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L’efficienza di FRET dipende da molti fattori

The FRET efficiency is the quantum yield
of the energy transfer transition, i.e. the
j Kir fraction of energy transfer event
Kaahie +Ek,. occurring per donor excitation event

in cui
kg =rate of energy transfer
k.=radiative decay rate

k.= rate constants of any other de-excitation pathways

E=1—b or ReEp et D
FD TD

F, e F', fluorescence intensity of donor in the absence or presence of acceptor

T, € T, fluorescence lifetime of donor in the absence or presence of acceptor
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r = distance between donor and acceptor

R; = Forster distance=8.8 *10*k’*n"Q,J

k> = dipole orientation factor

Q, = fluorescence quantum yield of the donor

in the absence of the acceptor

n=refractive index

J=spectral overlap

J= [ f(QM)e, (WA dA
f,, = donor emission spectrum normalized

€, = acceptor molar extinction coefficient
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Distance and Energy Transfer Efficiency
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Fluorescence lifetime
Average time at which a molecule stays in excited state before photon emission

[s1]=[s1],™

1
fluorescence lifetime

r = decay rate

Non-radiative
: transition
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Fluorescence lifetime imaging (FLIM-FRET)

More FRET, shorter donor fluorescence lifetime

No need to measure fluorescence




FRET allows to follow protein-protein interaction in vivo
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The Scaffold Protein Shoc2/SUR-8 Accelerates the Interaction
of Ras and Raf*™®
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FIGURE 3. Effect of Shoc2 knockdown (KD) on the activation of Ras detected by FRET imaging. A, a sche-
matic model of Raichu-Ras is shown. Within the probe, Ras is activated by GEF followed by association of
Raf-RBD. B, Hela cells stably expressing Raichu-Ras were transfected with control (upper) or Shoc2-targeted
siRNA (lower). Two days later, the cells were starved for 6 h. Then, images were obtained every 1 min for 30 min
after stimulation with 1.0 ng/ml of EGF. Representative ratio images of FRET/TFP at the indicated time points
after EGF addition (in minutes) are shown in the intensity-modulated display mode. In the intensity-modulated
display mode, eight colors from red to blue are used to represent the FRET/TFP ratio, with the intensity of each
color indicating the mean intensity of FRET and TFP. The upper and lower limits of the ratio range are shown on
the right. Bars, 10 um. C, the relative FRET/TFP ratios normalized by the average FRET/TFP before stimulation
were plotted until 20 min after EGF addition with the S.D. The blue and red lines indicate control and Shoc2-
depletion, respectively. The symbols indicate the results of t test analysis; **, p < 0.01 compared with the
control. D, the bar graph represents the average of the time constants in control cells (n = 32) or that in
Shoc2-knockdown cells (n = 19). The symbol shows the results of t test analysis; **, p < 0.01 compared with the
control. E, HeLa cells were transfected with expression plasmids of Raichu-Ras-WT or Raichu-Ras-V12, and GST
or GST-Shoc2. Forty-eight hours after transfection, the cells were lysed and pulled down by glutathione beads.
The cell lysates (left) and eluates (right) were subjected toimmunoblot analysis with antibodies against GFP and
GST asindicated. Experiments were repeated three times, and the representative blots are shown. F, HelLa cells
expressing EGFP-K-Ras-V12 and GST or GST-Shoc2 were lysed and pulled down by glutathione beads as in E.
The cell lysates (left) and eluates (right) were subjected toimmunoblot analysis with antibodies against GFP and
GST as indicated. Experiments were repeated two times, and representative blots are shown.
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Cell Signaling Microdomain with Na,K-ATPase and Inositol
1,4,5-Trisphosphate Receptor Generates Calcium Oscillations*
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Recent studies indicate novel roles for the ubiquitous
ion pump, Na,K-ATPase, in addition to its function as a Na,K-ATPase
key regulator of intracellular sodium and potassium
concentration. We have previously demonstrated that
ouabain, the endogenous ligand of Na,K-ATPase, can
trigger intracellular Ca®* oscillations, a versatile intra-
cellular signal controlling a diverse range of cellular
processes. Here we report that Na,K-ATPase and inosi-
tol 1,4,5-trisphosphate (InsP;) receptor (InsP;R) form a
cell signaling microdomain that, in the presence of oua-
bain, generates slow Ca®* oscillations in renal cells. Us-
ing fluorescent resonance energy transfer (FRET) meas-
urements, we detected a close spatial proximity between
Na,K-ATPase and InsP;R. Ouabain significantly en-
hanced FRET between Na,K-ATPase and InsP;R. The
FRET effect and ouabain-induced Ca®* oscillations were
not observed following disruption of the actin cytoskel-
eton. Partial truncation of the NH, terminus of Na,K-
ATPase catalytic al-subunit abolished Ca®* oscillations
and downstream activation of NF-«kB. Ouabain-induced
Ca?* oscillations occurred in cells expressing an InsP,
sponge and were hence independent of InsPg generation.
Thus, we present a novel principle for a cell signaling
microdomain where an ion pump serves as a receptor.
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FiG. 3. Studies of Na,K-ATPase and InsP R signaling microdomain. ¢ and b, FRET measurements between Na,K-ATPase and InsP,R3.
a, GFP-NKAa1 images of COS-7 cells with and without ouabain treatment before and after acceptor photobleaching (bleached area indicated by
square). b, quantitative changes in emission intensities after bleaching as compared with before bleaching, mean = S.E., 0.05. FRET was
enhanced by ouabain. c-e, co-immunoprecipitation (IP) studies followed by Western blotting (WB) for InsP,R3. ¢ and d, representative Western blot
(¢) and densitometric analysis (d) of InsP,R3 content in Na,K-ATPase immunoprecipitates before and after 250 uM ouabain treatment for 30 min
in COS-7 cells. Ouabain significantly increased the amount of InsP,R3 associated with Na,K-ATPase, mean = S.E. (n = 3), *, p < 0.05. Molecular
mass markers are indicated to the left of the blot. In e, InsP,R3 co-immunoprecipitated with Na,K-ATPase and InsP,R2 in COS-7, RPT and
LLC-PK, cells.
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Fic. 4. Effect of cytoskeleton perturbation on physical associ-
ation between Na,K-ATPase and InsP R. In a, the actin cytoskele-
ton was disrupted after CytD (5 pM) treatment in GFP-actin-expressing
RPT cells. In b, CytD abolished ouabain-induced Ca*" oscillations in
RPT cells, Arbitrary units (a.u.) represent ratio values corresponding to
intracellular Ca** concentration changes. ¢ and d, FRET measure-
ments between Na K-ATPase and InsP,R3. ¢, GFP-NKAal images of
COS-7 cells with and without CytD treatment before and after acceptor
photobleaching (bleached area mduau d h\, xrluuu ), «1 quamltatlw
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Intramolecular FRET : calcium sensors

