Lo L

P

1\

o LN A D
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reveal differential dynamics of cAMP signaling within
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Second messenger cAMP regulates many cellular functions
through its effectors, such as cAMP-dependent protein kinase
(PKA) and Epac (exchange proteins directly activated by cAMP).
Spatial and temporal control of cAMP signaling is crucial to differ-
ential regulation of cellular targets involved in various signaling
cascades. To investigate the compartmentalized cAMP signaling,
we constructed fluorescent indicators that report intracellular
cAMP dynamics and Epac activation by sandwiching the full-length
Epac1 between cyan and yellow mutants of GFP. Elevations of
cAMP decreased FRET and increased the ratio of cyan-to-yellow
emissions by 10-30% in living mammalian cells. This response can
be reversed by removing cAMP-elevating agents and abolished by
mutating the critical residue responsible for cAMP binding. Tar-
geting of the reporter to the plasma membrane, where cAMP is
produced in response to the activation of B-adrenergic receptor,
revealed a faster cAMP response at the membrane than in the
cytoplasm and mitochondria. Simultaneous imaging with targeted
cAMP indicator and PKA activity reporter allowed the detection of
a much delayed PKA response in the nucleus after the rapid
accumulation of cAMP at the plasma membrane of the same cell,
despite the immediate presence of a pool of CAMP in the nucleus.
Thus, cAMP dynamics and the activation of its effectors are pre-
cisely controlled spatiotemporally in vivo.

FRET | cAMP-dependent protein kinase

S ignaling through cAMP, the paradigm for the second mes-
senger concept, governs many fundamental cellular func-
tions, including metabolic, electrical, cytoskeletal, and transcrip-
tional responses within the cell (1, 2). Many of these responses
are mediated by cAMP-dependent protein kinase (PKA), which
has served as a model of protein kinase structure and regulation
(3). On the other hand, the exchange protein directly activated
by cAMP (Epac) has been discovered as a cAMP receptor
protein mediating cAMP signaling through its cAMP-dependent
guanine nucleotide exchange activity toward a small guanosine
triphosphatase, Rapl (4, 5). Epac has been shown to be involved
in cAMP-modulated insulin secretion and cell adhesion; how-
ever, the molecular mechanisms of Epac-mediated signaling
remain to be unraveled (6).

Subcellular compartmentalization of cAMP action was sug-
gested >20 years ago (7), and recent studies provide new
evidence for spatial organization of the components that regu-
late cAMP signaling. In mammalian cells, cAMP is produced by
two classes of adenylyl cyclases (AC). Transmembrane ACs are
tethered to the plasma membrane and regulated by heterotri-
meric G proteins in response to hormones. Soluble AC is
localized to nucleus, mitochondria, microtubules, and centrioles
and is regulated by bicarbonate and calcium (8, 9). The distinct
territories of two classes of ACs led to the hypothesis that
discrete cAMP microdomains exist and that different pools of
cAMP can be generated in response to extracellular signals or
intrinsic signals such as intracellular pH and the metabolite CO».
However, the diffusion of cAMP in the cytosol is rapid, and local
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control and restricted diffusion of cAMP would be essential for
the establishment of cAMP signaling microdomains. This re-
striction is partly achieved by phosphodiesterase (PDE), the
enzyme responsible for the degradation of cAMP (10).

Microdomains or distinct pools of cAMP formed at different
subcellular sites appear to be crucial to specific cAMP actions.
For instance, in cardiac myocytes, activation of B-adrenergic
receptor (B-AR) correlated with activation of the particulate or
membrane-bound PKA, whereas prostaglandin E; (PGE,) ele-
vated cAMP in the soluble fraction, and the subsequent activa-
tion of PKA in the soluble pool was without functional conse-
quences (11). The availability of different pools of cAMP to the
local effectors within the same compartments should enhance
the specificity and efficiency of cAMP signaling. As shown in
cardiac myocytes (12), the cAMP rise within restricted domains
appears necessary for limiting the activation to a specific sub-
population of PKA molecules that, anchored through A-kinase-
anchoring proteins, AKAPs (13), lie in proximity to their targets.
Specific subcellular localization of Epac has also been shown at
the mitochondria and nuclear envelop and to mitotic spindle and
centrosomes in the metaphase of cell cycle (14).

