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1The minimal setup for carrying out these experiments consists of a wide-field inverted epifluorescence microscope equipped with an
automated filter wheel, appropriate filters, and a CCD camera controlled by image acquisition software. The filters must enable
sequential collection of CFP and YFP fluorescent emission upon excitation of CFP; collecting YFP emission upon direct excitation of
YFP is also beneficial as a way to monitor photobleaching. These experiments are carried out in our lab on a Zeiss Axiovert
microscope (Carl Zeiss Microimaging, Inc.). Excitation and emission filters are switched in filter wheels (Lambda 10-2; Sutter), and
images are acquired through a 10% neutral density filter. Optical filters (Chroma Technologies) are listed in Table 1. Images are
captured using a MicroMax digital camera (Roper-Princeton Instruments) controlled by MetaFluor software (Universal Imaging,
Corp.). Integration times are 200 ms for CFP and FRET, and 50 ms for YFP. Using this setup, cells having approximate YFP intensity
of 1000 contain a cellular concentration of approximately 1 µM reporter; these levels of reporter provide consistent responses that are
subject to regulation by endogenous receptors, PKC isoforms, and phosphatases.
2If using a different setup than that described above, one needs to determine conditions that will provide sufficient fluorescence
intensity for consistent FRET ratio changes over time without photobleaching. This is determined by varying neutral density filters
(typically less than 30%) and exposure time (typically less than 1 s) until a good signal-to-noise ratio with minimal photobleaching is
achieved over the appropriate period of time.
3With these described acquisition settings and analyses, baseline FRET ratios are not quantitatively meaningful; only stimulated
changes in FRET give a quantitative readout of changes in activity.
4For each new application of CKAR (i.e. testing a new agonist), it is very important to test that the control CKAR T/A reporter does
not yield a FRET ratio change and that the PKC inhibitor blocks and/or reverses the response.
5For un-targeted reporters, selection of a dim cytoplasmic region (rather than the entire cell) provides the most robust and consistent
responses, since CKAR in the nucleus does not often respond to stimulation (see Figure 3B). The ratiometric nature of the reporter
controls for effects of minor movement of the population of reporters in and out of the selected region. However, it is important that
the cell itself does not move in and out of the region selected.
6For imaging targeted reporters in new cell lines, visual verification and/or extensive validation of targeting should be performed.
Dyes that highlight the mitochondria and Golgi are available which are spectrally compatible with CKAR (Invitrogen, Carlsbad, CA),
or one may co-localize the reporter with immunofluorescence staining for organelle marker proteins. Additionally, one should always
keep in mind that, for CKAR, CFP and YFP are linked in the same molecule; therefore, CFP intensity should co-localize with YFP.
Failure of these two images to co-localize indicates cleavage of the reporter resulting from targeting it near a cellular protease (as can
happen on the surface of the mitochondria, for example5); this can also be tested by western blot.
7If the agonist or inhibitor has intrinsic fluorescence, it may interfere with the CKAR readout. The ability of a fluorescent drug to
interfere with CKAR readout can be tested by either selecting a region of the image containing no cells and monitoring CFP and
FRET, or by monitoring the FRET ratio of cells transfected with CKAR T/A. If these values consistently change upon addition of the
agonist or inhibitor, then the agonist or inhibitor cannot be used for FRET imaging experiments. The exception is that if the
fluorescence of an inhibitor is fairly low and very minimally affects the FRET ratio of CKAR T/A, it is appropriate to pretreat samples
with this inhibitor to verify that the inhibitor blocks the response to an agonist.
8For targeted DAGR constructs, it is difficult to compare the magnitude of the FRET ratio change between the plasma membrane and
Golgi. This is because the C1 domain may already be pre-localized to a particular subset of membranes and therefore the stimulated
response will appear to be small in magnitude. We have only used these reporters to test the kinetics of the response at a particular
region of the cell, correlating the duration of the DAG response with duration of the PKC response to the same agonist5 (Figure 5A).
9It is difficult to image cells that adhere loosely to glass or that move during the duration of the experiment (usually less than 30 min).
In particular, treatment of loosely adherent cells with phosphatase inhibitors such as Calyculin A often results in release of the cells
from the dish. One can attempt to improve conditions for imaging by plating cells on glass coated with a matrix such as Matrigel or
poly-lysine. In our experience, coating glass coverslips with matrix has not interfered with the FRET ratio readout of CKAR.
10During data analysis, it is important to not over-subtract drift. Adding inhibitor to reverse the agonist-induced response back to
baseline not only controls for specificity but also provides a good readout of whether the baseline has been over-subtracted. The FRET
ratio over time after PKC inhibition should level off to a line with a flat slope if the subtraction has been carried out properly.
11The experiments described here were carried out at room temperature and in HBSS supplemented with Ca2+, but the use of other
media and temperature controls may improve the quality of the data for certain experiments. In addition, other accessories such as
controlled flow perfusion systems (available from Bioscience Tools, San Diego, CA) may enable additional types of experiments to be
carried out, such as pulse-addition of agonist.
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Abstract

