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Fluorescence resonance energy transfer
imaging of PKC signalling in living cells
using genetically encoded fluorescent probes

Joachim Goedhart* and Theodorus W. J. Gadella Jr

Laboratory for Molecular Cytology, Centre for Advanced Microscopy,
Swammerdam Institute for Life Sciences, University of Amsterdam, Kruislaan 316,
1098 SM Amsterdam, The Netherlands

Perception of ligands in the extracellular space by transmembrane receptors initiates signal
transduction. The conformation change of the receptor induces changes of intracellular
signalling components, including altered cellular concentration, altered subcellular location,
altered conformation and altered interacting partners. Biochemical approaches have yielded
a lot of information about these processes. However, methods that are compatible with
analysis of single living cells are often preferred, since cells are highly organized and their
response is usually spatially heterogeneous. In addition, the study of signalling cascades
requires high temporal resolution. Fluorescence imaging approaches meet these require-
ments. Moreover, imaging approaches can be combined with genetically encoded green
fluorescent protein-based probes that have a high selectivity and sensitivity for the
process/molecule of interest. Nowadays, many genetically encoded probes are available for
visualizing signalling in living cells. This review is centred on a key regulator of cellular
signalling, protein kinase C (PKC). We will discuss imaging approaches that are used for
analysing the molecules involved in activation of PKC, visualizing the dynamics of the
location of PKC, measuring the conformation of PKC and quantifying the activity of PKC.
These approaches are of general interest since they can be applied to study the dynamics,
conformation and activity of any protein in living cells.
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1. INTRODUCTION

Cells are continuously perceiving signals that are
present in the extracellular space. Correct interpre-
tation of these signals is required for proper functioning
of cells and organisms (Meyer & Teruel 2003). When a
signalling cascade is modified, e.g. by mutations in genes
encoding signalling proteins, the resulting faulty
response may have serious consequences and eventually
lead to a disease. A key regulator of many cellular
processes is protein kinase C (PKC; Newton 2001).
Altered PKC activity is associated with diseases such as
cancer, diabetes and neurodegeneration. Biochemical
approaches have been taken to understand the proper-
ties of PKCs, and these studies have yielded a wealth of
information. It has become clear from these studies that
PKC activity is controlled by a complex interplay of
several factors, such as its location, interactions with

*Author for correspondence (j.goedhart@uva.nl).

One contribution of 9 to a Theme Supplement ‘Quantitative fluorescence
microscopy: The 1st international Theodor Forster lecture series’.

Received 1 August 2008
Accepted 6 October 2008

lipids, interaction with proteins and its conformation
(Liu & Heckman 1998).

Based on homology, three classes of PKC can be
discerned, classical PKCs activated by diacylglycerol
(DAG) and calcium, novel PKCs activated solely by
DAG and atypical PKCs that are not controlled
by DAG or calcium (Parker & Murray-Rust 2004).
A major pathway activating classical and novel PKCs
involves the activation of the enzyme phospholipase C
that produces DAG and calcium (Rhee 2001). Besides
activation by these second messengers, the classical and
novel PKCs can be activated by phorbol ester. This is a
compound from plant sap that has tumour-promoting
properties (Newton 2004).

A simplified cartoon model shown in figure 1 sum-
marizes the activation of classical PKCs. Nowadays, all of
these factors, including its kinase activity, can be
measured in single living cells. We will start by discussing
the benefits of employing fluorescence microscopy for
studying signal transduction. Subsequently, we will
discuss how each of these parameters can be quantified

This journal is © 2008 The Royal Society
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maturation

Figure 1. Cartoon model of activation of classical PKC isoforms. Several domains of PKC are depicted; the pseudosubstrate, the
DAG-sensitive C1 domain, the calcium-dependent lipid-binding C2 domain and the kinase domain. Before PKC can be activated,
it undergoes maturation, requiring phosphorylation by PDK-1 followed by autophosphorylation. The mature PKC is located in
the cytoplasm in a closed conformation. The pseudosubstrate occupies the active site, autoinhibiting enzymatic activity. When
intracellular calcium levels are increased, PKC can bind the plasma membrane by means of the C2 domain which is a calcium-
dependent lipid-binding domain. The C1 domain binds DAG at the plasma membrane, releasing the pseudosubstrate from the
active site, thereby relieving the autoinhibition and activating the enzyme. Combined presence of DAG and calcium, e.g. due to
activation of PLC, leads to full activation of PKC. The enzyme returns to the cytoplasm when calcium levels are decreased. The
phorbol esters bind the C1 domain and induce translocation and activation of the enzyme in the absence of calcium.

Figure 2. Translocation of PKCa monitored in living cells by confocal microscopy. A GFP-tagged PKCa isoform was expressed
in HeLa cells. Single confocal sections through the mid-cell were acquired in time to analyse the distribution of the fluorescently
tagged protein in living cells. (a) In resting cells, the protein is located in the cytoplasm and excluded from the nucleus. (b)
Addition of 100 nM phorbol ester (PMA) induces the translocation to the plasma membrane. Full width of the images is 146 pm.
Images were acquired using a Zeiss LSM 510 confocal microscope. Excitation was at 488 nm and emission was filtered through a
LP505 nm filter and the pinhole was set to 1 Airy unit.
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for PKC in single living cells with specific emphasis on
fluorescence resonance energy transfer (FRET) and
lifetime imaging methodologies. The approaches dis-
cussed here will be generally applicable to study dynamic
processes in single living cells.

