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Measuring spatiotemporal cAMP dynamics within an
endogenous signaling compartment using FluoSTEP-ICUE
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Abstract

cAMP is a ubiquitous second messenger involved in the regulation of diverse cellular processes.
Spatiotemporal regulation of cAMP through compartmentalization within various subcellular
microdomains is essential to ensure specific signaling. In the following protocol, we describe a
method for directly visualizing signaling dynamics within cAMP microdomain using Fluorescent
Sensors Targeted to Endogenous Proteins (FIuoSTEPS). Instead of overexpressing a biosensor-
tagged protein of interest to target a microdomain, FIuoSTEP Indicator of cAMP using Epac
(FIluoSTEP-ICUE) utilizes spontaneously complementing split GFP and CRISPR-Cas9 genome
editing to localize a FRET-based cAMP biosensor to an endogenously expressed protein

of interest. Utilizing this approach, FluoSTEP-ICUE can be used to measure cCAMP levels
within endogenous signaling compartments, thus providing a powerful tool for studying the
spatiotemporal regulation of cAMP signaling.

Keywords
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1. Introduction
1.1 cAMP/PKA Signaling

3’,5” -cyclic adenosine monophosphate (CAMP) is a ubiquitous second messenger and a
central regulator of cellular functions. cAMP production is typically initiated when an
agonist binds to a transmembrane G-protein coupled receptor (GPCR), activating adenylyl
cyclases (ACs) to catalyze the production of cAMP from ATP. cAMP signaling proceeds
through multiple effector proteins, such as cAMP-dependent kinase (PKA), exchange
protein activated by cAMP (Epac), and cAMP-gated channel (CNGC), and is terminated
when cAMP is digested by cAMP-degrading phosphodiesterases (PDEs). Through these
various effectors, cCAMP signaling controls numerous biological processes, including cell
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growth, metabolism, and survival [1-11]. Compartmentalization of CAMP elevations within
discrete subcellular microdomains is essential for cells to achieve spatiotemporal regulation
and ensure specificity in cCAMP signaling [12,13]. These cAMP signaling microdomains are
frequently implicated in regulating key protein targets of CAMP and its effectors, yet directly
investigating the spatiotemporal dynamics of cCAMP with respect to specific microdomains
can prove challenging.

1.2 FRET-based cAMP Reporters

The spatiotemporal dynamics of cCAMP in living cells were first visualized over 30 years
ago using a fluorescence resonance energy transfer (FRET)-based biosensor composed of
fluorescent dye-conjugated PKA subunits, which dissociate upon cAMP binding, leading
to a FRET decrease [14]. While this originally required labeling purified PKA subunits

in vitro and then injecting them into living cells, replacing the fluorescent dyes with FRET-
compatible FPs later enabled the entire sensor to be genetically encoded and produced
directly within cells [15]. A wide variety of genetically encoded FRET-based cAMP
indicators have since been developed, greatly enhancing our ability to measure cAMP
signaling dynamics in living cells [16-18]. These sensors utilize elements from different
cAMP-binding proteins, such as PKA [14,15,19-21], Epac [19,22-29], and CNGC [30],
as molecular switches that change conformation upon cAMP binding to modulate FRET
between a pair of attached fluorescent proteins. For example, our Indicator of cCAMP using
Epac (ICUE) probe contains residues 149-881 of Epacl sandwiched between cyan (CFP)
and yellow fluorescent protein (YFP) [23,24,31]. Binding of cAMP to ICUE causes the
Epac1(149-881) fragment to adopt a more open conformation, leading to a decrease in
FRET [23,24,31].

FRET involves the non-radiative transfer of excited-state energy from a donor (e.g.,
fluorescent protein) to a compatible acceptor. When FRET occurs, the intensity of donor
(e.g., CFP) emission will decrease, and the intensity of acceptor (e.g., YFP) fluorescence
emission will increase. In practice, FRET changes are therefore often reported as changes in
the acceptor-to-donor (or donor-to-acceptor) emission ratio, although other measurements of
FRET efficiency can also be used [32]. The efficiency of energy transfer strongly depends
on both close physical proximity (e.g., <10 nm) and correct orientation between the donor
and acceptor, which is what renders FRET so highly sensitive to protein conformational
changes and allows FRET efficiency to vary with the state of a molecular switch. Energy
transfer also depends on the spectral properties of the donor and acceptor. Good FRET
pairs, such as CFP and YFP, are characterized by significant overlap of the donor emission
spectrum with the acceptor excitation spectrum and minimal overlap between the donor and
acceptor excitation spectra.