Protein kinase C (PKC) signaling drives many important cellular processes and its dysregulation

results in pathophysiologies such as cancer1. Because PKC is activated acutely and allosterically,

it is difficult to monitor the cellular activity of endogenous PKC by conventional methodologies2.

Rather, PKC signaling is best studied in situ using biosensors such as FRET-based reporters. We

have generated several FRET-based reporters for studying PKC signaling in real time in live

cells3. Using these reporters, we have demonstrated phase-locked oscillations in Ca2+ release and

membrane-localized endogenous PKC activity in response to histamine4, as well as distinct

signatures of endogenous PKC signaling at specific organelles in response to UTP5. Here we

describe methods to image cells expressing the reporters and elaborate on data analyses, control

experiments, and variations for imaging the activity of expressed PKC.
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1. Introduction

Signal transduction relies greatly upon the regulated enzymatic activity of protein kinases6.

The protein kinase C (PKC) family is a group of ten mammalian isozymes sharing a highly-

conserved kinase core that is ‘matured’ by a series of priming phosphorlation events

promoted by the upstream kinases PDK-1 and mTORC2 (For review, see7). PKC isozymes

contain membrane-targeting domains, C1 and C2, which sense levels of second messengers,

diacylglycerol (DAG) and Ca2+, respectively, which are produced upon receptor activation

(Figure 1). In response to changing levels of second messengers, PKC isozymes are

allosterically and locally activated to phosphorylate downstream substrates (Figure 1A).

Conventional PKC isoforms (cPKC: α, βI/II, γ) are activated by coincident elevation in

intracellular Ca2+ and membrane-bound DAG; Novel PKC isoforms (nPKC: δ, ε, θ, η)

respond robustly to DAG alone; Atypical PKC isoforms (aPKC: ζ, ɩ) respond to neither

second messenger, although they are spatially localized by protein:protein interactions8 and

appear to be regulated at the level of priming phosphorylation events (Figure 1B; for

extensive review of PKC signaling, see9, 10). Phosphorylation of PKC substrates is tightly

regulated by both spatio-temporally localized PKC activation and the opposing actions of

cellular phosphatases4, 5.

Traditionally, the method of choice for demonstrating protein kinase activation has been

monitoring the phosphorylation of residues that prime or activate kinases using Western

blotting with phospho-specific antibodies that recognize these sites (as in11). However,
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conventional and novel PKC isoforms are most often constitutively phosphorylated as a

maturation step, rendering analysis of phosphorylation sites an ineffective measure of prior

cell activation. Rather, PKC is acutely activated by allosteric mechanisms resulting from

binding membrane-embedded diacylglycerol (reviewed in2). As a result, the classic method

for examining PKC activity has been to probe for the presence of PKC in membrane

fractions of lysed cells, or by staining fixed cells with PKC antibodies as a measure of

membrane translocation (as in12,13, 14). But, these methods can fall short of achieving

precise spatial and temporal resolution of signaling events because they require fractionation

or staining of cells that have been lysed or fixed at defined time points. The advent of green

fluorescent protein (GFP; recently reviewed in15) presented PKC researchers with the ability

to monitor membrane translocation of fluorescently-tagged PKC in live cells as a readout of

activation, generating numerous elegant examples of PKC translocation over time in

response to the addition of natural receptor agonists16, 17 or the addition of ligands which

activate PKC by directly engaging the C1 domains of cPKC isozymes and nPKC isozymes,

such as tumor-promoting phorbol esters18. But, these experiments rely on over-expressed,

tagged PKC. Thus, these studies are blind to the activity of endogenous PKC and,

importantly, the balance between PKC activity and the activity of cellular phosphatases.

