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The Ca®*- and cAMP-responsive element-binding protein
(CREB) and the related ATF-1 and CREM are stimulus-induc-
ible transcription factors that link certain forms of cellular activ-
ity to changes in gene expression. They are attributed to
complex integrative activation characteristics, but current
biochemical technology does not allow dynamic imaging of
CREB activation in single cells. Using fluorescence resonance
energy transfer between mutants of green fluorescent protein
we here develop a signal-optimized genetically encoded indi-
cator that enables imaging activation of CREB due to phos-
phorylation of the critical serine 133. The indicator of CREB
activation due to phosphorylation (ICAP) was used to inves-
tigate the role of the scaffold and anchoring protein AKAP79/
150 in regulating signal pathways converging on CREB. We
show that disruption of AKAP79/150-mediated protein
kinase A anchoring or knock-down of AKAP150 dramatically
reduces the ability of protein kinase A to activate CREB. In
contrast, AKAP79/150 regulation of CREB via L-type chan-
nels may only have minor importance. ICAP allows dynamic
and reversible imaging in living cells and may become useful
in studying molecular components and cell-type specificity of
activity-dependent gene expression.

Changes in gene expression are a hallmark of long term
adaptive processes in many cell types and are crucially involved
in the conversion from short term to long term plasticity of
neuronal circuits. Transcription factors of the cAMP-respon-
sive element-binding protein (CREB)® family have a prominent
role in affecting such processes in various tissues and cell types
(1-5). The family includes the homologous proteins CREB (6,
7), ATF-1 (8), and CREM (9). Upon stimulation a number of
kinases phosphorylate the critical serine 133 residue within the
kinase-inducible domain (KID) of CREB and the related tran-
scription factors ATF-1 and CREM. Serine 133 phosphoryla-
tion leads to the recruitment of transcriptional coactivators,
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like CBP or its paralogue P300 that bind to the KID via the KID
interaction domain (KIX) (10, 11). Interaction of CREB with
CBP/P300 results in the assembly of the RNA-polymerase com-
plex and in the expression of a large number of genes. Serine
133 phosphorylation is generally accepted as a key event in
transcriptional regulation necessary although not in all cases
sufficient, for CREB-mediated gene expression. Many studies
focused on examining spatiotemporal profiles of CREB activa-
tion in cells and tissues by immunostainings using antibodies
specific for serine 133 phosphorylation (for a selection, see Refs.
12-17). Few attempts were made to develop assays for real time
imaging of CREB, a prerequisite for thorough analysis of the
physiological events and the molecular dissection of signaling
cascades converging on CREB (18, 19). Genetically encoded
indicators based on mutants of the green fluorescent protein
(GFP) have become valuable tools to monitor spatiotemporal
patterns of biochemical signals in live cells (20 -25). A number
of indicators have been constructed that report activities of
kinases such as PKA (26 —-29), calmodulin-dependent kinase II
(CaMK II) (30, 31), MAP/extracellular signal-regulated kinase-
(ERK) kinase (32-35), gradients of cAMP (36, 37), or cal-
cineurin activation (38). Here we generate a sensor that allows
imaging activation of CREB in the nucleus of single live cells
and use it to study the role of the anchor protein AKAP79/150
(AKAP79 is the human, AKAP150 the rodent variant) in CREB
signaling. “A kinase anchor proteins” (AKAPs) have been iden-
tified as strategic scaffold proteins that regulate the architec-
ture and spatiotemporal properties of signal transduction path-
ways (39). They do so by organizing the assembly of signaling
complexes that recruit key enzymes such as kinases, phospha-
tases, and some of their substrates to distinct subcellular
environments. AKAP79/150 is a multivalent anchor protein
that simultaneously binds PKA, calcineurin, and protein
kinase C (PKC) (40, 41), modulates L-type voltage-depen-
dent calcium channels (42) and furthermore, interacts with
AMPA and NMDA receptors at postsynaptic sites (43, 44). A
role of AKAP79/150 in modulating gene expression through
regulation of NFATc4 was recently demonstrated (41). The
involvement of AKAP79/150-dependent signaling com-
plexes in organizing pathways converging on CREB thus
appeared as a suitable testing ground to demonstrate useful-
ness of ICAP.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Amino acids 121-160 of the kinase-
inducible domain (KID) and amino acids 586 — 662 of CREB-
binding protein (CBP), including the linker GGSGGT, were
generated by standard PCR from the full-length CREB ¢cDNA.
Both fragments were cloned into pRSET B (Invitrogen), the
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KID fragment with Sphl/Kpnl and the KIX fragment with
Kpnl/Sacl, between CFP (BamHI/Sphl) and Citrine (Sacl/
EcoRI). All cloning enzymes were purchased from New Eng-
land Biolabs. Site-directed mutagenesis was done with the
QuikChange Kit from Stratagene. For expression in mamma-