2. WHY USE FLUORESCENCE MICROSCOPY?

There are several good reasons to apply fluorescence
microscopy to study cellular processes (Meyer & Teruel
2003; Megason & Fraser 2007). First and most
importantly, it is essential to study cellular processes
in living, intact cells, with minimal disruption of
cellular physiology. Cells are highly organized and
often asymmetric in structure, with neurons perhaps
being the most prominent example. Hence methods are

J. R. Soc. Interface (2009)

required that not only leave the cells intact but also can
address the spatial information. Second, cells usually
respond heterogeneously, and therefore single-cell
experiments are necessary. This is exemplified by
cellular processes that exhibit oscillatory patterns,
e.g. cell cycle-dependent expression and phosphoryl-
ation of proteins, time-dependent expression of proteins
involved in circadian rhythms and calcium oscillations
in cellular signalling. Since these processes are generally
not synchronous between cells, the effects can be
revealed only when studying single cells. Third,
especially pertinent in signalling studies, many of the
changes take place on the millisecond to second time
scale, requiring methods that have sufficient temporal
resolution. Finally, signalling molecules usually are
present at low to moderate concentration, requiring
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Figure 3. Fluorescence lifetime imaging microscopy reveals differences in PKC conformation. PKCy was sandwiched between
CFP and YFP, and the FRET efficiency was used to distinguish between the open and the closed conformation, as schematically
depicted in (a). FLIM experiments (b,c) yield fluorescence intensity images (b(i),(iv),c(i), (iv)), a phase lifetime map (b(ii),(v),
c(ii),(v)) and a modulation lifetime map (b (iii),(vi), ¢(iii),(vi)). Intensity and lifetimes are represented in false-colour according
to the scales shown. (b) The wild-type PKC (i-iii) was compared with a mutant that is unable to bind the pseudosubstrate
(PKCy-A24E) (iv—vi), thereby abrogating the closed conformation. However, when ECFP was used as a donor, no difference in
donor lifetime was observed between wild-type PKCy and the mutant A24E, indicating similar FRET efficiencies. (¢) On the
other hand, when SCFP3A was used as a donor a clear difference between wild-type (i-iii) and the A24E mutant (iv—vi) was
observed. The mutant displays a higher fluorescence lifetime and hence a reduced FRET efficiency that fits with an open
conformation. Detailed methods and statistical analysis are described elsewhere (Verbeek et al. 2008).

sensitive detection. Fluorescence emission can be
detected nowadays with the ultimate sensitivity down
to the single molecule level (Hell 2007; Walter et al.
2008). Hence, it is clear that fluorescence microscopy
meets these requirements.

J. R. Soc. Interface (2009)

3. PROTEIN KINASE C LOCALIZATION

To study a protein with fluorescence microscopy in
cells, it needs to be labelled with a fluorophore. The first
in situ imaging approaches used purified proteins,
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modified with a small organic fluorophore. In the case of
intracellular proteins, these molecules need to be
reintroduced into the cell, usually by microinjection.
This approach was taken to study the relocation and
integrity of a classical PKC in living cells (Bastiaens &
Jovin 1996).

The cloning of green fluorescent protein (GFP) has
revolutionized cell biology, since it is a genetically
encoded fluorophore, maturating without the need for a
cofactor (Tsien 1998). Evidence from biochemical
studies and immunolabelling indicated that PKC
translocates from the cytoplasm to the plasma mem-
brane. In a hallmark study, using a GFP-tagged PKC,
Meyer and colleagues demonstrated that PKC inte-
grates both calcium and DAG signals (Oancea & Meyer
1998). It was shown that C1 and C2 domains from PKC
are individual lipid-binding domains, and that the C1
domain binds DAG at the plasma membrane (Oancea
et al. 1998) and the C2 domain binds the plasma
membrane when calcium levels are increased (Teruel &
Meyer 2002). Interestingly, these minimal binding
domains fused to GFP can be used as translocation
sensors to study lipid turnover in single cells (Schultz
et al. 2005). Subsequently, numerous sensors based on
the same strategy have been reported with varying
degrees of specificity and affinity.

Translocation studies require clear separation of the
cytoplasmic and membrane fluorescence. By acquiring
an optical section by means of confocal microscopy, the
out-of-focus contributions of the basal and apical
membranes are rejected, thus providing a clear contrast
between cytoplasmic and plasma membrane-located
fluorescence (figure 2). Increased axial resolution is
provided by total internal reflection fluorescence
microscopy, which is also known as evanescent wave
microscopy (Axelrod 2001; Toomre & Manstein 2001).
This type of excitation illuminates a thin layer just above
the coverslip (the excitation light decays exponentially
with the distance from the coverslip and has a typical
thickness of approx. 100 nm) and is very sensitive to
fluorescence at the basal membrane. The translocation
process is now simply monitored as changed fluorescence
intensity. Owing to the excellent axial resolution, this
method is very sensitive to small translocation events.
Moreover, it can also reveal local translocation events
(Codazzi et al. 2001), i.e. translocation to specific areas of
the plasma membrane.

To investigate the underlying molecular mechanism
of spinocerebellar ataxia type 14, a neurodegenerative
disease (Yabe et al. 2003) which is caused by a
mutation in the Cl domain of PKCy, we performed
dual colour imaging experiments using wild-type and
mutant PKC. The power of dual colour imaging
experiments is that the comparison can be directly
made in situ, since the data are gathered under identical
circumstances, rather than comparing different experi-
ments from different cells (Schultz et al. 2005).

The PKCs were fused to either GFP or monomeric red
fluorescent protein (mRFP) and co-expressed in cells.
The effect of phorbol ester was measured by simul-
taneously imaging both proteins by confocal microscopy.
Subsequently, the translocation of both proteins was
quantitatively analysed, and the translocation rates

J. R. Soc. Interface (2009)

were compared. These studies revealed that the mutant
PKCs have a substantially higher affinity for phorbol
ester, whereas the individual (mutated) domains have
less membrane affinity (Verbeek et al. 2008). This
approach was also used to directly compare the transloca-
tion rates of binding domains versus full-length proteins
(Raghunath et al. 2003).