Therefore, live-cell imaging using biosensors or reporters to read out endogenous activity is

ideal for examining PKC signaling.

Our lab has developed and characterized förester resonance energy transfer (FRET)-based

reporters for studying PKC signaling (Figure 2), which rely on changes in FRET from donor

cyan fluorescent protein (CFP; ECFP variant) to acceptor yellow fluorescent protein (YFP;

Citrine variant) to reflect changes in signaling activity. C Kinase Activity Reporter, CKAR,

is a tool to measure directly the activity of PKC,4 and is similar in structure to the

prototypical kinase reporter, A Kinase Activity Reporter, AKAR19. CKAR consists of CFP

at the N-terminus, followed by an FHA2 phosphopeptide binding domain linked to a

substrate sequence that is specific for PKC, followed by YFP at the C-terminus (Figure 2A).

CKAR is phosphorylated by all conventional and novel protein kinase C isozymes tested,

although with varying efficiency (Kajimoto, et al.; manuscript in preparation). Importantly,

CKAR is not phosphorylated by other kinases predicted to have similar substrate specificity,

such as PKA and CAMKII, in vitro4. Because CKAR is genetically encoded, we have been

able to fuse short sequences to the N- or C-terminus of CKAR to target or enrich the reporter

at specific regions of cells to monitor localized signaling4, 5 (plasma membrane-targeted

reporter shown in Figure 2B). We also generated FRET-based tools to measure the

production of the upstream second messenger, DAG. Diacylglycerol reporter, DAGR,

consists of CFP and YFP flanking a diacylglycerol-binding domain (DBD), in this case, the

C1 domain of PKCβ4 (Figure 2C). In addition to this original DAGR, we also generated

targeted versions of DAGR. These consist of separate constructs encoding CFP targeted

either to the plasma membrane or to the Golgi co-transfected with a YFP-tagged DBD, in

this case, a mutated form of the C1b domain of PKCβ5 (Figure 2D). These tools have

allowed us to monitor with great precision when and where PKC activity is elevated in live

cells in response to agonist-mediated signaling, and to correlate this activity to regional

differences in second messenger production and phosphatase activity.
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2. Materials

2.1 Cell culture

1. Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco/BRL, Bethesda, MD)

supplemented with10% fetal bovine serum (FBS; HyClone, Ogden, UT).

2. Solution of trypsin (1%) and ethylenediamine tetraacetic acid (EDTA; 1 mM) from

Gibco/BRL.

3. COS7 or other adherent cell line (ATCC, Manassas, VA).

4. Uncoated 35 mm glass-bottom imaging dishes (Matek, Ashland, MA).

5. Plasmid DNA encoding CKAR, CKAR T/A (Ala at phospho-acceptor site),

DAGR, or targeted versions of these reporters (Addgene, Cambridge, MA).

2.2 Imaging

1. Hanks’ Balanced Salt Solution (HBSS; Sigma, St. Louis, MO) supplemented with

1 mM CaCl2 just prior to imaging.

2. Phorbol Myristate Acetate (PMA; EMD biosciences, Gibbstown, NJ) or

Phorbol-12,13-dibutyrate (PdBu) from EMD biosciences dissolved in Dimethyl

sulfoxide (DMSO) from Sigma to a stock concentration of 200 µM (dilute 1:1000

for working concentration).

3. Calyculin A from EMD biosciences at a stock concentration of 50 µM (dilute

1:1000 for working concentration) in DMSO.

4. Gö6976 in solution (500 µg/ml), from EMD biosciences (add 0.77 µL to 2 ml saline

for working concentration of 500 nM).