442 nm Excitation

436 nm Emiasion (Cyan) 530 nm Emission (Green)

Figure 1 FRET
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Neuron, Vol. 26, 583-594, June, 2000, Copyright ©2000 by Cell Press

Optical Imaging of Calcium
Transients in Neurons and
Pharyngeal Muscle of C. elegans
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Different strategies to monitor cAMP
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FRET measurements of intracellular cAMP
concentrations and cAMP analog permeability
in intact cells

Sebastian Borner'?, Frank Schwede?, Angela Schlipp*?, Filip Berisha'?, Davide Calebiro'?, Martin J Lohse’* &
Viacheslav O Nikolaev'>*
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Figure 1 | Schematic structure of the cAMP
icroecope stage = sensor Epacl-camps and equipment setup for
— 0 uM cAMP ﬁ - FRET imaging. (a) This sensor consists of a
— 200 pM cAMP 2 L 3 i single cAMP binding site (encompassing amino
m ) N acids E157-E316) from human Epac1 protein
Polychrome V Image splitter flanked by YFP and CFP. Binding of cAMP to the
before and after addition of cAMP. (c) Layout
of the experimental setup that we use for FRET
imaging. All principal components are labeled
460 480 500 520 7 and described in the EQUIPMENT SETUP section.
L

Wavelength (nm) ® .