lian cells the construct was subcloned into pcDNA3 (Invitro-
gen). Nucleus targeting was achieved by fusing the amino acid
sequence PKKKRKVEDA to the N terminus of the CFP. The
VIVIT-TagRFP construct was generated by standard PCR
using the forward primer, 5'-GGA TCC ATG GCT GGC CCT
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CAT CCT GTG ATC GTG ATC ACC GGT CCT CAT GAA
GAA ATG GTG TCT AAG GGC GAA GAGC and the reverse
primer, 5'-GAATTC TTA ATT AAG TTT GTG CCC CAG
TTT GC and cloned, as a BamHI/EcoRI fragment, to pcDNA3.
The mCherry fluorescent protein was PCR amplified from
pRSET-B-mCherry with BamHI/Notl. The pEGFP-N1-
AKAP79-mCherry was constructed by replacing the yellow fluo-
rescent protein gene in the pEGFP-N1-AKAP79 vector with
mCherry.

Protein Expression, in Vitro Spectroscopy—Proteins were
expressed in Escherichia coli BL21 and purified as described
previously (45). Polyhistidine-tagged ICAP expressed using the
plasmid vector pRSETB (Invitrogen) had a molecular mass of
71 kDa (versus 69.5 kDa for NLS-ICAP expressed in mamma-
lian cells). ICAP in vitro fluorescence measurements were per-
formed in a Cary Eclipse fluorometer (Varian, Darmstadt, Ger-
many). The purified construct was treated with the catalytic
subunit of PKA (New England Biolabs, 2.5-5 units/ul) and
CaMK IV (Millipore, 2.5 units/ul) in the corresponding kinase
reaction buffer at room temperature. ATP was purchased from
Sigma. Samples were excited at 432 nm and emission was
scanned from 440 to 600 nm. Traces shown are representative
of at least three independent experiments. For Western blot
analysis the purified proteins were separated by SDS-PAGE,
transferred onto nitrocellulose membrane, and initially probed
using an anti-GFP antibody (Research Diagnostics Inc., MA).
The membrane was subsequently stripped of the probe via the
use of a stripping buffer (62.5 mm Tris, 100 mm 2-mecaptoetha-
nol, 2% SDS, pH 6.8) incubated at 50 °C for 30 min before label-
ing with an anti-phosphoserine 133 specific antibody (New
England Biolabs).