5. Gö6983 from EMD biosciences at a stock concentration of 250 µM (dilute 1:1000

for working concentration) in DMSO.

6. Test agonist, such as UTP from EMD biosciences at a stock concentration of 100

mM in dH2O to be diluted 1:1000 for working concentration, or other receptor

agonist.

**NOTE: Phorbol esters, Gö6976, Gö6983, and Calyculin A are toxic substances that

should be handled with care and disposed of according to institutional guidelines. Stock

solutions of these compounds are stored at −20 °C in small aliquots; repeated thawing and

freezing is not recommended. UTP is stored at −20 °C in one large aliquot, and thawed on

ice for use.

3. Methods

It is important to note that the maximal FRET ratio change possible with CKAR is 20%, and

typical agonist-stimulated responses reach 5%. Because of this relatively low signal-to-noise

ratio, it is critical to average data from multiple cells across 3 or more dishes and calculate

error before attempting to compare PKC responses. For initial characterization, the full

range of the CKAR response should be determined(as in5, Figure 3). The response of test
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agonists will fall within this range, and the detection limit will be apparent. Other

experiments that must be done to ensure confidence in positive CKAR responses are to

reverse or prevent the PKC response using PKC inhibitors, such as Gö6983 and Gö6976.

One should also image the response of a mutant form of the reporter containing an Ala

residue at the phospho-acceptor site (CKAR T/A), which should not change upon addition

of agonist.

Expression of these reporters in cells has the inherent possibility of altering signaling by

competing with endogenous signaling molecules for access to PKC (CKAR) or DAG

(DAGR). Therefore, when carrying out these experiments, it is important to select cells that

express low levels of CKAR and DAGR. In fact, we have calibrated the YFP fluorescence

intensity with reporter concentration using purified protein4, and consistently image cells

expressing no more than approximately 1 µM CKAR. This is well below concentrations of

an abundant cellular substrate, MARCKS, which can reach concentrations of 20 µM20. In

addition, CKAR expression levels ranging from approximately 0.5–5 µM report consistent

FRET ratio changes in response to agonist, supporting that this level of expression does not

appreciably interfere with signaling4. Expression of DAGR also has the potential to alter

signaling by acting as a “sponge” to soak up agonist-stimulated DAG, preventing

endogenous downstream effectors from responding. Indeed, we have experimentally verified

this effect by expressing high levels of C1 domain and monitoring effects on PKC activity5.

Thus, for both CKAR and DAGR, it is critical to evaluate signaling only in cells expressing

low reporter levels.

While the strength of this imaging approach is the ability to measure signaling carried out by

endogenous signaling molecules in real time, it is also possible to measure the activity of

expressed PKC isoforms. For example, one might want to compare the activity of a mutant

PKC to wild-type PKC. The variation described in section 3.5 describes how to explore

these differences in activity using CKAR. The challenges with this method are 1] dealing

with unequal expression of PKC amongst individual cells and 2] separating the activity

contributed by overexpressed PKC from that contributed by the endogenous PKC. The first

challenge is easily overcome by tagging PKC with a spectrally-compatible fluorophore (i.e.

mCherry21) whose fluorescence intensity can be monitored as a measure of PKC expression

level without interfering with the FRET reporter readout. The second challenge can be

overcome by generating a “dose-response” curve for the endogenous PKC vs. the expressed

PKC using the agonist of choice. This will allow the determination of an agonist

concentration that is sufficient to activate the overexpressed and more abundant PKC from

the endogenous PKC.

3.1 Cell culturing

1. COS7 and other adherent cell lines are passaged just prior to confluence using

trypsin/EDTA to dissociate cells. These cells are diluted in fresh media in 10 cm

dishes for maintenance of the culture and split into 35 mm glass bottom dishes for

experimental setup. Cells are plated sparsely for imaging; for example, a 1:40 split

of a 70–80% confluent 10 cm dish of COS7 cells provides conditions that are

optimal for efficient transfection and imaging of individual cells.
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2. Once cells have adhered to the glass (either later on the day of plating or on the

following day), cells are transfected according to manufacturers’ protocols with

plasmid DNA encoding the reporter of interest. For example, COS7 cells are

transfected with 0.5–1 ug of reporter DNA using 3 uL FUGENE6 (Roche

pharmaceuticals, Palo Alto, CA) per 35 mm dish. Overnight expression is typically

sufficient to obtain cells expressing appropriate levels of the reporters.