1.3 Visualizing Local cAMP Signaling Dynamics

cAMP sensors such as ICUE are frequently used to study cCAMP dynamics at various
subcellular compartments, such as the plasma membrane and mitochondria [23,25,33-36].
This is achieved using endogenously derived sequence motifs that serve as localization
signals, which can be appended to the N- or C-terminus of the cAMP biosensor at the
DNA level, resulting in targeted expression of the biosensor at the corresponding location.
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Even more discrete targeting can be performed by similarly fusing the biosensor sequence
to the gene sequence of a protein of interest (POI) that localizes to a cAMP microdomain
and overexpressing the resulting fusion protein[33,37,38]. However, overexpressing a POI-
tethered cAMP biosensor can perturb the local signaling environment, such as the formation
of protein complexes, potentially interfering with the spatiotemporal dynamics of cCAMP
signaling. If POI expression can instead be maintained at endogenous levels while allowing
efficient tagging with a cAMP sensor, local cCAMP dynamics can be accurately measured
without disrupting the native signaling environment.

To address these concerns, we recently established a new class of biosensors called
Fluorescent Sensors Targeted to Endogenous Proteins (FIuoSTEPS) (Figure 1) [31] [Tenner
et al, 2021, in press] that combines a self-complementing split-superfolder GFP (sfGFP)
[39,40] with genome editing to reconstitute a FRET-based biosensor at an endogenously
expressed POI. In split-sfGFP [39], the GFP B-barrel is divided into two fragments, strands
1-10 (GFP1.10) plus the 11t strand (GFP;1), which can spontaneously and efficiently
self-complement. The small size of GFP11 (16 amino acids) allows it to be used for efficient
tagging of endogenously expressed POIs via CRISPR-Cas9, followed by expression of
GFP1_10 to reconstitute a fluorescent tag at the POI [40,41]. Similarly, FluoSTEPs utilize
GFP1_10 as an incomplete FRET donor that can spontaneously reconstitute with a GFP41-
tagged POI to achieve biosensor targeting. For example, FluoSTEP-ICUE replaces the YFP
acceptor and CFP donor in ICUE3 [23] with mRuby2 and GFP1_1q, respectively [Tenner et
al, 2021, in press] (Figure 1). Self-complementation between the GFP1_1¢ fragment within
FIuoSTEP-ICUE and an endogenously expressed GFP11-tagged POI will reconstitutes the
intact biosensor at the POI. To date, we have successfully used FIuoSTEP-ICUE to monitor
local cAMP dynamics associated with endogenously expressed PKA Rla during Rla phase
separation [31], as well as endogenously expressed clathrin [Tenner et al, 2021, in press].

Below, we provide a detailed protocol for using FluoSTEP-ICUE to study live-cell
endogenous cCAMP dynamics at a GFP4;-tagged POI. This includes detailed procedures

for maintaining HEK293T/FT cells, generation of cell lines expressing a GFP41-tagged

POI via CRISPR-Cas9, transfection of FluoSTEP-ICUE, preparation of cells for imaging
experiments, imaging of FluoSTEP-ICUE FRET responses in live cells, and analysis of the
acquired imaging data to calculate the FluoSTEP-ICUE emission ratio and quantify changes
in CAMP levels.

2. Materials

2.1 Stock Solutions

1 D-PBS (Dulbecco’s phosphate-buffered saline; without Mg2* and Ca2*, 1X,
Gibco)

2. HBSS* (Hank’s Balanced Salt Solution for Imaging): 1X HBSS (Gibco)
supplemented with 20 mM HEPES (Invitrogen) and 2 g/L D-glucose (Sigma).
Adjust pH to 7.4 and sterilize with 0.22 ym filter. Store at 4 °C.

Methods Mol Biol. Author manuscript; available in PMC 2023 March 08.
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FACS (Fluorescence Activated Cell Sorting) Buffer (1X stock, made in house,
pH to 7, sterilize with 0.22 um filter, store at 4 °C): 0.05% w/v BSA, 25 mM
HEPES, 1 mM EDTA, 2.5 ug/mL DNase I, 0.1 pg/mL DAPI, 1X D-PBS

Trypsin-EDTA: solution of Trypsin (0.05%) and EDTA (ethylenediamine tetra-
acetic acid; 0.53 mM) (store at —20 °C). (Invitrogen) (see Note 1)

Puro (Puromycin; 2 mg/mL in ddH,O, store at —20 °C) (Sigma-Aldrich)
Optional drugs for cCAMP stimulation or PDE inhibition:

a. Fsk (Forskolin; 50 mM in DMSO, store at =20 °C) (Calbiochem)

b. Iso (Isoproterenol; 10 mM in DMSO, store at —20 °C) (Sigma-Aldrich)

C. IBMX (3-isobutyl-1-methylxanthine; 100 mM in DMSO, store at —20
°C) (Sigma-Aldrich)

2.2 Cell Culture and Transfection

1.