To analyze the spatiotemporal dynamics of cAMP signaling, a
first generation of cAMP indicator was constructed based on
cAMP-sensitive FRET between two fluorophores chemically
attached to subunits of PKA (15). Replacing the fluorophores
with variants of GFP produced a genetically encodable fluores-
cent indicator (16). In addition, cAMP levels can be monitored
by measuring the current flowing through the expressed recom-
binant cAMP-gated channel (17, 18). Dynamic visualization of
compartmentalized PKA activities downstream of cAMP pro-
duction has been achieved by genetically encoded phosphory-
lation indicators for PKA (19, 20). In the case of A-kinase activity
reporter (AKAR), phosphorylation-dependent conformational
change of a tandem fusion domain, composed of a substrate
peptide for PKA and a phosphorylation recognition domain,
alters the distance and/or relative orientation between two GFP
proteins fused to the N and C termini and generates a FRET
change. AKAR shares a general design with many genetically
encoded indicators containing conformationally responsive el-
ements sandwiched between two mutants of GFP capable of
FRET, which have successfully monitored Ca?*, cGMP fluctu-
ations, and protein phosphorylation in live cells (21, 22). Here we
present fluorescent reporters based on cAMP-dependent con-
formational change of Epac for monitoring cAMP dynamics and
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Fig. 1. Domain structure and comparison of FRET responses for Epac-based
cAMP reporters. Sandwiched between ECFP and citrine are truncated forms of
Epac2, full-length Epac1 with or without R522E mutation, with R522 corre-
sponding to R279 in Epacl. The construct that generated the biggest FRET
response was designated as ICUE1.

Epac activation in living mammalian cells. We use this readily
targetable indicator of cAMP using Epac (ICUE) to analyze the
spatiotemporal dynamics of cAMP signaling at different subcel-
lular locations.

Experimental Procedures

FRET Indicator Construction. The full-length Epacl (1-881) and
truncated forms of Epac2 (T316-A501 and P350-A501) were
created by PCR using Epacl (4) or Epac2 (23) as the templates.
Mutation R522E was incorporated by the QuikChange method
(Stratagene). Enhanced cyan fluorescent protein (ECFP) and
citrine were fused to the N and C termini of the individual gene
constructs (Fig. 1). The constructs were first generated in
pRSET B (Invitrogen) and subcloned into pcDNA3 (Invitrogen)
behind a Kozak sequence for mammalian expression.

For plasma membrane targeting of ICUEI, the sequence
KKKKKSKTKCVIM was inserted at the C terminus. For nu-
clear targeting, the nuclear localization signal (NLS)
PKKKRKVEDA was added to the C terminus. The signal
sequence MAIQLRSLFPLALPGMLALLGWWWFFSRKK
was inserted at the N terminus for targeting ICUE to mitochon-
dria. Localization to the mitochondrial matrix was achieved by
fusing the first 12 aa of subunit I'V of human cytochrome oxidase
¢ to the N terminus of the construct.

Cell Culture. HEK-293, HeLa, and PC12 cells were plated onto
sterilized glass coverslips in 35-mm dishes and grown to 50-90%
confluency in DMEM (10% FBS at 37°C with 5% CO,). Cells
were then transfected with FuGENE-6 transfection reagent
(Roche) or calcium phosphate and allowed to grow for 12-24 h
before imaging. Colocalization studies were performed by incu-
bating transfected HEK-293 cells with MitoTracker Red 580 or
Hoechst 33342 cell-permeable dyes (Molecular Probes) for
staining mitochondria or nucleic acids, respectively.

Imaging. Cells were washed twice with Hanks’ balanced salt
solution buffer after a 12- to 24-h incubation at 37°C in culture
medium. Cells were maintained in buffer in the dark at room
temperature with the addition of isoproterenol (ISO; Aldrich),
forskolin (Calbiochem), PGE; (Sigma), and 8-(4-chloro-
phenylthio)-2'-O-methyl adenosine 3',5’-monophosphate (8-
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pCPT-2'-O-Me-cAMP) (Axxora Biolog, San Diego) as
indicated. Cells were also treated with P-(4,5-dimethoxy-2-
nitrobenzyl) cAMP (Molecular Probes). Uncaging of cAMP was
performed as previously described (20).