4. PKC CONFORMATION SENSING WITH FRET

Changes in protein activity or interactions are often
accompanied by conformation changes. Therefore, it is
important to monitor these changes in living cells. To
achieve this, the phenomenon of FRET can be used.
Principles and applications of FRET are reviewed
extensively in the literature (Stryer 1978; Clegg 1996;
Gadella et al. 1999; Jares-Erijman & Jovin 2003, 2006),
and will be only briefly explained here.

FRET is the process in which an excited (donor)
fluorophore relaxes back to the groundstate by trans-
ferring its energy radiationless to another (acceptor)
chromo- or fluorophore. In the case of FRET, the donor
fluorescence decreases, the donor excited state lifetime
decreases and, if the acceptor is fluorescent, the
acceptor fluorescence intensity increases. The most
popular methods to measure FRET are based on these
observations (Jares-Erijman & Jovin 2003). The best
method to measure FRET depends strongly on the
application. For example, the FRET efficiency can be
accurately quantified by measuring excited state life-
times, whereas ratio imaging is more suitable for
monitoring dynamic FRET changes.

The efficiency of FRET is extremely sensitive to the
distance and orientation of the dipole moments of the
donor and acceptor fluorophore. For living cell appli-
cations, spectral variants of GFP are often used. The
most widely used couple is cyan fluorescent protein
(CFP)-yellow fluorescent protein (YFP). With the
development of monomeric red fluorescent proteins,
it has become possible to use red-shifted pairs, e.g.
GFP-tag-red fluorescent protein (tagRFP) and YFP-
mCherry. Their main advantage is the increased R,
value that increases the FRET efficiency at a certain
distance, or allows the measurement of a larger distance
with a similar FRET efficiency (Goedhart et al. 2007).
The conformation of a protein can be studied by
sandwiching the protein of interest between a donor
and an acceptor. It may be worthwhile to optimize
the efficiency and dynamic range by optimizing the
linker length (Hires et al. 2008) or the conformation of
the fluorescent protein (Nagai et al. 2004).

In the case of PKC, the activity of the enzyme is
controlled by a pseudosubstrate. The pseudosubstrate
occupies the catalytic cleft, and the PKC is in a closed
conformation. Once the protein binds its ligands (calcium
and DAG or phorbol ester), the pseudosubstrate is
released. PKC is in an open conformation and the enzyme
can exert its activity (figure 1). To examine whether the
closed and open conformation can be identified in single
living cells, we compared wild-type PKC with a mutant
that is unable to bind its pseudosubstrate (PKCy-A24E),
which therefore represents an open conformation (Pears
et al. 1990). To measure the conformation of PKC in
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living cells by means of FRET, we fused the N-terminus
to enhanced cyan fluorescent protein (ECFP) and the
enhanced yellow fluorescent protein (EYFP) to the
C-terminus, as schematically shown in figure 3a.

To quantify the FRET efficiency in single living cells,
we employed frequency domain fluorescence lifetime
imaging microscopy (FLIM) that measures the excited
state lifetime. This method yields a phase lifetime (74)
determined from the phase shift of the emission light
and a modulation lifetime (7y) determined from the
decrease in modulation depth of the emission light
relative to the excitation light.

A decrease in the excited state lifetime of the donor
indicates FRET and the FRET efficiency can be calcu-
lated by comparison with the control lifetime of the
donor, i.e. in the unquenched state ( Vermeer et al. 2004;
van Munster & Gadella 2005). A control donor phase
and modulation lifetime for ECFP was measured of 2.2
and 2.9 ns, respectively. As can be inferred from figure 3a
for both constructs, the phase and modulation lifetime
reduced by 0.3 ns, indicating that FRET occurs.
However, no difference in FRET between the wild-
type and mutated PKC was observed (figure 3b). We
hypothesized that the tendency of ECFP and EYFP
to interact (Zacharias et al. 2002) obscured the changed
conformation. Therefore the ECFP in both constructs
was exchanged for SCFP3A, an optimized CFP variant
with the A206K mutation that abolishes the interaction
with YFP (Zacharias et al. 2002; Kremers et al. 2006).
The wild-type PKC still showed substantial FRET,
whereas the mutant showed an increased CFP lifetime,
corresponding to a decrease in FRET efficiency
(figure 3¢). These results demonstrate that a difference
in PKC conformation can be measured in cells and stress
the importance of using monomeric GFPs. Interestingly,
mutants that cause ataxia also showed a decreased
FRET signal, demonstrating that the mutants have an
altered conformation in living cells (Verbeek et al. 2008).

We hypothesized that phorbol esters would change
the PKC conformation from a closed (high FRET)
conformation to an open (low FRET) conformation.
Surprisingly, when the effect of phorbol ester was tested,
an increase of FRET was observed (data not shown).
This observation probably reflects phorbol ester-
induced plasma membrane accumulation that concen-
trates PKC on a two-dimensional surface, causing
intermolecular FRET, also known as bystander FRET.
This effect is always of concern when FRET is measured
between (peripheral) membrane proteins, but it is
possible to differentiate between bystander FRET and
specific FRET between two membrane-located proteins
by competition with proteins that are not tagged with a
FRET acceptor (Adjobo-Hermans et al. 2006).