/ decrease of FRET signal, which is characterized

by a concomitant decrease in YFP and an
increase in CFP fluorescence. (b) Fluorescent
spectra of Epacl-camps measured in vitro

x - ‘ - sensor leads to a conformational change and a

v
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Figure 2 | Measurements of basal cAMP concentrations in various cell types. (a) Calibration of Epac1-camps in vitro and in 293A cells using cAMP, 8-Br-2-0-
Me-cAMP and 8-Br-2'-0-Me-cAMP-AM at different concentrations. Mean-normalized FRET values & s.e.m. (n = 4-5) are shown. Sigmoidal fit of the curves is used
to determine EC,, and Hill coefficient values. For cAMP, they were 2.5 + 0.6 uM and 0.74 + 0.12 pM, respectively. EC,, value for 8-Br-2’-0-Me-cAMP in vitro was
1.6 £ 0.3 uM. However, the concentration-response curve for 8-Br-2'-0-Me-cAMP measured in cells is shifted to the right, whereas for 8-Br-2’-0-Me-cAMP-AM,

it was shifted to the left because of accumulation of this analog in cells (EC,, values were 0.95 = 0.14 uM for 8-Br-2"-0-Me-cAMP-AM and 98 + 40 puM for 8-Br-
2-0-Me-cAMP, means # s.e.m., n = 4). (b) Fluorescence image of a cardiomyocyte used in this FRET experiment showing a region of interest over the whole cell
that has been selected to monitor CFP/YFP emission intensities and FRET ratio over time. (c-e) Representative examples of the measurements of basal cAMP
concentrations in cardiomyocytes, and 293A and thyroid cells. R . values were determined by inhibition of adenylyl cyclase with 100 uM MDL-12,330A (MDL), and
R, values were measured after addition of 8-Br-2”-0-Me-cAMP-AM. Cardiomyocytes have high basal cAMP values, whereas 293A cells show virtually no response
to MDL, suggesting that basal cAMP values in these cells are €100 nM (lower sensitivity range of the Epac1-camps senser). (f) Basal cAMP concentrations in the
three types of cells calculated from several experiments (similar to those shown in panels c-e) using the equation described in Box 1. Data are shown as

means £ s.e.m. (7 = 4-6). Animal procedures were performed with permission from local governmental regulatory authorities.
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The inner and outer compartments of mitochondria
are sites of distinct cAMP/PKA signaling dynamics

Konstantinos Lefkimmiatis,'? Daniela Leronni,? and Aldebaran M. Hofer'2

'VA Boston Healthcare S

been reported to exert biological effects in both

the mitochondrial matrix and outer mitochondrial
membrane (OMM). However, the kinetics, targets, and ef-
fectors of the cAMP cascade in these organellar domains
remain largely undefined. Here we used sensitive FRET-
based sensors to monitor cAMP and protein kinase A (PKA)
activity in different mitochondrial compartments in real
time. We found that cytosolic cAMP did not enter the ma-
trix, except during mitochondrial permeability transition.
Bicarbonate treatment (expected to activate matrix-bound

C yclic AMP (cAMP)-dependent phosphorylation has

stem and “Department of Surgery, Brigham and Women's Hospital, Harvard Medical School, West Roxbun

soluble adenylyl cyclase) increased intramitochondrial
cAMP, but along with membrane-permeant cAMP ana-
logues, failed to induce measureable matrix PKA activity.
In contrast, the OMM proved to be a domain of excep-
tionally persistent cAMP-dependent PKA activity. Although
cAMP signaling events measured on the OMM mirrored
those of the cytosol, PKA phosphorylation at the OMM
endured longer as a consequence of diminished control
by local phosphatases. Our findings demonstrate that
mitochondria host segregated cAMP cascades with dis-
tinct functional and kinetic signatures.
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Interactions Between Calcium and cAMP Signaling
AM. Hofer*

VA Boston Healthcare System and the Department of Surgery, Brigham and Women'’s Hospital and Harvard Medical School, 1400
VFW Parkway, West Roxbury, Massachusetts 02132, USA

Abstract: The calcium ion is quite possibly the single most pervasive signaling molecule used by living organisms for the purpose of
communicating internal and external states. It differs from other messengers in that it is neither created nor destroyed, but just moved
around inside and outside the cell via transporters, pumps and channels to alter its concentration in specific cellular locations. These
changes in free [Ca®"] are then detected by a wide array of Ca>"-binding effector proteins whose affinities are appropriately tuned to re-
spond to a particular type of [Ca®"] change. This deceptively simple paradigm dominates the function of many cell types, for example in
driving contraction of muscle, action potential generation in nerves, fluid, hormone, and enzyme secretion in secretory cells, and certain
immune responses. However, the Ca”" signal does not work in strict isolation, but rather is fine-tuned by many other signals, not the least
of which is the other major second messenger, cyclic AMP (¢cAMP). Conversely, the cAMP pathway is subject to modification by the
calcium signal and its various effectors at many different levels. These two fundamental second messengers, used throughout eukaryotes
and even prokaryotes, are thus inextricably intertwined. The purpose of the present article is to provide an update on some of the recently
described forms of reciprocal regulation between Ca®* and cAMP signaling circuits, with emphasis on interactions that take place in lo-
calized domains of the cell.

