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ABSTRACT: cAMP is a ubiquitous second messenger with many
functions in diverse organisms. Current cAMP sensors, including Föster
resonance energy transfer (FRET)-based and single-wavelength-based
sensors, allow for real time visualization of this small molecule in
cultured cells and in some cases in vivo. Nonetheless the observation of
cAMP in living animals is still difficult, typically requiring specialized
microscopes and ex vivo tissue processing. Here we used ligand-
dependent protein stabilization to create a new cAMP sensor. This
sensor allows specific and sensitive detection of cAMP in living zebrafish
embryos, which may enable new understanding of the functions of
cAMP in living vertebrates.

Cyclic adenosine 3′−5′-monophosphate (cAMP) is an
essential second messenger that amplifies environmental

signals received by G-protein-coupled receptors (GPCRs).1

The importance of cAMP is underscored by the multitude of
physiological processes that it regulates including heartbeat,
learning, and memory,2−4 and it can initiate a wide range of
cellular responses including proliferation, differentiation, and
death.5 The kinetics and function of cAMP depend on many
factors including the cell type and subcellular compartment
where it accumulates and interacts with other signaling
molecules,6,7 which highlights the importance of sensors to
visualize cAMP in cultured cells and intact organisms.
Fluorescent sensors for cAMP based on Föster resonance

energy transfer (FRET) respond rapidly to local changes in
cAMP concentration.4,8 Although useful in cultured cells,
FRET-based sensors are characterized by low signal-to-noise
ratio, are prone to photobleaching, and are hampered by light
scattering in intact tissues, limiting their use for in vivo
imaging.1,8−10 Single wavelength cAMP sensors using circularly
permuted fluorescent proteins, such as Pink Flamindo, R-
FlincA, and cAMPr, can mitigate some of the disadvantages of
FRET-based sensors.11−14 Single wavelength sensors have
been used to track fast cAMP dynamics in dissected Drosophila
brains, in C. elegans neurons, and in mouse astrocytes.12,15,16

However, there is often need for dissection and an ex vivo
imaging, and it is not clear whether the current tools are useful
for long-term imaging.
Ligand-dependent protein stabilization is a strategy that can

be used to generate single-wavelength biosensors for small
molecules.17 This approach is based on a protein that is stable
only when bound to its cognate ligand.17−20 This sensor is
metabolically unstable and degraded by the proteasome in its
unbound state, but engagement by its cognate ligand prevents
degradation and leads to a dose-dependent fluorescent signal

when the sensor is fused to an appropriate partner such as
GFP. Here we report the application of this approach to
develop a genetically encoded single-wavelength cAMP sensor
for in vivo imaging using the zebrafish model system (Figure 1;
Figure S1).
We sought to identify conditionally stable mutants of the

cyclic nucleotide binding domain (CNBD) from the MlotiK1
bacterial channel, which binds cAMP with high specificity and
sensitivity in mammalian cells21,22 (Figure 1A). We started
with a codon-optimized CNBD sequence and generated a
library of sequence variants using error-prone PCR. This
library of CNBD domains was then fused to GFP to enable a
cell-based screen for mutants stabilized by cAMP (Figure
S1A,B). NIH3T3 cells were stably transduced with the library
and subjected to serial rounds of FACS sorting after
application or withdrawal of the adenylyl cyclase agonist
forskolin (FSK). We selected clones with high GFP signal in
the presence of FSK and very low GFP signal in the absence of
FSK (Figure S1B). DNA sequencing of selected clones
identified many variants encoding unique missense mutations
in CNBD, and two variants in particular displayed 3-fold
(N41) to 4-fold (N49) increases in GFP intensity upon
forskolin treatment (Figure 1B; Figure S1C,D). The N49
variant contains a single mutation in the CNBD domain
(Figure S1C,D; blue), whereas N41 contains four mutations
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spread across the CNBD protein structure (Figure S1C,D;
pink).
To test the forskolin responsivity of these CNBD variants in

vivo, we injected synthetic mRNA encoding the N41-GFP and
N49-GFP sensors into zebrafish embryos, allowing ubiquitous
and transient expression of the sensor proteins (Figure 1C,D).
Four or five hours after injection of mRNA, we treated
embryos with 20 μM FSK for 20 h and subsequently imaged
the GFP signal (Figure 1E). Both variants displayed a visible
fluorescent signal when expressed in zebrafish embryos, but
only N41 increased in response to FSK treatment (Figure 1F).
To test whether cAMP binding is required for the response of
the N41 variant to forskolin, we compared FSK treatment of
N41-GFP with another variant, N41R307Q-GFP, which contains
a mutation in a conserved arginine that reduces the efficiency
of cAMP binding (Figure 1C; Figure S1C, red circle).21−23