Cells were imaged on a Zeiss Axiovert 200M microscope with
a cooled charge-coupled device camera MicroMAX BFT512
(Roper Scientific, Trenton, NJ) controlled by METAFLUOR 6.2
software (Universal Imaging, Downingtown, PA). Dual-
emission ratio imaging used a 420DF20 excitation filter, a
450DRLP dichroic mirror, and two emission filters (475DF40 for
ECFP and 535DF25 for citrine) alternated by a filter-changer
Lambda 10-2 (Sutter Instruments, Novato, CA). Exposure time
was 100-500 ms, and images were taken every 8-30 s. Fluores-
cent images were background-corrected by subtracting autofluo-
rescence intensities of untransfected cells (or background with
no cells) from the emission intensities of fluorescent cells
expressing reporters. The ratios of cyan-to-yellow emissions
were then calculated at different time points and normalized by
dividing all ratios by the emission ratio just before stimulation,
thereby setting the basal emission ratio to 1. FRET efficiency
was determined by acceptor photobleaching as reported (24).
Briefly, citrine was photobleached at the end of the experiment
by intense illumination with a 525DF40 filter. ECFP fluores-
cence intensities before (Fg4,) and after (Fy) citrine photobleach-
ing and the equation £ = 1 — (Fq./F4) were then used to
calculate the FRET efficiency.

Results

Development of Epac-Based Fluorescent Reporters. It has been
suggested that cAMP binding to Epac induces a conformational
change that liberates the catalytic domain of Epac from intra-
subunit allosteric inhibition (25, 26). We hypothesize that sand-
wiching such Epac-based conformationally responsive elements
between a FRET pair would allow the detection of cAMP rise
and Epac activation by changes in FRET. Therefore, we gener-
ated a number of chimeric proteins by fusing the N terminus of
various Epac truncations to ECFP and the C terminus to
citrine, an improved version of yellow fluorescent protein (YFP)
(Fig. 1).

In one construct, ECFP and citrine were fused together with
a domain (P350-A501) containing the second cyclic nucleotide
monophosphate-binding domain from Epac2 and a C-terminal
lid (Fig. 1). When expressed in HEK-293 cells, this protein
showed variable ratios of cyan-to-yellow emissions that are
inversely correlated with expression level of the protein. This
concentration dependence is indicative of intermolecular FRET
between different reporter molecules that may occur because of
oligomerization or aggregation (27). Upon cAMP elevations,
this protein did not show a cAMP-dependent FRET change. We
incorporated a larger portion of Epac2 sequence N-terminal to
the binding domain (Fig. 1) (T316-A501) and obtained a con-
struct that showed more homogeneous emission ratios and a 5%
increase in emission ratio of cyan-to-yellow upon cAMP eleva-
tions (data not shown).

To improve the dynamic range of the response and to develop
a reporter for Epac activation, we sandwiched the full-length
Epacl between ECFP and citrine (Fig. 1). When this reporter
(designated as ICUEL) was transfected in HEK-293 cells, the
fluorescence was uniformly distributed in the cytosolic compart-
ment in 60% of the cells (Fig. 24, first image). In the remaining
40% of the cells, the chimeric protein was localized to perinu-
clear region or mitochondria, consistent with our previous
observation using full-length Epacl fused to GFP (14). A similar
expression pattern was also observed in HeLa and PC12 cells
(data not shown).

Stimulation of endogenous B-AR with ISO generated a FRET
decrease in HEK-293 cells expressing ICUEI, resulting in an
increase in the ratio of cyan-to-yellow emissions (Fig. 24 and B).

DiPilato et al.
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Fig. 2. Responses of ICUE1 to changes in cellular cAMP levels. (A) FRET
response of HEK-293 cells transfected with ICUE1. The firstimage is a YFP-only
image. Pseudocolor images depict the FRET response of the reporter to I1SO
stimulation at various time points. (Scale bar, 10 um.) (B) Representative
emission ratio time courses of ICUE1 and the R522E mutant stimulated with 10
1M 1SO followed by 10 uM propranolol and 50 M forskolin (FsK). (C) Repre-
sentative emission ratio time courses of ICUE1 stimulated with 10 uM ISO, 50
uM forskolin, 10 uM PGE;, 300 uM 8-pCPT-2-O-Me-cAMP, and 100 pM
P-(4,5-dimethoxy-2-nitrobenzyl) cAMP followed by UV uncaging. The flash
signs indicate 5-s UV flashes at two different time points.