Cell Culture and Imaging—HeLa cells were plated onto ster-
ile glass bottom dishes and grown in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% fetal
bovine serum at 37 °C in 6% CO,. Cells were transfected with
Lipofectamine 2000 reagent (Invitrogen) and left for 24 h at
37 °C. Prior to Western blotting the cells were serum starved for
3 hin 0.5% fetal bovine serum followed by stimulation with 50
uM forskolin (Sigma) and 1 mm IBMX (Sigma) for 0, 2-, 5-, 10-,
30-, 60-, and 120-min time points. Additional untransfected
HelLa cells were also stimulated with forskolin and IBMX as a
further control. For Western blotting cells were lysed in a SDS
lysis buffer, separated by SDS-PAGE, transferred onto nitrocel-
lulose membrane, and initially probed with an anti-phospho-
serine 133 specific antibody (New England Biolabs) before
probing with an anti-glyceraldehyde-3-phosphate dehydrogen-
ase (Sigma) loading control antibody. Western blots were quan-
tified using Image] software and normalized to the 0-min con-
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trol. Hippocampal neurons were prepared from 17—18-day-old
rat embryos and transfected by calcium phosphate precipita-
tion for 1-4 h. Neurons were imaged 1-2 days after transfec-
tion and before imaging were held at room temperature for 30
min. All biochemicals were purchased from Sigma and used in
the indicated concentrations. Brain-derived neurotrophic fac-
tor (BDNF) was a gift of S. Lang, MPI for Neurobiology,
Munich. Neurons were pretreated at least 30 min with the indi-
cated inhibitor. U0126 and KN-62 were used at 10 um, H-89 at
25 uM unless indicated differently. Nimodipine was used at 5
uM, St-Ht31 and St-Ht31P* at 10 um. For knock-down of
endogenous AKAP150 plasmids coding for short hairpin
RNAs (shRNA) (AKAP 150 shRNA or control AKAP 150
shRNA, Santa Cruz Biotechnology, Santa Cruz, CA) were
introduced into P1 hippocampal neurons using Lipofectin
2000-mediated transfection. Neurons were stained and ana-
lyzed 9-11 days after transfection. Fura-2-AM (Molecular
Probes/Invitrogen) (5 um) was dissolved in dimethyl sulfox-
ide/pluronic acid and cells were incubated 30 min with the
solution, then washed and allowed to recover for 30 min.
Cells were imaged on a Zeiss Axiovert 35M microsope with a
charge-coupled device camera (CoolSnap, Roper Scientific,
AZ). The imaging setup was controlled by Metafluor version
4.6 software (Universal Imaging, Puchheim, Germany). For
ratio imaging, a 440/20 excitation filter, a 455-dichroic long-
pass mirror, and two emission filters (485/35 for CFP, 535/25
for Citrine) operated in a filter wheel (Sutter instruments,
CA) were used. For fura-2 imaging, 350 and 380 nm excita-
tion filters and a 500/20 emission filter were used. Statistical
analyses were performed using the two-tailed Student’s ¢
test. All error bars indicate mean * S.E. Image processing
was done using Image J.

Immunocytochemistry—DIV9 —11 neurons were fixed in 4%
paraformaldehyde, 4% sucrose in phosphate-buffered saline,
permeabilized in 0.25% Triton X-100 in phosphate-buffered
saline, and blocked in phosphate-buffered saline, 5% normal
goat serum. Neurons were stained with rabbit polyclonal anti-
body to AKAP150 (1:300, Upstate, NY) and Alexa 568-conju-
gated goat anti-rabbit (1:500, Invitrogen) secondary antibody
and coverslipped in Fluoromount (Sigma). All images were
acquired as single layers using a laser-scanning confocal micro-
scope (Leica SP2, Wetzlar, Germany) with a X40 oil immersion
objective.

RESULTS

Development of a Biosensor for CREB Activation—QOur inten-
tion was to construct sensors that reliably report phosphoryla-
tion of the critical serine 133 by using FRET between mutants of