5. PKC ACTIVITY MEASURED BY FRET

The actual enzymatic activity of a (signalling) enzyme
is in many cases the most interesting parameter.
The activity transduces the signal to downstream
effectors. Enzymatic activities can be transient and
local and, hence, microscopy methods are required to
determine the spatio-temporal characteristics of the
activity. An elegant method to detect activated PKC

J. R. Soc. Interface (2009)

was published by Ng et al. (1999) using GFP-PKCa
and a fluorophore-tagged antibody directed against
phosphorylated PKC as a FRET acceptor. The
presence of FRET detected by FLIM was used to
quantitatively measure the phosphorylation status of
PKCa that in turn correlates with the activation of the
enzyme. However, to perform these experiments in
living cells, the antibody needed to be micro-injected
into cells. Less invasive and less labour-intensive
approaches have since been developed. The most
popular and widely used FRET-based probes detecting
activity are completely genetically encoded. This
allows transfection of plasmids into cells and sub-
sequent analysis in living cells, tissue or whole animals
(Heim et al. 2007).

The first straightforward application of a genetically
encoded FRET-based biosensor for enzymatic activity
was to detect cleavage of a fusion protein (Heim &
Tsien 1996; Mitra et al. 1996). This approach has been
widely adopted to measure the activity of proteases
that are activated during apoptosis (Rehm et al. 2002;
Takemoto et al. 2003). More sophisticated approaches
are usually necessary to develop sensors for kinase
activity, nucleotide exchange activity or small
molecules, such as calcium (Miyawaki et al. 1997;
Romoser et al. 1997), cAMP (Ponsioen et al. 2004) and
DAG (Violin et al. 2003; Sato et al. 2006).

A typical sensor consists of a sensor part that is
sandwiched between a donor and an acceptor fluor-
ophore. The conformation change of the sensor is
translated into a change in FRET that can be measured
in single cells. Although, the FRET efficiency of a
sensor can be quantified, it is predominantly used to
detect a change in FRET efficiency. The most
employed method to monitor FRET changes in single
living cells is ratio imaging. This method is based on
measuring changes in donor and sensitized acceptor
fluorescence intensity due to changes in FRET. FRET
changes can be measured with high temporal resolution
(down to ms).

Genetically encoded sensors have several interesting
features: (i) their subcellular location can be altered
(Llopis et al. 1998), (ii) their sensitivity can be tuned by
introducing mutations (Miyawaki et al. 1997), and
(i) their dynamic range can be optimized. Since FRET
is an orientation-sensitive process, the FRET response
can be optimized by altering the relative orientation of
the dipole moment of the donor and acceptor probe.
This can be achieved by using circular permutated
fluorescent proteins (Nagai et al. 2004). Another
approach is to systematically alter the length of the
linker between the probes and the sensor region (Hires
et al. 2008). Finally, the FRET efficiency generally
increases when red-shifted probes are used (Goedhart
et al. 2007). The effects of changing orientation, linkers
or probes are generally unpredictable. Therefore, it is
essential to be able to quickly construct and analyse
several constructs during the optimization process.

Two types of FRET-based sensors for measuring
PKC activity are available. KCP is based on pleckstrin,
a PKC substrate, sandwiched between two GFP
variants. It is reported to be sensitive for novel PKC
types. Phosphorylation of the pleckstrin induces
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Figure 4. Parallel measuring of PKC translocation and
activity in N1E-115 cells. (a) The activity of PKC was
monitored using the FRET probe CKAR and (b) the
translocation using an RFP-tagged PKCB. Cells were
stimulated with 1 uM bradykinin (indicated by BK) and
subsequently with 100 nM phorbol ester (indicated with
PMA). The steady decrease observed in the translocation
measurement is due to photobleaching. Experiments were
performed on a Leica SP2 confocal microscope in sequential
scanning mode to prevent fluorescence bleedthrough.

conformational changes that can be monitored by
FRET (Schleifenbaum et al. 2004). The other probe,
C kinase activity reporter (CKAR), is based on a
substrate sequence optimal for PKC and a phospho-
peptide-binding domain that binds the phosphorylated
substrate, causing a loss in FRET (Violin et al. 2003).
Both probes can readily be used to monitor dynamics of
PKC activity in living cells. Interestingly, it was
demonstrated that a membrane-targeted version of
CKAR, pmCKAR, was capable of detecting oscillatory
phosphorylation by PKC (Violin et al. 2003). In a
follow-up study, the CKAR was targeted to a variety of
cellular compartments, to analyse the phosphorylation
kinetics in each of the locations, showing that these
kinetics are rather different (Gallegos et al. 2006).
These studies demonstrate that, besides the spatial
information attained by microscopy, the targeting of a
genetically encoded sensor to a specific subcellular
location is a powerful approach to extract information
from specific regions of interest within the cell.

Figure 4 shows the results of an experiment in which
the translocation of PKC is measured simultaneously
with its activity. The activity was measured using the
FRET probe CKAR, whereas an RFP-tagged PKC was
used to monitor translocation. Several interesting
observations are made. The translocation dynamics
closely follow the PKC activity, and the bradykinin-
induced translocation/activation is very transient.
Hence, the activity of PKC is not persistent, probably
due to the high activity of phosphatases. The transloca-
tion amplitude induced by bradykinin is low, relative to
the effect of phorbol ester that induces full transloca-

J. R. Soc. Interface (2009)

tion. On the other hand, the activity of PKC induced by
bradykinin is similar to that induced by phorbol ester.
These observations indicate that the FRET sensor
provides a maximal response when the translocation of
PKC is submaximal. Therefore, the FRET sensor is
rather sensitive to PKC activity. Whether natural
substrates of PKC have a similar sensitivity remains to
be shown.