The change in emission ratios was detectable within several
seconds and reached a plateau of 16.8 = 1.0% (n = 8) [average
+ SEM (n value)] signal increase within 1.5-3 min. This FRET
change consisted of reciprocal decreases in yellow and increases
in cyan emission, and the FRET efficiencies were measured by
acceptor photobleaching to be 29 + 3% and 21 = 1% (n = 3),
respectively, before and after ISO stimulation. The presence of
propranolol, a B-AR antagonist, prevented the ISO-stimulated
response (data not shown).

We next tested whether the FRET response was reversible.
Addition of 10 uM propranolol after the ISO-stimulated re-
sponse reached the plateau resulted in an initial decrease in
emission ratio of cyan-to-yellow in 2-3 min and a full recovery
over 6—8 min. Removal of ISO had the same effect (data not
shown). Finally, a second rise in emission ratio was induced by
addition of forskolin to activate AC and elevate cAMP. The
change in emission ratio reached a plateau in 3-5 min (Fig. 2B).

To verify that the FRET response is caused by cAMP binding,
we generated a variant of the reporter that carries a point
mutation in the cAMP binding domain. Arginine 279 in Epacl
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is a conserved residue that contributes to cAMP binding (26).
EpacR279E has been shown to be defective in cAMP binding (4,
28), and mutation of the same arginine to glutamate (R522E) in
the reporter completely abolished the FRET change induced by
ISO and forskolin (Fig. 2B; n = 7).

Different means of elevating intracellular cAMP revealed
different kinetics for the FRET response (Fig. 2C). As shown in
Fig. 2 B and C, activation of B-AR with a selective agonist such
as ISO (10 uM) induced decreases in FRET in 1.5-3 min,
whereas stimulation of AC required slightly longer treatment
with forskolin (3-5 min) to produce a maximal increase in
emission ratios (19.6 = 1.0% response; n = 8) (Fig. 2C).
Addition of 10 uM PGE; to increase cAMP level (17) induced
a FRET response (13.3 = 0.9%; n = 7) within 3-5 min,
noticeably delayed compared with the response induced by ISO
(Fig. 2C). A newly characterized analogue of cAMP, 8-pCPT-
2'-0O-Me-cAMP, specifically activates Epac but not PKA (29).
This cAMP analog, when administrated at 300 uM, required
10-15 min to produce a half-maximal increase in emission ratios
(t12) (Fig. 2C, 12.8 = 0.9%; n = 6). The fastest intracellular
responses were generated by photolytic release (“uncaging’) of
cAMP from a membrane-permeant ester, P-(4,5-dimethoxy-2-
nitrobenzyl) cAMP (30). Cells expressing ICUE1 were first
incubated with 100 uM P-(4,5-dimethoxy-2-nitrobenzyl) cAMP
for 3 min and were exposed to UV light to uncage the cAMP
intracellularly. A flash of 5 s acutely increased the emission ratio
by 4.7 + 0.7% (n = 8) in just 15-30 s (Fig. 2C). The response was
then quickly reversed because of the degradation of uncaged
cAMP by PDE. The slower time courses of the other responses
are presumably caused by rate-limiting steps in activating AC and
accumulating sufficient cAMP rather than the kinetics of cAMP
binding to Epacl or the FRET response of the reporter.