FIGURE 1.In vitro characterization of ICAP. A, schematic representation of constructs. A segment of the kinase-inducible domain (KID) of CREB was connected
to the CREB-interaction domain (KIX) of CBP via a short linker (L). The KID-KIX fusion was then sandwiched between CFP and Citrine. Alternatively, a circularly
permuted variant of Citrine was used as acceptor to generate ICAP-cp174. For transfection into mammalian cells a nuclear (NLS-ICAP) localization sequence
was added to the N terminus. The KID domain of CREB could be replaced by those of ATF-1 and CREM, resulting in fluorescent sensors I-ATF and I-CREM.
Maximal signals after phosphorylation with PKA are indicated as percent change in emission ratio. B and C, emission spectra of ICAP (B) and ICAP-cp174 (C)
before (black line) and 60 min after phosphorylation (red line) of the sensor using protein kinase A. Note that ICAP-cp174 is reverted in its response behavior to
phosphorylation. D, ICAP shows high FRET under resting conditions. Upon phosphorylation of the critical serine 133 (indicated as HO) within the KID domain,
KID interacts with the KIX domain thereby reducing FRET from CFP to Citrine. E, in vitro time course of the ratio change in ICAP after phosphorylation with
recombinant protein kinase A or CaMK IV. A ratio change was absent when either PKA or ATP was omitted from the assay or when the critical serine 133 was
mutated to alanine. F, Western blot analysis of recombinant purified ICAP using antibodies specific for phosphorylated serine 133-KID (anti-pCREB) or GFP after
various treatments.
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of constructs to optimize signal
strength, was called ICAP (indicator
of CREB activation due to phosphor-
ylation). We purified the protein and
tested its properties in vitro (Fig. 1).
ICAP started out with high FRET
under basal conditions. Addition of
recombinant PKA or CaMK IV
reduced FRET, thus increasing the
emission intensity of CFP and
decreasing that of Citrine (Fig. 1, B
and E). The maximal ratio change
was 35—40%. Interestingly, substi-
tution of Citrine with the circularly
permuted variant Citrine cpl74
(46-48) completely reverted the
response behavior of ICAP. ICAP-
cpl74 showed lower FRET under
basal conditions, which increased
after phosphorylation with PKA,
demonstrating that it is possible
to tune the response behavior of
genetically encoded sensors in more
fundamental ways than previously
expected (Fig. 1C). To confirm that
the conformational change is specif-
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FIGURE 2. Evaluation of ICAP in living cells. A, time lapse ratio image of a HeLa cell transfected with NLS-ICAP
and stimulated with forskolin at the indicated time point (+forsk). Monochrome image displays the nucleus-
targeted ICAP fluorescence (Citrine channel). A dim halo of background fluorescence is visible in the cytosol.
Neurites were too dim to be visualized at these acquisition rates. B, CREB activation in HeLa cells stimulated
with forskolin (50 um) or histamine (50 um). Cells transfected with NLS-ICAP S133A in which the critical serine
133 is mutated to alanine did not show any ratio changes after stimulation with forskolin, demonstrating the in
vivo specificity of ICAP. C, comparison of ICAP phosphorylation (band at 69 kDa) and phosphorylation of
endogenous CREB (band at 43 kDa) by Western blot in HeLa cells transfected with NLS-ICAP and stimulated
with 50 um forskolin and 1 mm IBMX. Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
loading control. The band at 43 kDa is a double band as the antibody also recognizes phosphorylated ATF-1.
Graphs provide quantifications (mean = S.E.) of three independent determinations. DMSO, dimethyl sulfoxide;

YFP, yellow fluorescent protein.

GFP. The KIX domain (CREB interaction domain) of CBP was
considered a specific module recognizing serine 133-phosphor-
ylated KID and was incorporated into the sensor to initiate a
specific conformational change upon phosphorylation of KID.
Thus, to monitor CREB activation in living cells we fused amino
acids 121-160 of the kinase-inducible domain (KID) of CREB,
together with a flexible linker GGSGGT, to amino acids 586 —
662 of CBP (KIX), and sandwiched this construct between cyan
fluorescent protein (CFP) and the yellow fluorescent protein
variant Citrine (45) (Fig. 1A). This final variant, after a few tens
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stimulation duration (min)

(Fig. 1E). Western blot analysis
using antibodies specific for phos-
phoserine 133-CREB verified that
the sensor is phosphorylated in vitro
under our assay conditions (Fig. 1F).
Overall, these experiments show
that the sensors are specifically acti-
vated in vitro by phosphorylation of
serine 133 (data not shown). Further
in vitro characterization addressing
pH sensitivity and overall FRET effi-
ciency within ICAP is provided in
supplemenatal Fig. 1 . Using a similar strategy, replacement of
the KID domain of CREB within the sensor with the homolo-
gous KID domains of ATF-1 or CREM, resulted in functional
sensors of ATF-1 or CREM activation. These sensors showed
maximal ratio changes of 22—40 and 20-30%, respectively,
when stimulated with PKA (supplemental Fig. 2).

Validation of ICAP in HeLa Cells and Hippocampal Neurons—
We fused a nuclear localization sequence to the sensor to
specifically express ICAP in the nucleus of living cells (Figs.
1A and 2A). Transfection of the NLS-ICAP into hippocam-
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FIGURE 3. Validation of ICAP in living hippocampal neurons. A, three pathways with different temporal features converge on CREB in primary hippocampal
neurons. A fast high potassium-mediated CREB activation can be differentiated from slower activations by forskolin (50 um) or the neurotrophin BDNF (100
ng/ml). B, the high potassium-mediated activation is dissected into a fast calcium-calmodulin kinase-mediated pathway that is blocked by KN-62 (50 um) and
aslower component mediated by the MAP kinase pathway that is blocked by U0126 (50 um). C, summary of the pharmacology of CREB activation (mean = S.E.)
after stimulation with high potassium, forskolin, and BDNF. CREB activation was determined 30 min after stimulation in the presence or absence of the various
compounds. D, bath application of NMDA (1 um) leads to a fast activation that quickly returns to baseline levels after wash-out of the drug, demonstrating the

in vivo reversibility of ICAP signals. YFP, yellow fluorescent protein.