2.

© oo N o o M ®

Cell lines: HEK 293T (Human Embryonic Kidney — SV40 T Antigen) and HEK
293FT (Human Embryonic Kidney — SV40 large T Antigen) (see Note 1)

DMEM (Dulbecco Madified Eagle Medium; Gibco) (see Note 1)

a. HEK 293T/293FT media: DMEM containing 4.5 g/L glucose,
L-Glutamine, 110 mg/L Sodium Pyruvate with phenol red, and
supplemented with 10% (v/v) fetal bovine serum (FBS, Sigma) and
1% (v/v) penicillin-streptomycin (Pen-Strep, Sigma-Aldrich)

b. Transfection media (high-glucose, serum-free): DMEM containing 4.5
g/L glucose, L-Glutamine, 110 mg/L Sodium Pyruvate with phenol red,
and supplemented with 1% (v/v) Pen-Strep

C. FACS media: DMEM containing 4.5 g/L glucose, L-Glutamine, 110
mg/L Sodium Pyruvate with phenol red, and supplemented with 20%
(v/v) FBS and 1% (v/v) Pen-Strep (see Note 2)

PolyJet (SignaGen Laboratories) (see Note 1)

FluoSTEP-ICUE plasmid

px459 plasmid (Golden Gate)

60-mm and 10-cm cell culture treated dishes (Corning)

35-mm glass-bottom imaging dishes (14-mm glass bottom; Cellvis)
24- and 96-well plates (Eppendorf)

1.5 mL microcentrifuge tubes (Falcon)

Methods Mol Biol. Author manuscript; available in PMC 2023 March 08.
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2.3 Epifluorescence Microscope

1

2.4 Image Analysis
1

2.

3. Methods

3.1 Cell Culture
1.

All of the experiments described below are performed on a Zeiss Axiovert 200M
microscope (Carl Zeiss) with a 40x/1.3 NA oil-immersion objective and an
ORCA-Flash4.0LT digital CMOS camera (Hamamatsu) in a dark room.

Xenon lamp: XBO 75 W (Zeiss)
Neutral density filters 0.6 and 0.3 (Chroma Technology)
Filter set for individual channels (Chroma Technology):

GFP direct: 480DF30 excitation filter, 505DRLP dichroic mirror, 535DF45
emission filter

RFP direct: 568DF55 excitation filter, 600DRLP dichroic mirror, 653DF95
emission filter

G-R FRET: 480DF30 excitation filter, 506DRLP dichroic mirror, 653DF95
emission filter

Lambda 10-2 filter-changer (Sutter Instruments) to alternate filters
Immersion oil “Immersol” 518F fluorescence free (Ziess)

METAFLUOR 7.7 software (Molecular Devices) (see Note 3)

METAFLUOR 7.7 software to analyze images (see Note 3)

Microsoft Excel and/or GraphPad Prism software (or equivalent) for graphing
imaging analysis results

Cells are maintained in 10-cm cell culture dishes in a humidified (85-95%)
37 °C incubator with a 5% CO, atmosphere. Pass cells when they reach
approximately 70-80% confluency, every 2-3 days. (see Note 1)

To passage cells, aspirate culture media and wash twice gently with 1 mL D-
PBS. Add 1 mL of Trypsin-EDTA to cells, gently rock culture dish to distribute
the Trypsin-EDTA and incubate for 5 min at room temperature. Add fresh
HEK293T DMEM and mechanically wash dish to remove remaining cells, break
up and suspend cells (also neutralizes the Trypsin-EDTA). (see Notes 4, 5 and 6)

For CRISPR-Cas9 editing, pass HEK293FT cells into a 24-well plate. For
imaging, pass cells at 1:100 into a 35-mm glass bottom dish. To maintain cells,
pass cells at 1:10 into a 10-cm culture dish for continued maintenance.

Methods Mol Biol. Author manuscript; available in PMC 2023 March 08.
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3.2 PolyJet Transfection (see Note 1)

1

To transfect plasmids into HEK 3293T/FT, add an optimized mass of plasmid
DNA to 50 pL of transfection DMEM in a 2 mL microcentrifuge tube per
imaging dish/well (for 6-well plate). Prepare a second tube by adding 3 pL of
PolyJet to 50 pL of transfection DMEM. Then, add the 50-pL PolyJet-DMEM
solution dropwise to the 50-uL plasmid-DMEM solution and incubate for 15 min
at room temperature. (se¢ Note 7 and 8)

a. For transfecting FIuoSTEP-ICUE into HEK 293FT cells with GFP11-
POI, we typically use 500 ng of FluoSTEP-ICUE plasmid DNA.

b. For transfecting CRISPR-Cas9 components, see Section 3.3.