cAMP Dynamics Within Subcellular Compartments. To directly mon-
itor cAMP dynamics at different subcellular locations inside
cells, we prepared several fusions of ICUEL to various specific
targeting motifs (Fig. 34). To localize the reporter to the plasma
membrane, we fused the plasma membrane-targeting signal of
small guanosine triphosphatase K-ras4B (31) to the C terminus
of ICUEL. This targeting motif combined a farnesylated cysteine
residue with a strongly polybasic sequence and effectively tar-
geted the reporter to the plasma membrane (Fig. 3B). As shown
in Fig. 3C, plasma membrane-targeted ICUE1 generated a
FRET response of 18.3 * 1.2% (n = 8) upon stimulation with
ISO. The response time (1, = 24.9 * 2.8 s; n = 8) was shortened
by 40% compared with the time course for the cytoplasmically
distributed ICUEL (#;, = 40.5 = 3.3 s; n = 8), whereas both
plasma membrane-targeted and cytoplasmically distributed
ICUEL1 generated rapid responses upon whole-cell cAMP un-
caging (data not shown). These results indicate that this delay in
response of untargeted ICUEL is not caused by the intrinsic
kinetic properties of the localized reporters but is most likely
caused by restricted release of cAMP from the plasma mem-
brane to cytosol (18).

Epac has been shown to localize to mitochondria in a sub-
population of cells, but monitoring of cAMP accumulation at
mitochondria has not been possible with previous methods. To
examine the cAMP dynamics and Epac activation at this sub-
cellular location, we fused two different mitochondria-targeting
motifs to ICUE1 (Fig. 34). The first MitoCOX-ICUE1 was
generated by fusing the targeting sequence of subunit IV of
cytochrome ¢ oxidase (COX) to the N terminus of ICUEL. This
COX sequence has been shown to deliver fused proteins to the
mitochondrial matrix (32). As shown in Fig. 3B, MitoCOX-
ICUEL1 was partially targeted to mitochondria (33), showing
partial colocalization with a cell-permeable mitochondrial dye,
MitoTracker. Activation of B-AR by ISO generated a FRET
response (19.0 = 1.6%; n = 5) in the punctate mitochondria
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Fig.3. Fusionsof ICUE1 targeted to varioussubcellular locations. (A) Domain
structures of the fusion constructs. (B) YFP-only images showing plasma
membrane and nuclear distributions of various fusions. (Scale bars, 10 pm.)
Merged pseudocolor images show colocalization of nuclear localized ICUE1
with Hoechst 33342 cell-permeable dye in nucleus and mitochondria-targeted
ICUE1 with MitoTracker at mitochondria. (C) Representative emission ratio
time courses for the untagged (ICUE1), plasma membrane-targeted (pm
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structure within 2-3 min (1, = 40.4 = 7.3 s; n = 5), indicating
that CAMP can enter mitochondria and accumulate in the
matrix. In a second mitochondria-targeted ICUE1 (Mito-
DAKAPI-ICUEL), a mitochondria-targeting motif taken from
the N-terminal sequence of DAKAP1a (34) effectively targeted
ICUEL1 to mitochondria (Fig. 3B), where the ISO-stimulated
FRET response (14.5 = 1.5%, tip = 42.4 = 2.5 s;n = 6) is similar
to the cytosolic response (Fig. 3C).

When fused to a NLS, ICUEL was appropriately targeted to
the nucleus (Fig. 3B), where its response to ISO stimulation was
smaller (5.6 = 0.5%;n = 12) than the 16.8 = 1.0% FRET change
for cytoplasmically distributed ICUE1 (Fig. 3C). Stimulation
with bicarbonate to activate endogenous soluble AC in HEK-293
cells did not generate a cAMP-dependent response in the
nucleus (data not shown), presumably because of limited copy
numbers of soluble AC in this cell type or the sensitivity of the
detection. Interestingly, the ISO-stimulated response in the
nucleus is not delayed (¢12 = 38.5 £ 3.5 s;n = 12) compared with
that from untargeted ICUEL. This finding indicates that the
available pool of cAMP in the nucleus, although possibly smaller,
is not kinetically crippled because of the fast diffusion of cAMP
from cytosol to nucleus.

To test whether activation of different receptors leads to
production of different pools of cAMP, we compared the cAMP
responses induced by PGE; and ISO at different subcellular sites.
At the plasma membrane, addition of PGE; generated a 12.6 +
0.9% (n = 8) emission ratio increase within 2-3 min. Surpris-
ingly, sustained stimulation with 10 uM PGE; did not produce
a transient response, as observed previously using cyclic nucle-
otide-gated ion channels (17). In contrast, the response at the
plasma membrane is sustained until removal of PGE, (Fig. 3D).
Variable cellular PDE activities may be responsible for this
discrepancy. After removal of PGE,, a second response of
similar amplitude was induced by stimulation with ISO. Both
untargeted and mitochondria targeted ICUE1 showed similar
responses to PGE; and ISO (data not shown). In the nucleus,
PGE, also stimulated a small response (3.4 * 0.4%; n = 13),
noticeably a few percentages smaller than that induced by ISO
in the same cell (Fig. 3E).

