an up-regulation of PKCa, 
PKC content per se did not correlate with 
activation. 

The results demonstrate that FRET mea- 
sured with FLIM is able to detect catalytic 
functions in vivo as shown by the use of an 
autophosphorylation site in PKCa to monitor 
its activation. Our study reveals the dynamics of 

Fin. 4. Demonstration of I c 

a variable degree of ThrZs0 
phosphorylation of PKCa in 
paraffin-embedded, fixed 
tissue sections of human 
breast carcinomas. Paraf- 
fin-embedded breast can- 
cer sections were de- 
waxed in xylene, pressure 
cooked for antigen-retriev- 
al (26), then stained with 
either MC5-Cy3 alone or 
with both MC5-Cy3 and 
T(P)250-lgC-Cy5. The left- 
most panels show the do- 
nor (upper and middle) and 
acceptor (lower) fluores- 
cence patterns. The corre- 
sponding lifetime images 
for the upper two sections 
are shown at middle and 
right. The 2D histogram 
(bottom right) shows the 
donor lifetimes ( T ~  and 7,) 

from these images. For 
derivation of Eff, see Fig. 2. 

C 

PKCa-transfected COS cells. P K C ~  was purified from 
cell extracts, fractionated by SDS-polyacrylamide gel 
electrophoresis, and digested with trypsin. Labeled 
peptides were separated by high-performance liquid 
chromatography and subjected to Edman degrada- 
tion to identify the phosphorylation sites. One pep- 
tide released 3zP at cycles 1 and 11, predicting the 
sites threonine-250 (T250) and serine-260 (5260) 
derived from an incomplete tryptic cleavage. Confir- 
mation of this identification was derived from the 
generation of phospho-specific T(P)250 and S(P)260 
antisera. Both antisera reacted with PKCa. confirming 
occupation of these sites. The 5260 site is not dis- 
cussed further here. 
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Regulation of p-Catenin 
Signaling by the B56 Subunit of 

Protein Phosphatase 2A 
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Dysregulation of Wnt-p-catenin signaling disrupts axis formation in vertebrate 
embryos and underlies multiple human malignancies. The adenomatous poly- 
posis coli (APC) protein, axin, and glycogen synthase kinase 3@ form a Wnt- 
regulated signaling complex that mediates the phosphorylation-dependent 
degradation of p-catenin. A protein phosphatase ZA (PPZA) regulatory subunit, 
656, interacted with APC in the yeast two-hybrid system. Expression of 656 
reduced the abundance of p-catenin and inhibited transcription of p-catenin 
target genes in mammalian cells and Xenopus embryo explants. The 656- 
dependent decrease in p-catenin was blocked by oncogenic mutations in 
p-catenin or APC, and by proteasome inhibitors. 656 may direct PPZA to 
dephosphorylate specific components of the APC-dependent signaling complex 
and thereby inhibit Wnt signaling. 

In veltebrate cells, iJ7nt. a secreted glycopro- 
tein, regulates growth and development in pait 
by conholling the activity of a heterodimelic 
tsansckption factor contailling p-catenin and a 
member of the Lef-Tcf faillily of high mobility 
group transcription factors. @-Catenin binds an 
APC-axin complex; where it is phosphoiylated 
by glycogen synthase kinase 3@ (GSK3p) on 
533,-terminal residues. This phospholylation 
event results in the ubiquitin-mediated protea- 
soma1 degradation of p-catenin. Wnt signaling 
leads to the inactivation of GSK3@, which re- 
sults in an accumulation of p-catenin that then 
binds to Lef-Tcf and activates transcription of 
target genes (1). Mutations in the APC gene 
that produce a ti-uncated polypeptide unable to 
promote the degradation of p-catenin are found 
in 85% of sporadic colon cancers. Point muta- 
tions in p-catenin that alter putative GSK3P 
phosphorylation sites have been reported in co- 
lon, pancreatic, hepatic, and skin cancers (2). 

The APC protein contains a number of pre- 
dicted protein-protein interaction domains, sug- 
gesting that it acts as a scaffold for the assembly 
of signaling n~olecules including @-catenin, 
GSK3@, and axin. Domains in the central third 
of APC are required for the billding of these 
molecules. .4rmadillo and heptad repeat motifs, 
wlihich are thought to mediate protein-protein 
interactions, are present in the KH,-teilninal 
third of the protein. To identify additional 
APC-interacting proteins that may regulate 
Wnt signaling, we performed a two-hybrid 
screen with the NH,-tern~inal third of APC. 
In a screen of a human B cell cDNA library, 
clones encoding the B56ct and B566 isoforrns 
of the B56 family of PP2A regulatoiy sub- 
units were isolated (3). 

PP2A is an inhacellular seiine-thseonine 
protein phosphatase. It is a heterotrimeric pro- 
tein containing coilselved catalytic (C) and 
shx~ctural (A) subunits, and a va~iable regulato- 
iv iB) subunit. Three unselated families of 

APC and B56, we tested plasmids encoding a 
number of PP2A subunits for interaction with 
APC in a directed hvo-hybrid assay (7). APC 
interacted with all assayed members of the B56 
family, whereas there was no detectable inter- 
action with Bct (a member of the B family), 
PR72; A; or C subunits (8). 

One essential function of the Wilt pathway 
signaling complex is to regulate the abundance 
of p-catenin. Multiple phospholylation events 
occur in this complex, including the phospho- 
rylation of APC; GSK3@, p-catenin, and axin 
(9). The possible interaction of a PP2A regula- 
toiy subunit with this complex indicates that 
phosphatase activity may regulate p-catenin 
signaling. To test this, we assessed the effect of 
okadaic acid, a cell-pernleable serine-threonine 
phosphatase illhibitor. on p-catenin abundance. 
Treatment of HEK 293 cells with okadaic acid 
caused an increase in the abundance of @-cate- 
nin (Fig. 1A). This suggests that if a PP2A 
heterotrimer participates in the Wnt--p-catenin 
pathway, it is likely to be inhibitoiy to the 
signaling process. We therefore deteimined 
whether increased expression of B56 had ally 
effect on the amounts of p-catenin in 293 cells. 
Expression of B56ct decreased the anlount of 
@-catenin (Fig. 1B). Expression of other mem- 
bers of the B56 family also reduced the abun- 
dance of p-catenin (Fig. 1C). The down-regu- 
lation of p-catenin was specific to the B56 
family, however, because hallsfection of empty 
vector; or expression of Bct, had no effect on 
the amount of p-catenin. 

The degradation of phosphorylated @ -  
catenin can be blocked by proteasome inhib- 
itors (10). We therefore transfected 293 cells 
with vectors encoding hemagglutinin (HA)- 
tagged B56ct and either Myc-tagged @-cate- 
nin (Fig. 2A) or untagged @-catenin (Fig. 2B) 
and then treated the transfected cells with the 
proteasoine inhibitors MG-132 (Fig. 2A) or 
X-acetyl-Leu-Leu-norleucinal (ALLN) (Fig. 
2B). In both instances, the B56-induced de- 
crease in B-catenin abundance was blocked 
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