FSK treatment significantly increased GFP signal in embryos
injected with N41-GFP, whereas embryos expressing the
cAMP-insensitive N41R307Q-GFP control did not display
significant changes in GFP fluorescence (Figure 1E,F). The
R307Q mutation appears to stabilize the N41R307Q-GFP

protein, because DMSO-treated N41R307Q-GFP embryos
displayed greater GFP signal than DMSO-treated embryos
expressing N41-GFP (Figure 1E,F). These analyses provided
evidence that the N41-GFP sensor protein is selectively
stabilized upon binding to cAMP in vivo, and we hereafter
refer to this engineered sensor as DDcAMP (destabilized
detector of cAMP).
To further characterize this cAMP sensor, we generated

stable transgenic fish lines expressing DDcAMP under control
of the regulatory sequences from the ubiquitin gene
(abbreviated as Tg(ubi:DDcAMP), Figure 2A−C), which
drives widespread expression in the embryo.24 As controls,
we generated transgenic fish lines expressing ubiquitin-GFP
with no CNBD (Figure 2D−F) or the cAMP-insensitive
variant DDcAMPR307Q (Figure 2G−I). In situ hybridization
demonstrated that the transgenes expressed GFP mRNA at
similar levels at 24 h postfertilization (hpf) (Figure 2A,D,G),
whereas confocal imaging revealed differences in GFP signal.
In contrast to the control transgenes (Figure 2E,F,H,I),
embryos expressing the sensor displayed discrete GFP signal
localized to the horizontal myoseptum of the somites (Figure
2B,C; white arrows). Quantification confirmed that a region
containing muscle pioneers displayed much more GFP signal
than a reference area not containing muscle pioneers in
Tg(ubi:DDcAMP) transgenic embryos, but not in embryos
expressing the cAMP-insensitive variant cAMP-DDcAMPR307Q
(Figure S2C). In Tg(ubi:DDcAMP) embryos from different
transgenic founders and in transgenic embryos expressing the
N49 sensor variant Tg(ubi:N49-GFP), GFP expression was
enriched in the muscle pioneers and in the slow superficial
fibers (Figure S2Ba−c; yellow arrowheads), cells known to
require cAMP signaling for proper specification and differ-
entiation.25−27 Thus, the comparison of sensor and control
transgenic animals provides evidence that DDcAMP is
specifically stabilized in a subpopulation of muscle cells.
To test the specificity and sensitivity of DDcAMP to cAMP,

we treated Tg(ubi:DDcAMP) transgenic embryos with FSK for
20 h starting at 4−5 hpf and imaged fluorescent signal in
anterior somites using confocal microscopy (Figure 3A,B).
FSK significantly increased GFP expression in Tg(ubi:DD-
cAMP) but not in Tg(ubi:DDcAMPR307Q) embryos, and the
overall GFP signal in Tg(ubi:DDcAMPR307Q) embryos was low
(Figure 3B). Transgenic sensor animals Tg(ubi:DDcAMP)
showed increased GFP intensity in the enveloping layer (EVL)
of the tail (Figure 3C) when treated with increasing
concentrations of the cell-permeant cAMP analog 8-cpt-
cAMP for 24 h (Figure 3D). The sensor was not activated
by treatment with the cGMP analog 8-cpt-cGMP, and
treatment with 8-cpt-cAMP did not increase signal in
Tg(ubi:DDcAMPR307Q) control animals (Figure 3D, Figure
S3B). Taken together, these experiments provide evidence that
DDcAMP is a specific and sensitive sensor for cAMP in the
developing embryo.
Time course and time lapse analyses of Tg(ubi:DDcAMP)

indicate that GFP signal appeared in adaxial cells of developing
somites at 15 hpf (Movie 1; Figure 3E, red arrow; Figure S3C,
white arrows). The signal increased in the somites over time
(Figure S3C), pointing to a potential time window of cAMP
production during somitogenesis. Further kinetic analyses on
Tg(ubi:DDcAMP) animals showed that the sensor provides a
3-fold increase in fluorescence intensity when treated with FSK
for 4 h starting from 14 to 18 hpf (Figure 3F). To compare
DDcAMP with the existing cAMP sensor cAMPr,12 we