Simultaneous Imaging of cAMP Dynamics and PKA Phosphorylation. It
has been shown that soluble AC and regulatory subunit (R
subunit) and catalytic subunit (C subunit) of PKA coexist in the
nucleus of mammalian cells (35). The activation of bicarbonate-
responsive soluble AC in the nucleus led to a rapid increase in
PKA-dependent phosphorylation, detectable within 2 min.
Thus, the immediate presence of a nuclear pool of cAMP after
B-AR activation raised the question of whether this pool of
cAMP could produce functional PKA responses in the nucleus.
Here we take advantage of the targeted cAMP indicators and
AKAR (20) to examine the temporal correlation of cAMP
dynamics and PKA activation within single living cells.

We coexpressed the plasma membrane-targeted ICUE1 and
nuclear-localized AKAR in HEK-293 cells (Fig. 44). An imme-
diate increase in emission ratios of cyan-to-yellow occurred at
the plasma membrane upon stimulation with ISO, indicating an
acute rise in cCAMP. However, the emission ratio in the nucleus
did not increase in the same time frame. After a delay of 5-10
min, in the presence of the sustained cAMP response, a gradual
increase in ratio of yellow-to-cyan emissions occurred and

ICUE1), mitochondria-targeted (MitoCOX- and MitoDAKAP1-ICUE1), and nu-
clear localized reporters (NLS-ICUE1) stimulated with 10 uM ISO. (D) Repre-
sentative emission ratio time courses for pm ICUE 1 stimulated with 10 .M PGE;
followed by the removal of PGE; and the addition of 10 uM ISO. (E) Repre-
sentative emission ratio time courses for NLS-ICUE1 in response to 10 uM PGE;
and 10 uM ISO separated by a washing step.

DiPilato et al.
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reached a plateau in 20-30 min. On the other hand, untargeted
AKAR generated acute responses in 2-3 min in the cytosol of
HEK-293 cells upon stimulation with ISO (data not shown). This
finding is consistent with acute cytosolic AKAR responses upon
cAMP elevations we previously reported (20). Therefore, the
delay in response indicates that PKA phosphorylation in the
nucleus does not occur immediately after cAMP production
(Fig. 4B). This delayed nuclear response of PKA phosphoryla-
tion is consistent with a slow diffusional translocation of the C
subunit of PKA into the nucleus after the dissociation of C and
R subunits in the cytoplasm upon cAMP elevation (36, 37).
As a control experiment, we also recorded cAMP responses
from single cells coexpressing both plasma membrane-targeted
and nuclear-localized ICUEI1 for direct comparison of the cAMP
dynamics at the plasma membrane and in the nucleus. As shown
in Fig. 4C, ISO stimulated an acute cAMP response at the plasma
membrane followed by a response in the nucleus, which reached
the plateau in 2-3 min. This finding is consistent with data
obtained from separate cells expressing either targeted reporter,
indicating that ICUE reporter molecules do not notably perturb
cAMP distribution throughout the cell. This acute nuclear
cAMP response is in sharp contrast to the delayed response of
PKA phosphorylation in the nucleus, which requires 20-30 min
to reach the maximum. Thus, the presence of this nuclear pool
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of cAMP immediately after cAMP production is not sufficient
to generate a detectable phosphorylation of AKAR by PKA
within the nucleus. This lack of immediate PKA response could
be caused by either the absence of the PKA holoenzyme in the
nucleus or insufficient activation of soluble AC-coupled PKA by
this pool of cAMP. In this case, the slow diffusion of the C
subunit rather than the fast diffusion of cAMP as the rate-
limiting step may provide the temporal control of B-AR-
stimulated PKA-dependent phosphorylation in the nucleus.