It is of note that other methods of measuring PKC
activation exist; for instance, when the substrate
changes location, which is the case for the PKC
substrate myristoylated alanine-rich C kinase substrate
(MARCKS) (Sawano et al. 2002). This protein trans-
locates from the membrane to the cytoplasm upon
phosphorylation that can be followed in living cells.
Also more downstream effectors, such as mitogen-
activated protein (MAP) kinases, can be used as indicator
of PKC activity (Verbeek et al. 2008).

6. FUTURE

The above-described approaches and methodologies
have yielded a wealth of new information on the process
of signal transduction in single living cells. Techno-
logical advances will be instrumental for creating new
methods and improving current methods. For example,
it is important to increase spatial and temporal
resolution and sensitivity of microscopes, while mini-
mizing phototoxicity (Hoebe et al. 2007), to reveal
details on dynamic organization of signalling complexes
(Hell 2007; Walter et al. 2008). Probe development is
another very important and active area. It aims at
improving brightness and folding of fluorescent proteins
and creation of probes with specific characteristics (e.g.
photoactivatable and photoswitchable proteins). It also
includes application of quantum dots and synthesis of
small organic probes that can be used to tag specific
small genetically encoded tags (Giepmans et al. 2006).
In general, the development of a sensitive FRET sensor
that minimally disrupts cellular physiology can be a
difficult task. It usually requires the construction,
screening and characterization of multiple constructs.
Therefore, automation of several steps in this procedure
can speed up sensor development. In addition, the
development and improvement of blue- and red-shifted
FRET pairs is essential and will allow the detection of
multiple FRET probes in a single cell, which will enable
the output of the two probes to be correlated in time
and space (Ai et al. 2008; Piljic & Schultz 2008). We
anticipate that these types of experiments will become
as widely used as ordinary multicolour imaging. Ulti-
mately, by combining multiple FRET probes, it will
be possible to measure translocation, activation and
conformation in a single cell with high sensitivity and
temporal resolution. The quantitative data provided by
cellular imaging studies can be used as input for
mathematical models, describing a signalling pathway
(Megason & Fraser 2007; Cheong & Levchenko 2008).
These models will be useful to comprehend the
signalling cascade. Moreover, the models will be instru-
mental for the design of new experiments.


http://rsif.royalsocietypublishing.org/

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Downloaded from rsif.royalsocietypublishing.org

Review. FRET imaging of PKC signalling J. Goedhart and T. W. J. Gadella Jr S33

We would like to thank the members of our laboratory and
Carsten Schultz (EMBL, Heidelberg, Germany) for stimulat-
ing discussions. We thank Dineke Verbeek (University
Medical Center Groningen, The Netherlands) for her contri-
bution to figure 3. Alexandra Newton (University of
California at San Diego, USA) and Christer Larsson (Lund
University, Sweden) are acknowledged for providing plasmids
encoding CKAR and EGFP-PKCa, respectively.

REFERENCES

Adjobo-Hermans, M. J., Goedhart, J. & Gadella Jr, T. W.
2006 Plant G protein heterotrimers require dual lipidation
motifs of Ga. and Gy and do not dissociate upon activation.
J. Cell Sci. 119, 5087-5097. (doi:10.1242/jcs.03284)

Ai, H. W., Hazelwood, K. L., Davidson, M. W. & Campbell,
R. E. 2008 Fluorescent protein FRET pairs for ratiometric
imaging of dual biosensors. Nat. Methods 5, 401-403.
(doi:10.1038 /nmeth.1207)

Axelrod, D. 2001 Total internal reflection fluorescence
microscopy in cell biology. Traffic 2, 764-774. (doi:10.
1034/j.1600-0854.2001.21104.x)

Bastiaens, P. I. & Jovin, T. M. 1996 Microspectroscopic
imaging tracks the intracellular processing of a signal
transduction protein: fluorescent-labeled protein kinase C
beta I. Proc. Natl Acad. Sci. USA 93, 8407-8412. (doi:10.
1073/pnas.93.16.8407)

Cheong, R. & Levchenko, A. 2008 Wires in the soup:
quantitative models of cell signaling. Trends Cell Biol.
18, 112-118. (doi:10.1073/pnas.93.16.8407)

Clegg, R. M. 1996 Fluorescence resonance energy transfer.
In Fluorescence imaging spectroscopy and microscopy,
vol. 137 (eds X. F. Wang & B. Herman), pp. 179-252.
New York, NY: Wiley.

Codazzi, F., Teruel, M. N. & Meyer, T. 2001 Control of
astrocyte Ca(2+) oscillations and waves by oscillating
translocation and activation of protein kinase C. Curr.
Biol. 11, 1089-1097. (doi:10.1016/S0960-9822(01)00326-8)

Gadella Jr, T. W., van der Krogt, G. N. & Bisseling, T. 1999
GFP-based FRET microscopy in living plant cells. Trends
Plant Sci. 4, 287-291. (doi:10.1016/S1360-1385(99)01426-0)

Gallegos, L. L., Kunkel, M. T. & Newton, A. C. 2006
Targeting protein kinase C activity reporter to discrete
intracellular regions reveals spatiotemporal differences
in agonist-dependent signaling. J. Biol. Chem. 281,
30 947-30 956. (doi:10.1074/jbc.M603741200)

Giepmans, B. N., Adams, S. R., Ellisman, M. H. & Tsien,
R. Y. 2006 The fluorescent toolbox for assessing protein
location and function. Science 312, 217-224. (doi:10.1126/
science.1124618)

Goedhart, J., Vermeer, J. E., Adjobo-Hermans, M. J., van
Weeren, L. & Gadella Jr, T. W. 2007 Sensitive detection of
p65 homodimers using red-shifted and fluorescent protein-
based FRET couples. PLoS ONE 2, e1011. (doi:10.1371/
journal.pone.0001011)