Figure 1. (A) Ribbon diagram of the cAMP sensor composed of
CNBD-GFP protein that is unstable without cAMP but stabilized
upon cAMP binding: solution structure of a bacterial cyclic
nucleotide-activated K+ channel binding domain in cAMP-free form
on the left (PBD 2KXL) and bound to cAMP on the right (PBD
2K0G). (B) NIH 3T3 cells stably expressing CNBD-GFP derived
from error-prone PCR were treated with 1% serum or 20 μM
forskolin for 17 h. (C) Synthetic mRNA encoding the sensor variants
N41 and N49 CNBD and the corresponding cAMP-insensitive
controls (R307Q). (D) mRNA was injected into zebrafish embryos at
the one-cell stage. Embryos were treated at 4−5 hpf with FSK or
DMSO for 20 h, then imaged at 24−25 hpf. (E) Representative
images showing 24 hpf embryos injected with N41-GFP and
N41R307Q-GFP mRNA at one-cell stage and treated with DMSO or
20 μM FSK starting at 4 hpf. (F) Each dot represents mean GFP
intensity of one embryo. Error bars indicate SD: *p < 0.5 by one-way
ANOVA (with Šid́aḱ’s multiple comparisons), n = 13−22 embryos
each condition; ns = not significant. AU = arbitrary unit.
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generated a stable transgenic fish line expressing cAMPr driven
by the ubi promoter Tg(ubi:cAMPr). Transgenic cAMPr
originating from one founder expressed GFP in slow muscle
cells, similar to DDcAMP (Figure 3G), whereas cAMPr
transgenic fish from another line expressed detectable GFP in
skin but not muscle cells (Figure S3D). Signal from cAMPr
increases after few minutes of FSK treatment in cell culture,12

so we examined cAMPr transgenic fish from both founders
treated with FSK for times ranging from 15 min to 4 h (Figure
3H, Figure S3D). In contrast to Tg(ubi:DDcAMP), GFP
intensity did not significantly increase in response to FSK in
Tg(ubi:cAMPr) animals at any of these time points (Figure
3H).
Previous studies show that cAMP regulates muscle cell

specification.25,26 In zebrafish, secretion of Sonic Hedgehog
(Shh) from the notochord instructs adjacent adaxial cells to
differentiate into muscle pioneers, slow muscle fibers, or medial
fast fibers.28−31 The patterning of somitic cells depends in part
on the level and timing of cAMP−protein kinase A (PKA)
activity, which inhibits the response to Shh.25,26,32 Analysis of
doubly transgenic embryos expressing both Tg(ubi:DDcAMP)
and the Shh reporter Tg(gli:mCherry-NLS) revealed that N41-
GFP signal appeared in Shh-responsive muscle pioneers (mp)
and slow muscle cells (smc) (Figure S4A).33 This colocaliza-
tion was not evident in the controls with Tg(ubi:DD-
cAMPR307Q) or Tg(ubi:GFP) (Figure S4B).
There is evidence that the ciliary GPCR Gpr161 negatively

regulates Shh signaling by increasing cAMP concentration in
the cilium,34−36 and gpr161b is expressed in developing adaxial
cells of zebrafish embryos.37 To determine if the DDcAMP
sensor detects cAMP generated by Gpr161 in developing
muscle cells, we used CRISPR-Cas9 to generate presumed null
mutations in the duplicated genes encoding the Gpr161a and
Gpr161b proteins (gpr161a and gpr161b, Figure S4C). In

accordance with previous work, the number of Shh responsive
cells in the somites was increased in the double mutant for
gpr161ast129/129 and maternal zygotic MZgpr161b128/128, here-
after referred to as “gpr161 mutants” (Figure 4A, magenta).36

In gpr161 mutants, the Tg(ubi:DDcAMP) GFP signal in
somites was reduced, providing evidence that DDcAMP
accurately reports on the reduced levels of endogenous
cAMP produced by Gpr161 in developing muscle (Figure
4B,C). Imaging indicated that DDcAMP is detectable in the
nucleus and cytoplasm, whereas Gpr161 is most active in
cilia.27,35,38 In an effort to quantify cAMP levels in cilia, a
cilium-localizing peptide was appended to the N-terminus of
DDcAMP (Arl13b-DDcAMP). The cilia-localized Arl13b-
DDcAMP displayed similar levels of GFP signal to the
corresponding ciliary control (Arl13b-DDcAMPR307Q), FSK
treatment did not significantly affect the GFP signal of either
protein (Figure S4D,E), and ciliary DDcAMP signal was
similar in wild-type and gpr161 mutants (Figure 4D,E). These
results indicate that the sensor does not specifically detect
Gpr161-dependent cAMP in the cilium, perhaps because
ciliary localization impedes efficient degradation of the
unliganded DDcAMP protein.
Ligand-dependent protein stabilization is a general strategy

that has been used to develop a portfolio of reagents that allow
users to tunably regulate expression levels of a wide variety of
proteins using cell permeable small molecules.18,39,40 Feng et
al. demonstrated that the same strategy could be extended to
develop protein-based sensors for secondary metabolites such
as progesterone in yeast and digoxin in plants.17 Given that
existing cAMP sensors are not suitable for imaging in living
zebrafish, we used ligand-dependent protein stabilization to
generate a genetically encoded single wavelength sensor that
allows long-term imaging of endogenous cAMP in zebrafish
embryos. We identified DDcAMP as a protein sensor that is