Discussion

As a cAMP indicator, the present reporter ICUE1 based on
Epacl has some special advantages over previous methods for
assessing CAMP dynamics inside cells. Radioimmunoassay
(RIA) or enzyme immunoassay for measuring CAMP require
destroying large amounts of cells or tissue, have very poor spatial
and temporal resolution, and measure total rather than free
cAMP. Use of engineered cyclic nucleotide-gated channels to
detect free cAMP provides good temporal resolution and quan-
tification but uses indirect calcium measurement or nontrivial
patch-clamp technique and lacks the flexibility of measuring
cAMP changes within various subcellular compartments (17,
18). Free cAMP can be imaged in single cells microinjected with
fluorophore-labeled C and R subunits (15) and, more recently,
in cells expressing two colors of GFP mutants fused to the C and
R subunits (16), which dissociate from each other and lose
FRET upon elevation of cAMP. However, the expression levels
of the two fusions have to be carefully matched to allow reliable
measurement. Even so, mixed tetramerization may occur be-
tween the fluorophore-attached subunits and endogenous part-
ners, reducing the number of functional reporter molecules.
Furthermore, it can be difficult to target such bimolecular
reporters to different subcellular locations while maintaining
appropriate stoichiometry. The current ICUE is a unimolecular
cAMP reporter based on Epacl and can be readily targeted to
different subcellular locations or fused to signaling components.
In addition, ICUE also functions as an Epac activation reporter
and can be used to examine compartmentalized Epac activities
and their physiological functions.

While our work was in preparation, Nikolaev et al. (38)
published an independent report of single-chain cAMP sensors
based on Epac and the R subunit of PKA. Their best reporter
consisted of a truncated Epacl (E157-E316) sandwiched be-
tween enhanced YFP and ECFP. In Chinese hamster ovary cells
overexpressing adenosine A2B receptors and HEK-293 cells
overexpressing B1-AR or B2-AR, this reporter generated a
25-35% decrease in emission ratios of yellow-to-cyan in 1-2 min.
This reporter is different from ICUEL, which consists of full-
length Epacl, but analogous to other constructs we generated
using truncated forms of Epac, including an identically truncated
Epacl (E157-E316). However, these constructs generated only
small FRET decreases upon cAMP elevations in HEK-293 cells
with endogenous receptors, in comparison with ICUE1 contain-
ing full-length Epacl. This discrepancy could be caused by use
of different linkers connecting sequences of Epac and fluores-
cent proteins in individual constructs and the different cell types
for testing these constructs.

ICUEL1 targeted to plasma membrane, mitochondria, and
nucleus revealed differential dynamics of cAMP signaling in
response to the activation of B-AR or prostanoid receptor. The
response at the plasma membrane, the site of cAMP production,
is faster than detected in the cytoplasm, mitochondria, or
nucleus. The difference in the response time is in the range of
tens of seconds. With a calculated diffusion coefficient of 500
um?s~1(38,39), cAMP would diffuse across a 20-um cell in <0.5
s, which would presumably blur our observed spatial differences.
The role of specific PDE activities in controlling such differential
responses needs to be tested in the future. On the other hand, it
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has been suggested that cAMP is produced in microdomains
near the plasma membrane and that diffusion between these
domains and a cytosolic compartment is restricted (18). Chal-
lenges remain to identify molecular and structural components
that control such microdomains. In the nucleus, the response to
ISO and PGE; is small but not delayed compared with that
detected in the cytoplasm or mitochondria, indicating a fast
diffusion of cAMP from the cytoplasm to nucleus. It remains to
be tested whether any factors limit the access to nucleus by
cAMP and lead to a reduced pool of cAMP in the nucleus. In
fact, in muscle cells, a perinuclear pool of PDE targeted through
muscle-selective A-kinase anchoring protein, mnAKAP, has been
suggested to play a role of restricting nuclear cAMP signaling
(40). It is also possible that the local nuclear environment, the
presence of binding partners of Epac, or some aggregation of the
reporter in the nucleus could account for the small response of
the nuclear reporter.

In this study, we demonstrated simultaneous imaging of cAMP
dynamics and PKA phosphorylation in single living cells using
locus-specific FRET reporters. This method takes advantage of
spatial separation of subcellular events and provides unambig-
uous temporal correlation of these events. We believe that this
methodology complements multicolor imaging (41, 42) and is
well suited for simultaneously monitoring multiple signaling
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