Heim, R. & Tsien, R. Y. 1996 Engineering green fluorescent
protein for improved brightness, longer wavelengths and
fluorescence resonance energy transfer. Curr. Biol. 6,
178-182. (doi:10.1016,/S0960-9822(02)00450-5)

Heim, N., Garaschuk, O., Friedrich, M. W., Mank, M., Milos,
R. 1., Kovalchuk, Y., Konnerth, A. & Griesbeck, O. 2007
Improved calcium imaging in transgenic mice expressing a
troponin C-based biosensor. Nat. Methods 4, 127-129.
(doi:10.1038 /nmeth1009)

Hell, S. W. 2007 Far-field optical nanoscopy. Science 316,
1153-1158. (doi:10.1126/science.1137395)

Hires, S. A., Zhu, Y. & Tsien, R. Y. 2008 Optical
measurement of synaptic glutamate spillover and reuptake

J. R. Soc. Interface (2009)

by linker optimized glutamate-sensitive fluorescent
reporters. Proc. Natl Acad. Sci. USA 105, 4411-4416.
(doi:10.1073/pnas.0712008105)

Hoebe, R. A., Van Oven, C. H., Gadella Jr, T. W.,
Dhonukshe, P. B., Van Noorden, C. J. & Manders, E. M.
2007 Controlled light-exposure microscopy reduces photo-
bleaching and phototoxicity in fluorescence live-cell
imaging. Nat. Biotechnol. 25, 249-253. (doi:10.1038/
nbt1278)

Jares-Erijman, E. A. & Jovin, T. M. 2003 FRET imaging.
Nat. Biotechnol. 21, 1387-1395. (doi:10.1038 /nbt896)
Jares-Erijman, E. A. & Jovin, T. M. 2006 Imaging molecular
interactions in living cells by FRET microscopy. Curr.
Opin. Chem. Biol. 10, 409-416. (doi:10.1016/j.cbpa.2006.

08.021)

Kremers, G. J., Goedhart, J., van Munster, E. B. & Gadella
Jr, T. W. 2006 Cyan and yellow super fluorescent proteins
with improved brightness, protein folding, and FRET
Forster radius. Biochemistry 45, 6570-6580. (doi:10.1021/
bi0516273)

Liu, W. S. & Heckman, C. A. 1998 The sevenfold way of PKC
regulation. Cell. Signal. 10, 529-542. (doi:10.1016/S0898-
6568(98)00012-6)

Llopis, J., McCatffery, J. M., Miyawaki, A., Farquhar, M. G. &
Tsien, R. Y. 1998 Measurement of cytosolic, mito-
chondrial, and Golgi pH in single living cells with green
fluorescent proteins. Proc Natl Acad Sci USA 95,
6803-6808. (doi:10.1073/pnas.95.12.6803)

Megason, S. G. & Fraser, S. E. 2007 Imaging in systems biology.
Cell 130, 784-795. (doi:10.1016/j.cell.2007.08.031)

Meyer, T. & Teruel, M. N. 2003 Fluorescence imaging of
signaling networks. Trends Cell Biol. 13, 101-106. (doi:10.
1016,/S0962-8924(02)00040-5)

Mitra, R. D., Silva, C. M. & Youvan, D. C. 1996 Fluorescence
resonance energy transfer between blue-emitting and red-
shifted excitation derivatives of the green fluorescent
protein. Gene 173, 13-17. (doi:10.1016/0378-1119(95)
00768-7)

Miyawaki, A., Llopis, J., Heim, R., McCaffery, J. M., Adams,
J. A., Ikura, M. & Tsien, R. Y. 1997 Fluorescent indicators
for Ca’" based on green fluorescent proteins and
calmodulin. Nature 388, 882-887. (doi:10.1038/42264)

Nagai, T., Yamada, S., Tominaga, T., Ichikawa, M. &
Miyawaki, A. 2004 Expanded dynamic range of fluorescent
indicators for Ca?' by circularly permuted yellow
fluorescent proteins. Proc. Natl Acad. Sci. USA 101,
10 554-10 559. (doi:10.1073 /pnas.0400417101)

Newton, A. C. 2001 Protein kinase C: structural and spatial
regulation by phosphorylation, cofactors, and macro-
molecular interactions. Chem. Rev. 101, 2353-2364.
(doi:10.1021/cr0002801)

Newton, A. C. 2004 Diacylglycerol’s affair with protein kinase
C turns 25. Trends Pharmacol. Sci. 25, 175-177. (doi:10.
1016/j.tips.2004.02.010)

Ng, T. et al. 1999 Imaging protein kinase C alpha activation in
cells. Science 283, 2085-2089. (doi:10.1126/science.283.
5410.2085)

Oancea, E. & Meyer, T. 1998 Protein kinase C as a molecular
machine for decoding calcium and diacylglycerol signals.
Cell 95, 307-318. (doi:10.1016/S0092-8674(00)81763-8)

Oancea, E., Teruel, M. N.; Quest, A. F. & Meyer, T. 1998
Green fluorescent protein (GFP)-tagged cysteine-rich
domains from protein kinase C as fluorescent indicators
for diacylglycerol signaling in living cells. J. Cell Biol. 140,
485-498. (doi:10.1083/jcb.140.3.485)