Figure 2. (top) Diagram of the TOL2 plasmids containing N41-GFP, N41R307Q-GFP, and GFP DNA under control of ubi promoter. (bottom) In
situ hybridization for GFP mRNA in Tg(ubi:DDcAMP) (A), Tg(ubi:GFP) (D) and Tg(ubi:DDcAMPR307Q) (G) embryos at 24 hpf. Confocal
acquisition of GFP signal in Tg(ubi:DDcAMP) (B, C), Tg(ubi:GFP) (E, F), and Tg(ubi:DDcAMPR307Q) (H, I) embryos at 24 hpf. Horizontal
myoseptum is indicated by white arrows in panel B.
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Figure 3. (A) Diagram of DMSO and 20 μM FSK treatment on Tg(ubi:DDcAMP) and Tg(ubi:DDcAMPR307Q) embryos beginning at 4−5 hpf for
20 h. Anterior somites from treated embryos were imaged at 24 hpf, and GFP intensity was measured in somites 7−11. (B) Images of somites from
DMSO and FSK-treated Tg(ubi:DDcAMP) and Tg(ubi:DDcAMPR307Q) embryos at 24 hpf. The graph represents the mean fluorescence intensity
of five somites per embryo, and each point corresponds to one embryo. Error bars indicate SD: ***p < 0.001 by two-way ANOVA (Šid́aḱ’s
multiple comparisons), n = 6−11 animals for each condition. ns = not significant. AU = arbitrary unit. (C) Diagram of DMSO and 8-cpt-cAMP
treatment of Tg(ubi:DDcAMP) starting at 12−13 somite stage (12−13ss) and imaged after 24 h of incubation. The tip of the tail was imaged for
GFP intensity and the EVLs were quantified. (D) Tg(ubi:DDcAMP) embryos from the same clutch were treated with DMSO, 100 μM 8-cpt-
cAMP, or 100 μM 8-cpt-cGMP; signal from 20 EVL cells was averaged per animal. Each dot in the graph represents one animal. Error bars indicate
SD; ****p < 0.0001 one-way ANOVA (with Bonferroni’s multiple comparisons), n = 6−9 animal per condition. AU = arbitrary unit. (E) Frames
from a confocal time lapse image with Airyscan 2 processing of Tg(ubi:DDcAMP) embryo starting at 15 hpf (t = 0 min). One frame every 20 min is
shown as representation of the time lapse. GFP-expressing muscle cells are indicated with red arrows. (F) Graph represents the fold change of mean
fluorescence intensity measured in five somites per embryo at time 0 and after 2 and 4 h of treatment. Error bars indicate SEM; **p < 0.01 two-way
ANOVA (with Šid́aḱ’s multiple comparisons), n = 6−10 animals for each condition. ns = not significant, FC = fold change. (G) Confocal images of
somites from Tg(ubi:DDcAMP) and Tg(ubi:cAMPr) embryos after 4 h of FSK and DMSO treatment show GFP expression in muscle cells but
different response to FSK treatment. (H) Graph represents the mean fluorescence intensity measured in five somites per embryo at the time points
indicated. Error bars indicate SEM; there is no significance among the groups; n = 4−5 animals for each condition.
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specifically stabilized by cAMP, and we created transgenic fish
that ubiquitously express DDcAMP.
DDcAMP specifically responds to the production of cAMP

in developing muscle cells. Our analyses suggest that DDcAMP
turnover is regulated by cAMP concentration and that this
sensor produces a strong GFP signal specifically in response to
cAMP. These features enable in vivo time lapse imaging
without phototoxicity and bleaching; however DDcAMP is
relatively slow to respond to changes in cAMP levels. There is
a 3-fold increase in DDcAMP GFP intensity after 4 h of
exposure to 20 μM FSK. This time lag presumably reflects the
time required for newly translated DDcAMP to be stabilized
by cAMP. Thus, DDcAMP is suitable for imaging endogenous
cAMP levels in living zebrafish embryos, but it may not be
ideal for monitoring changes in cAMP levels that occur over
rapid time scales or in subcellular compartments with restricted
access to the ubiquitin-proteasome system. DDcAMP has
complementary features to other recently developed cAMP
sensors, and it will enable new approaches to analyze cAMP in
different experimental settings, cell types, and model
organisms.
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