pal neurons (Fig. 2A) or HeLa cells reported activation of
CREB by forskolin or histamine in a time-dependent manner
(Fig. 2B), which was completely abolished by the S133A
mutation within ICAP. To verify that the activation of ICAP
corresponds well to the activation of endogenous CREB we
performed Western blot analysis using lysates of forskolin-
IBMX-stimulated HeLa cells transfected with ICAP. Endog-
enous CREB phosphorylation and ICAP phosphorylation
could be well discriminated due to the difference in molec-
ular mass of 43 and 69 kDa of endogenous CREB and the
biosensor, respectively (Fig. 2C). The overall time course of
phosphorylation of endogenous CREB and ICAP corre-
sponded well. When transfected into primary hippocampal
neurons NLS-ICAP reported three pathways with different
activationkineticsconvergingon CREB, afasthigh potassium-
induced CREB activation and slower activations induced by

JULY 23, 2010-VOLUME 285+NUMBER 30

forskolin or the neurotrophin BDNF (Fig. 34). The high
potassium-induced activation could be dissected in a fast
component blocked by KN-62, an antagonist of calcium/
calmodulin-dependent kinases, and a slower remaining acti-
vation blocked by UO126, an inhibitor of the MAP kinase
pathway (Fig. 3, B and C). These results obtained with high
potassium stimulation are in good agreement with previous
studies that examined the time course of phosphorylation of
endogenous CREB after depolarization and another demon-
stration that ICAP signals are an excellent measure for acti-
vation of endogenous CREB (16, 49, 50). Activation by for-
skolin was efficiently blocked by the PKA antagonist H-89
(Fig. 3C), whereas the BDNF-induced activation was inhib-
ited by the MAP kinase blocker U0126 (Fig. 3C) (51-53).
Time constants for the rise were 2.2 * 0.42 min for the fast
high potassium-mediated activation, and 47 *= 0.28 and
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52.5 * 0.43 min for the slow forskolin and BDNF-induced activation persisted significantly after stimulations had
activations, respectively. Decay times were more heteroge- ended. Stimulation with 1 um NMDA, however, led to the
neous in nature. In stimulations with high potassium, CREB  rapid return of CREB to baseline levels within 5-10 min after
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wash-out of the drug (Fig. 3D), which has been attributed to
induction of a CREB shut-off pathway (54) and was a good
demonstration of the reversibility of ICAP signals in vivo.
ICAP, furthermore, faithfully reported developmentally reg-
ulated CREB activation via GABA, and GABA, receptors
and build-up and summation of CREB activation by succeed-
ing repetitive calcium spikes (supplemental Figs. 3 and 4). To
assess background signals due to bleaching or residual acti-
vation in the absence of stimulation we transfected NLS-
ICAP into HeLa cells and imaged cells for 30 min in 30-s
intervals. Under these conditions we observed a slight
increase in CFP emission and decrease in Citrine emission
presumably due to preferential bleaching of the acceptor
protein (supplemental Fig. 5).

AKAP79/150 Anchoring of PKA and Calcineurin Controls
CREB Activation in Hippocampal Neurons—AKAP79/150 has
been identified as a major organizer of signaling events under-
lying excitatory neuronal plasticity. AKAP79/150 scaffold com-
plexes have been localized to the membrane cytoskeleton and
post-synaptic densities (55-57) of hippocampal neurons where
they interact with and are implicated in the regulation of a
plethora of partners such as NMDA and AMPA receptors or
L-type calcium channels (Ca,1.2) (4). We used ICAP to inves-
tigate to what extent AKAP79/150 influences CREB activa-
tion. Indeed, the scaffold protein had a significant effect on
CREB (Fig. 4). Co-expression of AKAP79-mCherry with
ICAP in hippocampal neurons initially appeared to enhance
forskolin-induced CREB activation after 10 min of applica-
tion. After 30 min, however, the effect was not statistically
significant (Fig. 44). To achieve the opposite effect of dis-
rupting the anchoring of PKA to AKAP79/150 we applied the
stearated peptide St-Ht31, which mimics the binding site of
AKAP79/150 for PKA (58). It is membrane permeant and
thus simply could be added to the extracellular solution. Dis-
ruption of PKA anchoring to AKAP79/150 dramatically
reduced forskolin-induced CREB activation (n = 6) (Fig. 44),
thus demonstrating the need for strategic positioning of
PKA to affect signaling to the nucleus. A biologically inactive
analogue of St-Ht31 (St-Ht31P") did not have an effect (n =
6, Fig. 4A). St-Ht31 application did not affect depolarization-
induced CREB activation (n = 5) (Fig. 4B). As an alternative
way to study involvement of AKAP79/150 in PKA-mediated
CREB activation we knocked down expression of the rodent
form of AKAP150 using shRNAs. When transfected into
hippocampal neurons 1 day after plating this procedure effi-
ciently inhibited expression of AKAP150, which typically is