Working model:
“Store-operated
cAMP signaling”

STIM1 punctae

Ca2+ T W . s
1[Ca?*]er

Fig. (1). Model depicting hypothetical mechanism for store-operated cAMP signaling. Lowering of free [Ca®'] within the endoplasmic reticulum causes clus-
tering of STIMI into “punctae” in zones of the endoplasmic reticulum (ER) that are closely apposed to the plasma membrane. This permits interactions be-
tween the “SOAR” (or “CAD”) domains of STIM1 and Ca®' permeable Orai channels in the plasma membrane, leading to the well-described phenomenon of
store-operated Ca® entry. In certain cell types, formation of STIM1 punctae following loss of ER Ca®" stores is also somehow connected to activation of con-
ventional transmembrane adenylyl cyclases (tmAC). This latter process does not require Orail. It is not yet known whether direct binding between STIMI and
tmACs takes place, if or accessory proteins are required for this store-dependent tmAC activation.
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Store-operated cyclic AMP signalling mediated by STIM1

Konstantinos Lefkimmiatis', Meera Srikanthan', Isabella Maiellaro'*, Mary Pat Moyer?, Silvana Curci' and
Aldebaran M. Hofer*

Depletion of Ca?* from the endoplasmic reticulum (ER) results in activation of plasma membrane Ca?* entry channels. This ‘store-

perated’ process requires t location of a ti ER Ca?* sensor protein, stromal interaction molecule 1 (STIM1), to
sites closely apposed to Ca?* channels at the cell surface. However, it is not known whether a reduction in Ca?* stores is coupled
to other signalling pathways by this mechanism. We found that lowering the concentration of free Ca?* in the ER, independently of
the cy lic Caz* ion, also led to recrui of adenylyl cycl. This Ited in enh d cAMP ion and
PKA activation, measured using FRET-based cAMP indicators. Translocation of STIM1 was required for efficient coupling of ER
Ca?* depletion to adenylyl cyclase activity. We propose the exi: of a path (stort d cAMP signalling or SOCAMPS) in
which the content of internal Ca* stores is directly connected to cAMP signalling through a process that involves STIM1.

0 Ca*
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TPEN + Ca’+‘—z TPENeCa’+
trapped

Figure 1 Chelation of Ca?* within internal stores of NCM460 cells induces
STIM1 translocation, cAMP signalling and PKA phosphorylation. (a)

345 nm/385 nm excitation ratio of compartmentalized mag-fura-2 in intact
cells bathed in Ca?*-free solutions (black trace, top upper panel) showing

a rapidly reversible effect of TPEN (1 mM) on intraluminal Ca®*. Addition
0- of ionomycin (lono, 5 pM) caused even further loss of stored Ca?. Data

Esk Wast are mean + s.e.m. of 9 cells. Cytosolic Ca? levels (measured by fura-2,
T?DEL T';Eb,\] red trace, lower panel) did not change during TPEN treatment in Ca?*-free

TPEN Plasma
membrane
TIRF intensity

Fluorescence intensity

Fsk, 2 ym

Control| TPEN
p—
TPEN

solutions (Fsk, forskolin). The large Ca®* peak elicited by lono is shown

for comparison. Data are mean + s.e.m. of 36 cells. (b) Time course of
YFP-STIM1 translocation to the cell surface following treatment with TPEN
(1 mM) as measured using TIRF microscopy (upper panel; n= 16 cells,

6 experiments). The lower panels show TIRF images of punctae in cells
with the indicated treatments corresponding to those shown in the upper
panel. Scale bar, 15 um. (c) NCM460 cells expressing Epac-based cAMP

sensor. Addition of TPEN (1 mM) in Ca#*-free solution by itself caused an
TPEN increase in the 480 nm/535 nm FRET emission ratio but this response was
markedly potentiated in the presence of Fsk (2 uM). Low concentrations
of TPEN (10-40 pM) did not affect the FRET ratio, making a role for
heavy metals in this process unlikely. The inset shows summary data
(mean + s.e.m. of 47 cells in 6 experiments) for the relative rate of TPEN
responses in the presence and absence of forskolin. (d) 535 nm/480 nm
FRET emission ratio of the PKA phosphorylation sensor, AKAR3, after
treatment with TPEN (representative of 10 cells in 7 independent
experiments). At the end of most experiments, cells were stimulated with
saturating concentrations of the PDE inhibitor isobutylmethyl xanthine
(IBMX, 1 mM) and Fsk (25-50 uM) to establish the maximum ratio
response. (e) Overlay of time courses of TPEN responses in the presence

of forskolin from experiments in a-d for mag-fura-2 (a”), fura-2 @@"’),
Epac-H30 YFP-STIM1 TIRF (b), Epac-H30 (c) and AKAR-3 (d).
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Genetically encoded fluorescent reporters of protein
tyrosine kinase activities in living cells