Parker, P. J. & Murray-Rust, J. 2004 PKC at a glance. J. Cell
Seci. 117, 131-132. (doi:10.1242/jcs.00982)


http://dx.doi.org/doi:10.1242/jcs.03284
http://dx.doi.org/doi:10.1038/nmeth.1207
http://dx.doi.org/doi:10.1034/j.1600-0854.2001.21104.x
http://dx.doi.org/doi:10.1034/j.1600-0854.2001.21104.x
http://dx.doi.org/doi:10.1073/pnas.93.16.8407
http://dx.doi.org/doi:10.1073/pnas.93.16.8407
http://dx.doi.org/doi:10.1073/pnas.93.16.8407
http://dx.doi.org/doi:10.1016/S0960-9822(01)00326-8
http://dx.doi.org/doi:10.1016/S1360-1385(99)01426-0
http://dx.doi.org/doi:10.1074/jbc.M603741200
http://dx.doi.org/doi:10.1126/science.1124618
http://dx.doi.org/doi:10.1126/science.1124618
http://dx.doi.org/doi:10.1371/journal.pone.0001011
http://dx.doi.org/doi:10.1371/journal.pone.0001011
http://dx.doi.org/doi:10.1016/S0960-9822(02)00450-5
http://dx.doi.org/doi:10.1038/nmeth1009
http://dx.doi.org/doi:10.1126/science.1137395
http://dx.doi.org/doi:10.1073/pnas.0712008105
http://dx.doi.org/doi:10.1038/nbt1278
http://dx.doi.org/doi:10.1038/nbt1278
http://dx.doi.org/doi:10.1038/nbt896
http://dx.doi.org/doi:10.1016/j.cbpa.2006.08.021
http://dx.doi.org/doi:10.1016/j.cbpa.2006.08.021
http://dx.doi.org/doi:10.1021/bi0516273
http://dx.doi.org/doi:10.1021/bi0516273
http://dx.doi.org/doi:10.1016/S0898-6568(98)00012-6
http://dx.doi.org/doi:10.1016/S0898-6568(98)00012-6
http://dx.doi.org/doi:10.1073/pnas.95.12.6803
http://dx.doi.org/doi:10.1016/j.cell.2007.08.031
http://dx.doi.org/doi:10.1016/S0962-8924(02)00040-5
http://dx.doi.org/doi:10.1016/S0962-8924(02)00040-5
http://dx.doi.org/doi:10.1016/0378-1119(95)00768-7
http://dx.doi.org/doi:10.1016/0378-1119(95)00768-7
http://dx.doi.org/doi:10.1038/42264
http://dx.doi.org/doi:10.1073/pnas.0400417101
http://dx.doi.org/doi:10.1021/cr0002801
http://dx.doi.org/doi:10.1016/j.tips.2004.02.010
http://dx.doi.org/doi:10.1016/j.tips.2004.02.010
http://dx.doi.org/doi:10.1126/science.283.5410.2085
http://dx.doi.org/doi:10.1126/science.283.5410.2085
http://dx.doi.org/doi:10.1016/S0092-8674(00)81763-8
http://dx.doi.org/doi:10.1083/jcb.140.3.485
http://dx.doi.org/doi:10.1242/jcs.00982
http://rsif.royalsocietypublishing.org/

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Downloaded from rsif.royalsocietypublishing.org

S34  Review. FRET imaging of PKC signalling J. Goedhart and T. W. J. Gadella Jr

Pears, C. J., Kour, G., House, C., Kemp, B. E. & Parker, P. J.
1990 Mutagenesis of the pseudosubstrate site of protein
kinase C leads to activation. Fur. J. Biochem. 194, 89-94.
(doi:10.1111/3.1432-1033.1990.tb19431.x)

Piljic, A. & Schultz, C. 2008 Simultaneous recording of
multiple cellular events by FRET. ACS Chem. Biol. 3,
156-160. (doi:10.1021/cb700247q)

Ponsioen, B. et al. 2004 Detecting cAMP-induced Epac
activation by fluorescence resonance energy transfer: Epac
as a novel cAMP indicator. EMBO Rep. 5, 1176-1180.
(doi:10.1038/sj.embor.7400290)

Raghunath, A., Ling, M. & Larsson, C. 2003 The catalytic
domain limits the translocation of protein kinase C a in
response to increases in Ca®>* and diacylglycerol. Biochem.
J. 370, 901-912. (doi:10.1042/BJ20021420)

Rehm, M., Dussmann, H., Janicke, R. U., Tavare, J. M.,
Kogel, D. & Prehn, J. H. 2002 Single-cell fluorescence
resonance energy transfer analysis demonstrates that
caspase activation during apoptosis is a rapid process.
Role of caspase-3. J. Biol. Chem. 277, 24 506-24 514.
(doi:10.1074/jbc.M110789200)

Rhee, S. G. 2001 Regulation of phosphoinositide-specific
phospholipase C. Annu. Rev. Biochem. 70, 281-312.
(doi:10.1146 /annurev.biochem.70.1.281)

Romoser, V. A., Hinkle, P. M. & Persechini, A. 1997 Detection
in living cells of Ca®*-dependent changes in the fluor-
escence emission of an indicator composed of two green
fluorescent protein variants linked by a calmodulin-binding
sequence. A new class of fluorescent indicators. J. Biol.
Chem. 272, 13 270-13 274. (doi:10.1074/jbc.272.20.13270)

Sato, M., Ueda, Y. & Umezawa, Y. 2006 Imaging diacyl-
glycerol dynamics at organelle membranes. Nat. Methods
3, 797-799. (doi:10.1038 /nmeth930)

Sawano, A., Hama, H., Saito, N. & Miyawaki, A. 2002
Multicolor imaging of Ca?* and protein kinase C signals
using novel epifluorescence microscopy. Biophys. J. 82,
1076-1085.

