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Supplementary information
Ponsioen et al., Detecting cAMP-induced Epac activation by fluorescence resonance 
energy transfer: Epac as a novel cAMP indicator

Methods 
Materials.  Isoproterenol, 1-oleoyl-LPA, prostaglandin E1, epinephrine and sodium 
nitroprusside were from Sigma Chemical Co. (St. Louis, MO); IBMX, forskolin, IBMX, forskolin,IBMX, forskolin, 
and neurokinin A were from Calbiochem-Novabiochem Corp. (La Jolla, CA); 1-(2-
nitrophenyl)ethyl adenosine-3,-5-cyclic monophosphate (NPE-caged cAMP) was from 
Molecular Probes Inc.Eugene, OR); 8-p-CPT-2-O-Me-cAMP and N6-Benzoyladenosine-
3,-5-cyclic monophosphate were kindly provided by Hans Gottfried Genieser (Biolog Life 
Sciences Bremen, Germany). Bremen, Germany).Bremen, Germany).

DNA Constructs.  eCFP(“non-sticky”, A206K (Zacharias et al., 2002), a multiple cloning site 
with BglII/EcoRV/NheI/SacI restriction sites, and eYFP (A206K) were cloned in-frame, and 
inserted in pCDNA3 (Invitrogen) using HindIII/XbaI. Full-length Epac1 was generated by 
PCR using human Epac1 (#AF103905) and cloned in-frame into the restriction sites EcoRV/
NheI of the MCS using the primers 5’-TTGATATCTGATGGTGTTGAGAAGGATGCACC-
3’and5’-GGGGCTAGCTGGCTCCAGCTCTCG GG-3’. The resultant construct contained 
the linker SGLRSRYL, separating eCFP from Epac1, and ASEL, separating Epac1 from 
eYFP.
CFP-Epac1(δDEP)-YFP was generated using the upstream primer 5’-TTGATATCAGCC 
CGTGGGAACTCATG-3’ instead, deleting aa 1-148. The latter construct was rendered 
catalytically dead (CFP-Epac1(δDEP-CD)-YFP) by pointmutating T781A and F782A in 
the GEF domain.The chosen residues were predicted to affect Rap1-binding based on the 
crystal structure of the Son of Sevenless (SOS) protein, a GEF for H-Ras and a close family 
member of Epac (Boriack-Sjodin (Boriack-Sjodin(Boriack-Sjodin et al., 1998).
The PKA-based cAMP sensor, consisting of two expression vectors encoding the YFP-
tagged catalytic and CFP-tagged regulatory domain of PKA, was as published (Zaccolo 
et al., 2002; Zaccolo and Pozzan, 2002). The FRET-sensor for cGMP, termed Cygnet-2.1 
for cyclic GMP indicator using energy transfer, consists of a truncated form of the cGMP-
dependent protein kinase sandwiched between CFP and YFP and was used as published 
(Honda et al., 2001).

Fluorescence Lifetime Imaging.  FLIM experiments were performed on a Leica inverted 
DMIRE2 microscope equipped with Lambert Instruments (Leutingewolde, the Netherlands) 
frequency domain lifetime attachment, controlled by the vendors EZflim software. CFP 
was excited with ~4 mW of 430 nm light from a LED modulated at 40 MHz and emission 
was collected at 450-490 nm using an intensified CCD camera. Calculated CFP lifetimes 
were referenced to a 1 µM solution of Rhodamine-G6 in medium, set at 4.11 ns lifetime. 
CFP-Epac-YFP expressing cells were cocultured with reference cells that expressed CFP 
only.
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Confocal FRET imaging.  We recently described FRET imaging by sensitized emission 
on a Leica TCS-SP2 confocal microscope (Mannheim, Germany) in detail (van Rheenen et 
al., 2004). Briefly, reference cells expressing only CFP or YFP were seeded together with 
the CFP-Epac-YFP expressing cells and simultaneously imaged in the same field of view. 
Three images were collected: the donor image (CFP, excited at 430 nm and detected from 
460-510 nm), sensitized emission image (YFP, excited at 430nm and detected from 528-
603 nm) and the acceptor image (YFP, excited at 514 nm and detected from 528-603 nm). 
All images were shading-corrected. Donor leakthrough in the sensitized emission channel 
and false acceptor excitation that occurred at 430nm were corrected using correction factors 
derived from the reference cells as described (van Rheenen et al., 2004). Fret efficiency was 
expressed by dividing the sensitized emission image with the donor image. Fluorescence 
spectra were recorded with the λ-scan functionality of the Leica confocal microscope from 
living cells, excited at 430 nm. Spectra are the mean of 10 scans from different cells.