3. When preparing to image targeted DAGR constructs, more YFP-DBD than targeted

CFP is transfected (typically a 3:1 ratio is sufficient) to maximize the range of

responses.

3.2 Imaging CKAR/DAGR

1. Cells expressing the reporter of interest are rinsed once with HBSS + 1 mM CaCl2
and imaged in 2 ml of this solution. Once cells expressing an optimal level of the

reporter are selected, a series of CFP, FRET, and YFP images are acquired.

2. Background signal is subtracted from areas of the image lacking cells or from areas

with untransfected cells.

3. If using Metafluor software, one region per cell is selected for monitoring FRET

ratios in real time.

4. Acquisition of CFP, FRET, and YFP images over fixed time intervals, typically

10–15 s, is carried out through the entire experiment. If using Metafluor software,

the average FRET ratios (CFP/FRET for CKAR or FRET/CFP for DAGR) for the

selected cellular regions are plotted as a readout of the signaling response. The YFP

intensity is also graphed to monitor for photobleaching.

5. Baseline FRET ratio readings are acquired for 5–15 min. Agonist or inhibitor is not

added until the baseline is either flat or has a consistent linear slope.

6. To add agonist or inhibitor, approximately 0.5 ml–1 ml of HBSS is withdrawn from

the dish and used to pre-dilute the drug taken from the stock. This pre-diluted drug

is added carefully in between image acquisitions, and the time of addition is noted.

3.3 CKAR data analysis (Figure 4A)

1. The average FRET ratio for each region selected is plotted over time using a

graphing program such as Microsoft Excel.

2. For each average FRET ratio, the slope of the baseline approximately 5 min before

the addition timepoint is determined. Ideally, this slope will be zero, but

occasionally the baseline FRET ratio exhibits drift. The drift often has a steeper

slope initially and then levels off to a fairly linear slope that is consistent

throughout the course of the experiment. One can mathematically determine the

slope by graphing the linear portion of the baseline FRET ratio drift. Then, the

linear drift (i.e. slope × time) is simply subtracted systematically from each data

point in the response curve.
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3. Responses (corrected for drift, if necessary) are all normalized to 1 by dividing by

the initial FRET ratio.

4. The normalized FRET ratio responses are averaged across all cells imaged,

referencing data from different dishes to the agonist or inhibitor addition timepoint.

If agonist or inhibitor was added at different time points for different dishes,

baseline FRET ratios can be deleted from the beginning of the experiment. The

normalized average FRET ratio from all cells imaged is plotted against time in a

new graph.

5. The standard error of the mean is calculated and plotted for each data point in the

average FRET ratio.

3.4 DAGR data analysis

1. Original DAGR is imaged and analyzed in a similar manner as described above for

CKAR.

2. For targeted versions of DAGR, variability will exist in the range of responses for

each cell (Figure 4B, left panel). This results from the variations in relative

expression levels of CFP and YFP. It is possible to work around these variations by

selecting cells with similar expression levels (as was done for the data in Figure

5A). However, because phorbol esters such as PMA and PdBu cause an overriding

maximal translocation of DAG-binding C1 domains to cellular membranes, it is

also possible to correct for these differences. Figure 4B shows two different cells

on the same dish responding to the addition of a natural agonist (UTP) and the

subsequent stimulus of PdBu. Note that in the left panel, the cell with the better

response to UTP also responds better to PdBu (Cell one). Because both cells are

responding to the same concentration of PdBu, this indicates that ‘Cell one’ has a

greater capacity to respond because of a more favorable ratio of CFP to YFP.