A Fluorescent Sensor of CREB Activation

strongly induced in hippocampal neurons during the first
week in vitro (59). Knockdown was verified by immuno-
staining at 9-11 days in vitro (Fig. 4C). In neurons lacking
AKAP150 PKA-mediated CREB activation was significantly
reduced, in good agreement with experiments using St-Ht31.
PKA-mediated CREB activation could be restored by overex-
pressing the human homologue AKAP79, which is not suscep-
tible to knock-down (Fig. 4C). A control shRNA that did not
change AKAP150 expression levels detectably had no effect on
PKA-mediated CREB activation (Fig. 4C).

Presumably AKAP79/150 serves to localize the regulatory
subunit of PKA at neuronal membranes close to the neuronal
sites of cCAMP production. Neuronal adenylyl cyclases such as
types 1 and 8 have been identified to localize to neuronal mem-
branes including post-synaptic densities (60, 61) and thus pre-
sumably co-localize to a large degree with AKAP79/150 in these
neurons. Interestingly, certain stimuli such as brief NMDA
receptor stimulations can lead to a long lasting translocation of
the AKAP79/150 complex and anchored PKA away from mem-
branes and post-synaptic sites toward the cytosol (62). Control-
ling membrane and postsynaptic density localization of
AKAP79/150 may thus be another mechanism to regulate
PKA-induced signaling onto CREB.

L-type calcium channels had been identified as the main cal-
cium influx site leading to activation of CREB in the nucleus
after depolarization (63). In agreement with this was the essen-
tial block of high potassium-induced ICAP response by the
L-type calcium channel blocker nimodipine (5 um, #n = 10) (Fig.
5B). Overexpression of AKAP79/150 did not have any detecta-
ble effect on depolarization-induced CREB activation (1 = 6)
(Fig. 4B). For a further analysis of the AKAP79/150-controlled
L-type calcium channel-induced CREB regulation we
attempted to disrupt the association of calcineurin with
AKAP79/150 and the L-type channel. For this purpose we
employed a peptide termed VIVIT, which was identified to
block calcineurin binding to AKAP79/150 via a PXIXIT motif
without destroying phosphatase activity (41, 64, 65). We fused
VIVIT to TagRFP (66) for visualization (Fig. 54) and expressed
it together with ICAP in hippocampal neurons. VIVIT had no
detectable effect on the depolarization-induced ICAP response
when coexpressed with ICAP alone (data not shown) and
showed no statistically significant enhancement after triple
transfection of VIVIT, AKAP79, and ICAP (n = 14) (Fig. 5B).
Probably basal levels of PKA induced phosphorylation and cur-
rent enhancement of Cavl.2 L-type channels were not high
enough to be reflected in an increased CREB activation