Supplementary figure 1. In vivo guanine nucleotide exchange (GEF) activity of 
Epac-based FRET probes
Different fluorescently tagged Epac constructs were tested for their guanine exchange 
activity towards Rap1. Indicated constructs were transfected in NIH3T3 cells, which do 
not express detectable amounts of endogenous Epac1. After 48 hours, cells were stimulated 
with 100 µM 8-p-CPT-2’-O-Me-cAMP for 15 min. Cells were lysed and assayed for GTP-
bound Rap1 using GST-RalGDS as an activation-specific probe (de Rooij et al., 1998). 
Upper panel, pull-down samples were probed with an antibody against Rap1 (Santa Cruz, 
SC-65). The upper band is HA-tagged Rap1, the lower band is endogenous Rap1. Middle 
panel, expression of HA-Rap1 as detected with an anti-HA monoclonal antibody (12CA5). 
Lower panel, expression of Epac1 constructs was verified using an Epac1 specific mouse 
monoclonal antibody (5D3).
Note that in line with the reported dependence of Epac signaling on correct subcellular 
localization, loss of the DEP domain significantly interferes with Rap1 activation. Residual 
activity is completely lost in CFP-Epac(δDEP-CD)-YFP, the mutant that lacks Rap1 
binding.
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Supplementary figure 2. Epac activation is independent of subcellular localization
Activation of the downstream target of Epac1, Rap1, reportedly is membrane-delimited, 
but conflicting views exist on whether this predominantly occurs at endomembranes or at 
the plasma membrane (Mochizuki et al., 2001;Bivona et al., 2004). We therefore set out to 
visualize Epac activation throughout the cell by two different FRET techniques. Initially, we 
confirmed that tagging of Epac with GFPs does not interfere with its proper localization by 
comparing the cellular distribution of CFP-Epac-YFP to that of immunolabeled endogenous 
Epac in OVCAR3 cells. In good agreement with published data for untagged Epac (Qiao 
et al., 2002), CFP-Epac-YFP localized in the cytosol as well as to membranes (the nuclear 
envelope, perinuclear membranes, and to a lesser extent the plasma membrane). Details 
will be published elsewhere (Zhao et al., in preparation).

Supplementary Figure 2. Spatial distribution of Epac activity as detected by 
fluorescence resonance. 
A) (left panel) FRET in CFP-Epac-YFP expressing A431 cells as detected by FLIM. The 
homogeneous lifetime of ~1.7 ns throughout the cell indicates ~30% FRET efficiency. For 
reference, CFP in control cells displays a lifetime of ~2.4 ns. (right panel) Stimulation with 
forskolin (1 µM) decreases FRET, causing the lifetime to increase to ~2.2 ns. B) Confocal 
images of an A431 cell expressing CFP-Epac-YFP. Upper left, YFP fluorescence; upper 
right, sensitized emission, i.e. calculated YFP emission resulting from FRET; lower left, 
calculated FRET efficiency in resting cell; lower right, FRET efficiency after epinephrine 
treatment (250 nM).
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A) Dose-response relationship forDose-response relationship for 
cAMP-induced FRET changes 
for CFP-Epac-YFP (red), 
CFPEpac(δDEP)-YFP (green), 
and CFP-Epac(δDEP-CD)-
YFP (blue) in vitro. Apparent 
dissociation constants were 50 
+/- 3 µM, 35 +/- 3 µM, and 14 
+/- 2 µM, respectively (N=3). 
Hill coefficients did not differ 
significantly from 1 (0.97, 0.95 
and 0.94, respectively). Shown 
are data and fitted curve of a 
representative example.

Widefield Fluorescence Lifetime IMaging (FLIM; see Methods) reports FRET quantitatively 
as a decrease in the excited-state lifetime of the fluorescent donor molecule. For reference, 
A431 cells expressing CFP-Epac-YFP were imaged along with HEK293 control cells 
expressing cytosolic CFP. In resting cells, our FLIM analysis failed to reveal spatial 
differences in FRET efficiency (Fig. 2A, left panel). Furthermore, activation of Epac with 
cAMP-raising agonists caused a similar FRET decrease throughout the cells (Fig. 2A, right 
panel).To better resolve subcellular details, we employed a recently developed, highly 
corrected confocal laser scanning FRET microscopy approach (van Rheenen et al., 2004) 
that allows discrimination of CFP-Epac-YFP activation in the cytosol and at membranes. 
In the cell types studied, Epac activation state as deduced from FRET did not depend 
on membrane localization (lower left panel). cAMP-raising agonists such as epinephrine 
(250 nM) caused similar FRET changes at membranes and in the cytosol (lower right 
panel). The homogeneous FRET values determined for CFP-Epac-YFP throughout the 
cells are likely due to the rapid diffusion of cAMP  in the cytosol. Taken together, our data 
demonstrate that Epac activation is not localized to membranes and further indicate that 
binding to cAMP is the main determinant of Epac activation.

Supplementary figure 3. Fluorescently tagged Epac constructs bind cAMP with
micromolar affinities
To determine dissociation constants (Kd) towards cAMP, five 15-cm petridishes of 
HEK293 cells were transfected for each of the constructs. Cells were harvested 24h post 
transfection, washed in PBS and homogenized in hypotonic medium (PBS:H2O, 1:2) with 
a Downs piston.The homogenate was cleared by high-speed centrifugation for 10 minutes 
and subsequently ionic concentrations were corrected towards intracellular levels 
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(in mM: 140 KCl, 5 NaCl, 1 MgCl2 and 10 HEPES for pH 7.2). FRET changes caused by 
consecutive additions of cAMP were recorded in the stirred cuvet of a PTI Quantamaster 
dual channel spectrofluorimeter (Lawrenceville, NJ). FRET was expressed as the ratio of 
the YFP channel (530 +/-10 nm) and the CFP channel (490 +/- 10 nm), when excited at 420 
+/-3 nm. For analysis, we used the Hillfunction: 
FRET([cAMP]) FRETmax*([cAMP]^n / (Kd^n + [cAMP]^n)).
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