Normalizing for the range of each cell by taking the baseline to be “0% response”

and the maximal PdBu-stimulated FRET ratio change to be “100% response”,

causes the responses of individual cells to UTP to become nearly super-imposable

(Figure 4B, right panel). This correction controls for variations in the range of

responses resulting from cell-to-cell variability in CFP relative to YFP expression

levels22, providing a meaningful way to compare differences in the magnitudes of

the responses to different ligands using membrane-targeted DAGR.

3.5 Variation: using CKAR to measure the activity of expressed PKC (Figure 5B)

1. The maximum response to a low concentration of agonist in cells transfected with

CKAR alone is determined. In practice, the maximum response is calculated by

curve-fitting the average response from 9 or more cells over 3 or more dishes. The

maximum PKC response to GPCR agonists typically occurs within two minutes of

agonist addition. Determination of the maximum response is carried out for

increasing concentrations of agonist.
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2. The maximum PKC responses are plotted on the y-axis and concentration of

agonist on the x-axis using a semi-log scale. This generates a “dose-response”

curve for endogenous PKC.

3. The “dose-response” curve for expressed PKC is similarly determined, selecting

cells expressing similar levels of tagged PKC. Because the exogenous PKC is

expressed more highly than the endogenous, or, in some cases, perhaps because

particular PKC isoforms are better at phosphorylating CKAR than the endogenous

isoforms present, the expressed PKC will respond to lower concentrations of

agonist, and the response curve will shift to the left. The difference between the

response curves for the expressed wild-type PKC and the endogenous isoforms

provides a “window” for monitoring effects of mutations on PKC activity.

4. The “dose-response” curve for the tagged mutant PKC is determined next, selecting

cells that express equivalent levels of mutant PKC compared to the wildtype.

Mutations that decrease the ability of PKC to be activated will shift the curve to the

right (as in Figure 5B), while mutations that sensitize PKC to agonist will shift the

curve left-ward. These dose-response curves may be fitted with Michaelis-Menten

kinetics, and can provide a quantitative measure of differences in PKC activity

amongst mutants by revealing the concentration of agonist yielding half-maximal

response.
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Figure 1. Regulation of PKC isoforms
A. Activation of PKC. In unstimulated cells, PKC (cPKC shown here) exists in a fully-

phosphorylated, closed conformation (right species) with an N-terminal autoinhibitory

pseudosubstrate peptide resting in the substrate binding cavity of the kinase core; this

prevents phosphorylation of cellular substrates. Upon receptor stimulation and subsequent

DAG and Ca2+ elevation, PKC translocates to cellular membranes (right species) using a

Ca2+-sensitive C2 domain and DAG-sensitive C1 domains. Membrane binding relieves

autoinhibition and permits phosphorylation of cellular substrates. B. Domain structure of

PKC family. Conventional PKC isoforms contain a Ca2+-sensitive C2 domain and DAG-

sensitive C1 domains. Novel PKC isoforms contain a Ca2+-insensitive C2 domain and

DAG-sensitive C1 domains; however, these C1 domains bind membranes with two orders-

of-magnitude higher affinity in the presence of DAG compared to those present in cPKC

isozymes. Atypical PKC isoforms contain a DAG-insensitive C1 domain and a PB-1

domain; both of these serve as protein-protein interaction modules. Adapted from9.
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Figure 2. FRET-based reporters for PKC signaling pathways
A. CKAR, C kinase activity reporter. CFP is linked to YFP by a substrate peptide specific

for PKC and an FHA2 phosphopeptide-binding domain. Basal intramolecular FRET from

CFP to YFP is reduced upon phosphorylation of the reporter by PKC, but can be restored

upon dephosphorylation of the reporter by cellular phosphatases. B. PM-CKAR, plasma

membrane-targeted CKAR. The N-terminal 7 residues of Lyn kinase encode sequences for

myristoylation and palmitoylation; when these residues are fused to the N-terminus of