FIGURE 4. AKAP79/150 anchoring controls PKA-mediated activation of CREB in hippocampal neurons. A, left, mean = S.E. CREB activation 30 min after
application of forskolin (50 um). AKAP79/150 overexpression (ICAP, AKAP79, n = 6) did not significantly increase mean forskolin-induced CREB activation
compared with control (ICAP, n = 6). Disruption of PKA anchoring to AKAP79/150 using St-Ht31 (10 um) dramatically reduced forskolin-induced CREB
activation (n = 6). Right, averaged imaging traces under the indicated conditions. B, St-Ht31 did not affect depolarization-induced CREB activation. Left,
mean = S.E. CREB activation 30 min after depolarization with KCI (50 mm) (ICAP, n = 5). Overexpression of AKAP79/150 (ICAP, AKAP79; n = 5) did not enhance
depolarization-induced CREB activation, nor did application of St-Ht31 (ICAP, AKAP 79, St-Ht31; n = 5) lead to a detectable block of depolarization-induced
CREB activation. Right, averaged imaging traces after high potassium depolarization. *, p < 0.05. C, knockdown of endogenous AKAP150 using shRNA leads to
reduced forskolin-induced CREB activation. CREB activation can be rescued by overexpression of the human homologue AKAP79. Left, mean = S.E. CREB
activation 30 min after forskolin (ICAP, n = 5, AKAP150 shRNA, ICAP, n = 10, AKAP150 ctrl shRNA, n = 5, AKAP150 shRNA, AKAP79 rescue, ICAP,n = 8),*,p <
0.05; ***, p < 0.001. Right, colocalization of anti-AKAP150 immunostaining (red) and NLS-ICAP fluorescence (yellow) to verify efficient knockdown of AKAP150
in neurons co-transfected with the corresponding shRNA. Note that neurons that have been co-transfected with ICAP and AKAP150 shRNA show no immu-
nostaining (arrow), whereas the non-transfected neurons are stained (arrowheads). The right image demonstrates inefficiency of a control shRNA in knocking

down AKAP150. Scale bar, 20 um. YFP, yellow fluorescent protein.
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detected by ICAP. To reveal a possible modulatory role on
CREB more clearly we depolarized neurons in the presence of
forskolin (50 um) to achieve a maximal possible activation of
PKA while disrupting antagonistic action of calcineurin via
expression of VIVIT. This treatment lead to enhanced calcium
influx after depolarization as demonstrated by simultaneous
imaging of calcium and CREB activation (Fig. 5C). Enhanced
calcium influx was due to L-type channel-mediated action as it
was efficiently blocked by nimodipine (5 um, Fig. 5C). Under
these conditions VIVIT significantly enhanced depolarization-
induced CREB activation when AKAP79 was co-expressed with
VIVIT and ICAP (Fig. 5, Cand D), probably because more of the
available pool of PKA had been recruited to assist in channel
phosphorylation (n = 8). Anchored calcineurin therefore may
have a subtle role in opposing CREB activation through its
counteraction of PKA-mediated L-type calcium channel phos-
phorylation, a finding that is reminiscent of a mechanism iden-
tified to be important in signaling via NFATc4 (41). Compared
with the drastic phenotype of disrupting AKAP79/150 anchor-
ing of PKA on PKA-mediated CREB activation an antagonistic
regulation of L-type calcium channels appears to be of minor
importance for CREB using the depolarization-induced stimu-
lus paradigm. Thus AKAP79/150 anchoring of PKA and cal-
cineurin controls CREB activation mainly via direct effects on
PKA, whereas regulation of L-type calcium channels through
anchored PKA and calcineurin may present a more subtle form
of modulation.

DISCUSSION

Biochemical and histological methods have been widely used
in determining activation of CREB transcription factors in
many different cell types. Biochemical assays often require
grinding up large amounts of tissue and averaging activation
over many different cell types within a tissue, whereas immu-
nostainings are more difficult to quantify and at best only pro-
vide snapshots at given time points. All of these techniques are
performed on dead cells and tissues, which allows conclusions
on possible physiological events leading to CREB activation
only to be made posthumously. Two attempts were made pre-
viously to image CREB activation in live cells. One employed
intermolecular FRET between GFPs (18) but due to small sig-
nals and the problem of co-transfecting two reporter constructs
was not practical, whereas another approach used a highly sen-
sitive B-lactamase-dependent reporter assay (19), which con-
verts substrate in a non-reversible manner and cannot be tar-
geted to subcellular organelles. Substrate loading into tissue to
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monitor CREB activation may be difficult. ICAP is a unimo-
lecular FRET-based biosensor that is specific for phosphoryla-
tion of the critical serine 133 and was tuned to optimize the
phosphorylation-dependent change in emission ratio (Fig. 1).
In its overall architecture it is similar to other sensors of tyro-
sine kinase or PKA activity (26, 67) but in contrast to these
sensors preserves the promiscuous phosphorylation of the KID
domain by the various CREB kinases. It is targetable to the
nucleus and mitochondria (data not shown) and can in prin-
ciple be expressed in transgenic model organisms. By incor-
porating a circularly permuted acceptor protein we were
able to construct the sensor in two configurations with
opposing response properties, either increasing or decreas-
ing FRET due to phosphorylation. This unexpected behavior
demonstrates that it is possible to tune response properties
of genetically encoded sensors in more ways than previously
thought. ICAP was functional in primary hippocampal neu-
rons and allowed for dynamic and reversible imaging of
CREB activation. Three pathways with different activation
time constants were readily imaged in these cells. Overall,
signals imaged after high potassium depolarization, neuro-
trophin addition, or stimulation of adenylyl cyclases (Fig. 3)
were in good agreement with previous studies focusing on
phosphorylation of endogenous CREB and a confirmation
that ICAP signals are an accurate measure of endogenous
CREB activation (16).