Alice Y. Ting*, Kristin H. Kain®, Richard L. Klemke?, and Roger Y. Tsien**$

PNAS | December 18,2001 | vol. 98 | no.26 | 15003-15008
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Fig. 3. Cellular response of the Crk-based reporter. Wild-type MEFs stimulated with H,O, displayed a FRET increase in the cytosol over 20 min but no change
in the nucleus (a). Null cells did not display such an increase. An antiphospho-Y221Crk Western blot of crude cell lysates from NIH 3T3 cells transfected with the
Crk-based indicator shows an increase in phosphorylation of the indicator on PDGF stimulation (b). Phosphorylation is suppressed by pretreating cells with the
Abl inhibitor STI-571. The emission ratio time course (c) for different regions of the PDGF-stimulated cell depicted in d shows a cytoplasmic increase in FRET
followed by a dramatic FRET increase within the PDGF-induced membrane ruffles. Corresponding images of the YFP fluorescence show that the Abl reporter
concentrates in the membrane ruffles (e).
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Fluorescent biosensors — Probing protein kinase function in cancer and ®CrossMark
drug discovery*

May C. Morris *

Chemical Biology and Nanotechnology for Therapeutics, CRBM-CNRS-UMR5237,1919 Route de Mende, 34293 Montpellier, IFR122, France

CDKSENS: probing CDKACT : probing CDKCONF: probing
relativeabundance Kinase activity conformational dynamics

T
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Fig. 4. CDKSENS, CDKACT and CDKCONF biosensors. CDK/cyclin biosensors developed to monitor these heterodimeric kinases. A) CDKSENS biosensor design B) CDKSENS reports on

the relative abundance of CDK/cyclin complexes C) CDKACT biosensor design D) CDKACT reports on the kinase activity of CDK/cyclins E) CDKCONF biosensor scaffold F) COKCONF
reports on conformational changes associated with activation of the CDK, allowing for the screening of allosteric CDX inhibitors in high throughput formats.
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Fig. 6. Biosensors in drug discovery. Fluorescent biosensors are widely used in drug discovery programs for the identification of drugs by HTS, HCS approaches, for postscreening
evaluation of hits, optimization of leads, preclinical evaluation and clinical validation of candidate drugs.
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Fig. 2 Schematic representation of the application of Kinase biosensors in live-cell, high
throughput screens for novel pathway modulators. Individual compounds are added to each well
of the microtiter plates, which contain living mammalian cells expressing a Kinase biosensor.
Cyan and yellow fluorescence intensities are read by a fluorescence plate reader and emission
ratios are calculated to detect which wells contain compounds that may activate or inhibit the
kinase. High yellow/cyan (Y/C) emission ratios (red) represent potential agonists.



Table 1 FRET-based kinase activity reporters (KAR) that utilize the modular design of a
phosphoamino acid binding domain and kinase-specific substrate as the molecular switch

Reporter Target FRET pair Signal change (%)*  Reference

AKAR PKA ECFP/cpVenus 4017 13,2028 47
Aktus PKB CFP/YFP 107 17
ATOMIC ATM kinase  CFP/YFP 10 21
BKAR PKB ECFP/Citrine 10-25] 18
CKAR PKC ECFP/Citrine 15-20 16
CrkII-based reporter ~ Abl ECFP/Citrine 15-301 14
DKAR PKD CFP/YFP 10-20 | 22
EGFR reporter EGFR ECFP/Citrine 25-351 14
Erkus Erkl CFP/YFP 10 24
Phocus IR CFP/YFP 15-201 15
Picchu AbI/EGFR CFP/YFP 601 23
Src reporter Src ECFP/Citrine 30-35) 14,19

“ Best dynamic ranges are shown when different generations of reporters exist, with arrows
representing the directions of FRET responses when plotted as changes in yellow over cyan
emission ratio.
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