CKAR, the reporter expressed in cells is enriched at the cytoplasmic side of the plasma

membrane. C. DAGR, diacylglycerol reporter. CFP and YFP flank a diacylglycerol binding

domain (DBD). Intermolecular FRET between reporters increases as they come in close

proximity upon translocation to cellular membranes in response to DAG production. FRET

decreases as DAG is metabolized and the reporters re-localize to the cytosol. D. PM-DAGR,

plasma membrane-targeted DAGR. PM-DAGR consists of two separate constructs

transfected together encoding YFP-tagged DBD and CFP targeted to the plasma membrane

using the N-terminal 7 residues of Lyn kinase as described above. Intermolecular FRET

from CFP to YFP increases as the reporter translocates to membranes in response to

stimulated DAG production, and decreases upon DAG turnover and re-localization of YFP-

DBD to the cytosol. Note that the DBD in B. and in C. are different (see text).
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Figure 3. Experimentally verifying the range of targeted CKARs
A. The range of a kinase activity reporter is determined in three experiments. ‘Basal PKC

activity’ is the magnitude of the decrease in FRET ratio upon adding PKC inhibitor after

acquiring baseline FRET ratios. ‘PdBu-stimulated activity’ is the FRET ratio increase from

baseline upon addition of PdBu. ‘Phosphatase-suppressed PKC activity’ is the FRET ratio

increase from the plateau of the maximal response to PdBu upon addition of Calyculin A.

FRET ratio changes from GolgiCKAR depicted here are normalized to 1, and represent the

average responses of multiple COS7 cells across three or more dishes; maximal FRET ratio

changes are determined by fitting the data to monoexponential curves. Experimentally-

determined ranges for targeted CKAR responses in COS7 cells. Note that Mito-CKAR has a

decreased range compared to all other reporters, which all exhibit an approximately 20%

maximal FRET ratio change; this likely results from slight proteolysis of Mito-CKAR in

COS7 cells. Adapted from5.
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Figure 4. Data analysis
A. Flow chart depicting typical analysis steps that yield average FRET ratios suitable for

comparison across different scenarios. The far left panel is an illustration of raw FRET ratio

values that drift over time. The middle left panel depicts drift-corrected FRET ratios. The

middle right panel shows normalized FRET ratios, and the far right panel shows the

normalized average FRET ratios with calculated error. This analysis step is described in

detail in section 3.3. B. Normalization step for targeted DAGR analysis. The left plot

contains raw FRET ratios from two cells transfected with PM-DAGR and stimulated with

UTP (100 µM) followed by PdBu (200 nM). The right plot contains these same data

normalized for the ranges of the individual cells. This analysis step is described in detail in

section 3.4.
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Figure 5. Examples of data generated using FRET-based reporters for PKC signaling
A. Localized PKC signaling in response to UTP in COS7 cells. COS7 cells were transfected

with PMCKAR (closed black diamonds), PMDAGR (open black triangles), Golgi-CKAR

(gray squares) or Golgi-DAGR (open gray circles), and stimulated with UTP (100 µM); the

average FRET ratio change was plotted over time. Here, targeted DAGR responses were not

normalized for range, but cells expressing similar levels of CFP and YFP were imaged.

Error bars represent SEM of data obtained from over 10 cells across three dishes per

response. Note that, in this experiment, PKC activity and DAG production persist longer at

the Golgi compared to the plasma membrane. Adapted from5. B. Using CKAR to test the
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effects of mutation on exogenous PKC. COS7 cells were transfected with CKAR alone (to

monitor endogenous PKC activity, open circles), CKAR and mCherry-WT PKCII (closed

black circles), or CKAR and m-Cherry PKCβII-mutant (closed gray circles). The left panel

shows the maximal FRET ratio change in response to increasing concentrations of UTP.

Each data point represents the maximum response determined by curve-fitting the average

FRET ratio change within the first two minutes as described in section 3.5. Note that, in this

case, the mutant PKC is desensitized to receptor-mediated signaling compared to the wild-

type PKC. The right panel is a graph of mCherry intensity values, demonstrating equivalent

expression of mCherry-tagged PKC constructs.
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Table 1

Filters for imaging CKAR and DAGR

Fluorochrome Excitation (nm) Dichronic mirror
(nm)

Emission (nm)

CFP 420/20 450 475/40

YFP (FRET-based) 420/20 450 535/25

YFP (Direct excitation) 495/10 505 535/25
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