Schleifenbaum, A., Stier, G., Gasch, A., Sattler, M. &
Schultz, C. 2004 Genetically encoded FRET probe for
PKC activity based on pleckstrin. J. Am. Chem. Soc. 126,
11 786-11 787. (doi:10.1021/ja0460155)

Schultz, C., Schleifenbaum, A., Goedhart, J. & Gadella Jr,
T. W. 2005 Multiparameter imaging for the analysis of
intracellular signaling. Chembiochem 6, 1323-1330.
(doi:10.1002/¢bic.200500012)

J. R. Soc. Interface (2009)

Stryer, L. 1978 Fluorescence energy transfer as a spectro-
scopic ruler. Annu. Rev. Biochem. 47, 819-846. (doi:10.
1146 /annurev.bi.47.070178.004131)

Takemoto, K., Nagai, T., Miyawaki, A. & Miura, M. 2003
Spatio-temporal activation of caspase revealed by indicator
that is insensitive to environmental effects. .J. Cell Biol. 160,
235-243. (doi:10.1083/jcb.200207111)

Teruel, M. N. & Meyer, T. 2002 Parallel single-cell
monitoring of receptor-triggered membrane translocation
of a calcium-sensing protein module. Science 295,
1910-1912. (doi:10.1126 /science.1065028)

Toomre, D. & Manstein, D. J. 2001 Lighting up the cell
surface with evanescent wave microscopy. Trends Cell
Biol. 11, 298-303. (doi:10.1016,/S0962-8924(01)02027-X)

Tsien, R. Y. 1998 The green fluorescent protein. Annu. Rev.
Biochem. 67, 509-544. (doi:10.1146/annurev.biochem.67.
1.509)

van Munster, E. B. & Gadella, T. W. 2005 Fluorescence
lifetime imaging microscopy (FLIM). Adv. Biochem. Eng.
Biotechnol. 95, 143-175.

Verbeek, D. S., Goedhart, J., Bruinsma, L., Sinke, R. J. &
Reits, E. A. 2008 PKCy mutations in spinocerebellar
ataxia type 14 affect C1 domain accessibility and kinase
activity leading to aberrant MAPK signaling. J. Cell Sci.
121, 2339-2349. (do0i:10.1242/jcs.027698)

Vermeer, J. E., Van Munster, E. B., Vischer, N. O. & Gadella
Jr, T. W. 2004 Probing plasma membrane microdomains
in cowpea protoplasts using lipidated GFP-fusion proteins
and multimode FRET microscopy. J. Microsc. 214,
190-200. (doi:10.1111/j.0022-2720.2004.01318.x)

Violin, J. D., Zhang, J., Tsien, R. Y. & Newton, A. C. 2003
A genetically encoded fluorescent reporter reveals oscil-
latory phosphorylation by protein kinase C. J. Cell Biol.
161, 899-909. (doi:10.1083/jcb.200302125)

Walter, N. G., Huang, C. Y., Manzo, A. J. & Sobhy, M. A.
2008 Do-it-yourself guide: how to use the modern single-
molecule toolkit. Nat. Methods 5, 475-489. (doi:10.1038/
nmeth.1215)

Yabe, L. et al. 2003 Spinocerebellar ataxia type 14 caused by a
mutation in protein kinase C gamma. Arch. Neurol. 60,
1749-1751. (doi:10.1001/archneur.60.12.1749)

Zacharias, D. A.; Violin, J. D., Newton, A. C. & Tsien, R. Y.
2002 Partitioning of lipid-modified monomeric GFPs into
membrane microdomains of live cells. Science 296,
913-916. (doi:10.1126/science.1068539)


http://dx.doi.org/doi:10.1111/j.1432-1033.1990.tb19431.x
http://dx.doi.org/doi:10.1021/cb700247q
http://dx.doi.org/doi:10.1038/sj.embor.7400290
http://dx.doi.org/doi:10.1042/BJ20021420
http://dx.doi.org/doi:10.1074/jbc.M110789200
http://dx.doi.org/doi:10.1146/annurev.biochem.70.1.281
http://dx.doi.org/doi:10.1074/jbc.272.20.13270
http://dx.doi.org/doi:10.1038/nmeth930
http://dx.doi.org/doi:10.1021/ja0460155
http://dx.doi.org/doi:10.1002/cbic.200500012
http://dx.doi.org/doi:10.1146/annurev.bi.47.070178.004131
http://dx.doi.org/doi:10.1146/annurev.bi.47.070178.004131
http://dx.doi.org/doi:10.1083/jcb.200207111
http://dx.doi.org/doi:10.1126/science.1065028
http://dx.doi.org/doi:10.1016/S0962-8924(01)02027-X
http://dx.doi.org/doi:10.1146/annurev.biochem.67.1.509
http://dx.doi.org/doi:10.1146/annurev.biochem.67.1.509
http://dx.doi.org/doi:10.1242/jcs.027698
http://dx.doi.org/doi:10.1111/j.0022-2720.2004.01318.x
http://dx.doi.org/doi:10.1083/jcb.200302125
http://dx.doi.org/doi:10.1038/nmeth.1215
http://dx.doi.org/doi:10.1038/nmeth.1215
http://dx.doi.org/doi:10.1001/archneur.60.12.1749
http://dx.doi.org/doi:10.1126/science.1068539
http://rsif.royalsocietypublishing.org/

	Fluorescence resonance energy transfer imaging of PKC signalling in living cells using genetically encoded fluorescent probes
	Introduction
	Why use fluorescence microscopy?
	Protein kinase C localization
	PKC conformation sensing with FRET
	PKC activity measured by FRET
	Future
	We would like to thank the members of our laboratory and Carsten Schultz (EMBL, Heidelberg, Germany) for stimulating discussions. We thank Dineke Verbeek (University Medical Center Groningen, The Netherlands) for her contribution to figure 3. Alexandra...
	References