Add the 100-pL transfection solution to each well/dish dropwise and gently rock
the dish back and forth to distribute the solution evenly.

Incubate at 37 °C for 18-24 h. (see Note 9)

3.3 Attaching GFP1; to a POl via CRISPR-Cas9

1

Design, generate, and test the gRNAs to determine the best gRNA for the
genomic target.

a. Choose whether to target the N- or C-terminus of the POI

b. Design at least 3 gRNAs for the target region of the gene of interest
(GOlI), which encodes the POI. PAM sequences should be located as
close as possible to the target region but can be outside the coding
region.

C. Individually clone each gRNA into the px459 plasmid (Golden Gate
cloning protocol for CRISPR/Cas9 plasmids is readily available).

Use PolyJet transfection to transfect each cloned gRNA plasmid into HEK 293T
cells. After 24 h, select cells using 1 pg/mL Puro. Harvest the remaining cells
and extract genomic DNA. Amplify the target genomic region using PCR. Gel
purify the PCR products and send for Sanger sequencing (see Note 10). To
estimate the gRNA efficiency, upload the Sanger sequencing chromatograms and
the target region to the Tracking of Indels by Decomposition (TIDE) tool. Use
the gRNA efficiency to select the final gRNA for performing CRISPR-Cas9
insertion.

Design the HDR template to include the following (Figure 2) (see Note 11):

a. GFP1; sequence (RDHMVLHEYVNAAGIT), linker region (GGG),
and POI coding sequence. Linker sequences of 3—6 amino acids in
length have been tested and shown to work successfully. The amino
acid sequences for GFP1; with linkers are as follows:

Targeting N-terminus:

Targeting C-terminus:

Methods Mol Biol. Author manuscript; available in PMC 2023 March 08.
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b. Silent mutation of the PAM sequence for gRNASs (see Note 12).

C. If targeting the N-terminus of the POI, include a START codon at the 5
end, and if targeting the C-terminus of the POI, add a stop codon at the
3’ end.

d. HDR arms that are of equal length.
Synthesize the sSDNA HDR template ultramer (IDT ultramers or in house).

Transfect 1 ug of the selected gRNA plasmid along with 20 pmol of the sSDNA
HDR template ultramer into HEK 293FT cells in 24-well plates via PolyJet
transfection (see Note 13). Leave one well untransfected as a negative control.
The next day, pass cells from each well into separate 60-mm dishes.

One day after passaging, add 1 ug/mL Puro to each 60-mm dish (optimized
for HEK 293 cells) (see Notes 14 and 15). When no viable cells remain in the
non-transfected well (2-3 days), exchange the media for Puro free HEK 293T
DMEM.

One day after removing Puro, passage and resuspend cells appropriately for
either of the following selection strategies (Figure 2):

a. Selection Strategy 1: Resuspend cells in FACS buffer containing DAPI.
Using FACS, sort for DAPI-negative cells with the expected size and
plate single cells into a 96-well plate with FACS DMEM (see Note 16).
Single-cell colonies should be confluent in ~3 weeks.

b. Selection Strategy 2: Resuspend cells in DMEM and seed at 1:10 in a
60-mm dish. For positive selection, transfect GFP1_1q into the edited
GFP11 HEK 293FT cells. After 24 h, passage and resuspend the cells
in FACS buffer. Use FACS to select for GFP-positive cells. After two
weeks, use FACS to select against stable incorporation of GFP1_1y.
Plate single cells into a 96-well plate containing FACS DMEM. Single-
cell colonies should be confluent in ~3 weeks

Passage the confluent single-cell colonies (keeping half for expansion in normal
HEK 293T media). Then extract genomic DNA from the cells (DNeasy Blood
& Tissue Kit, Qiagen), perform PCR with primers designed to amplify the target
region of the GOI (Q5 High-Fidelity Kit, New England Biolabs) (see Note 17),
purify the PCR products via gel extraction (PureLink Quick Gel Extraction,
Invitrogen), clone into TOPO PCR vectors (see Note 18), and perform Sanger
sequencing to confirm knock-in.