We used ICAP to study the involvement of AKAP79/150
complexes in organizing signals converging on CREB within
the nucleus of hippocampal neurons. AKAP79/150 was found
to be important in regulating CREB activation, mainly through
its binding of PKA. It is interesting to note that apart from
AKAP79/150 there are numerous other AKAPs that are
expressed in neurons (68 —70) that may take on distinct or par-
tially overlapping roles in compartmentalizing PKA activity.
Recently, the non-AKAP microtubule-binding protein MAP2
was identified as a major anchoring protein for PKA (type II) in
neurons (71). It was found to be crucial for regulating traffick-
ing of the catalytic subunit between neuronal dendrites and
spines. Moreover, elimination of MAP2 in transgenic mice lead
to increased basal and decreased forskolin-induced CREB acti-
vation in tissues of knock-out mice (72). However, in these mice
expression levels of PKA regulatory and catalytic subunits were
also reported to be reduced, which leaves unclear whether the
observed effects on CREB are due to lack of MAP2 anchoring or
through regulation of PKA expression levels. The precise func-

FIGURE 5. Modulation of L-type calcium channel-mediated CREB activation through AKAP79/150 anchoring of PKA and Calcineurin. A, micrographs
showing hippocampal neurons expressing VIVIT-TagRFP (left, excitation 545/30 nm, emission 620/60 nm), NLS-ICAP (middle, excitation 440/20 nm, emission
528/30 nm), and AKAP79-mCherry (right, excitation 545/30 nm, emission 620/60 nm). Scale bar, 10 um. B, left, mean = S.E. CREB activation 30 min after high
potassium (50 mm) depolarization (ICAP, n = 5). Co-expression of AKAP79 and the VIVIT peptide (ICAP, AKAP79, and VIVIT, n = 14) did not significantly enhance
depolarization-induced CREB activation. Depolarization-induced CREB activation and ICAP responses were effectively blocked by the L-type calcium channel
antagonist nimodipine (5 uMm) in the absence (ICAP, n = 4) and presence of AKAP79 and VIVIT (ICAP, AKAP79, and VIVIT, n = 10). Right, averaged imaging traces
after high potassium stimulation under the indicated conditions. C, simultaneous calcium and ICAP imaging verifies modulation of L-type calcium channels.
Left, averaged calcium imaging (red) and ICAP (black) traces for the indicated conditions (ICAP, n = 12; ICAP, AKAP79, and VIVIT, n = 6; ICAP, AKAP79, VIVIT, and
nim, n = 4). Overexpression of AKAP79 and VIVIT lead to enhanced calcium influx after KCl/forskolin, which could be blocked with the specific L-type calcium
channel blocker nimodipine (nim, 5 um). Right, simultaneous imaging of calcium (red) and ICAP (black) in an individual hippocampal neuron expressing ICAP,
VIVIT-TagRFP, and AKAP79. D, left, mean = S.E. responses 30 min after high potassium depolarization (50 mwm) in the presence of forskolin (50 um). Co-
expression of AKAP79 and VIVIT is required to achieve significantly enhanced CREB activation (ICAP, AKAP79, and VIVIT, n = 8). Nim indicates block by
nimodipine. Right, averaged imaging traces under the indicated conditions. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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tional differences in regulating CREB signaling between AKAPs
and MAP?2 thus remain to be determined. Our new fluorescent
reporter ICAP makes it possible to monitor CREB activation in
live cells, thus hopefully opening up many avenues to explore
the physiology underlying CREB activation in specific cell types
and tissues.
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