3.4 Measuring endogenous, spatiotemporal cAMP dynamics at a POI

1

Before imaging, remove DMEM, gently wash cells twice with 1 mL of HBSS*,
and then add 2 mL of HBSS as the final working volume. (see Note 19 and 20)

Power-on the lamp, microscope, filter changer, camera, and computer. Apply a
small drop of immersion oil directly onto the objective (i.e., 1 drop from attached
applicator tip). Avoid touching the applicator directly to the objective. Secure the

Methods Mol Biol. Author manuscript; available in PMC 2023 March 08.
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imaging dish to the microscope stage (see Note 21). Raise the objective until the
immersion oil comes fully into contact with the glass bottom and bring the cells
into focus while viewing through the eyepiece.

Load the METAFLUOR 7.7 application. Program imaging channels to acquire
GFP direct, RFP direct, and G-R FRET intensities (Section 2.3). (see Note 22)

Turn off room lights. Find a field of view that contains multiple healthy

cells expressing both green and red fluorescence at the appropriate subcellular
location, indicating that FluoSTEP-ICUE is successfully reconstituted and
targeted to the POI, and focus the image (see Note 23).

Adjust exposure times to optimize signal-to-noise and minimize photobleaching.
Set the acquisition cycle period (between 10 and 120 s). (see Note 24)

a. We used an exposure time of 500 ms and an acquisition cycle period of
30 sec.

It is helpful to view live FRET ratio traces during the experiment. Enable this
feature if it is available in your software. Draw ROIs around select cells and one
background region (area without any cells). (see Note 25)

Acquire images for 5-10 min to establish the baseline FIuoSTEP emission ratios.

Remove 200 pL of HBSS* from the imaging dish and mix with a 2 mL

aliquot of 1000X concentrated stimulus or inhibitor (Section 2.1) ina 2 mL
microcentrifuge tube. Carefully apply the HBSS*-stimulus/inhibitor solution to
the side of the dish and gently pipette to mix. Acquire images for 10-20 min, or
until the FRET ratio change reaches a plateau. Repeat if imaging more than one
stimulus or inhibitor cycle. (see Note 26)

a. We have used 50 pM Fsk to activate ACs, increasing CAMP production.
We have also used 10 pM Iso to stimulate CAMP via a biologically
relevant agonist. We have used 100 uM IBMX to inhibit the majority
of PDEs. Specific PDE inhibitors can be used for relevant cell lines and
POls.

Acquire images for the remainder of the experimental time-course. (see Note 27)

Save the data. Clean and power-down microscope.

3.5 Analyzing FIuoSTEP-ICUE FRET data

1

To analyze imaging data, open the time-lapse files in METAFLUOR 7.7 and
draw ROIs around each individual cell (Figure 3). Also, draw an ROI in the
background (area without any cells). (see Note 28 and 29)

If your software has the function, program and run equations to calculate the
FIuoSTEP-ICUE Emission Ratios, see Eq. 1. Export the data into an Excel
(Microsoft) worksheet. If not, perform calculations in Excel after the raw
intensities are exported.

Methods Mol Biol. Author manuscript; available in PMC 2023 March 08.
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FluoSTEP - ICUE Emission Ratio

GFP Emission Intensity—GFP Background Emission Intensity ()

" G- R FRET Emission Intensity — G - R FRET Background Emission Intensity

3.

10.

11.

Plot graphs from the calculated FRET Emission Ratios using Excel or GraphPad
Prism (or comparable software), as seen in Figure 3.

Depending on the parameters of your experiments, different cell lines can

be used. The completed DMEM, concentration of Trypsin in Trypsin-EDTA,
CRISPR-Cas9 strategy, and transfection method and efficiency may require
adjusting to accommaodate other cell lines. Additionally, splitting times may vary,
so it is important to verify doubling times for each cell line used. If transfection
is not efficient enough in the alternate cell line, viral expression is an alternative
option.

The complete DMEM should contain phenol red to allow easy identification
of wells containing single-cell colonies as the media will change from pink to
yellow.

METAFLUOR 7.7 software requires a PC running compatible Microsoft
Windows software.

All cell passage and transfection should be completed in a certified Biosafety
Cabinet. All solutions should be made under sterile conditions. All solutions
should be prepared with 18.2 MQ-cm resistivity water, unless otherwise noted.
DMEM should be pre-warmed to 37 °C and Trypsin-EDTA should be pre-
thawed before use.

Be sure the cells are fully detached before continuing. A microscope can be used
to confirm cell detachment.

Gently pipet cells up and down to break up cell clumps, but be careful not to
over-pipet and damage the cells

Flick to thaw/mix plasmids. Vigorous mixing can cause shearing of the plasmid.

Transfection conditions depend on the size of the dish. The transfection outlined
is optimized for a single-well of a 6-well dish or a single 35-mm imaging dish.

Alternative transfection strategies may require different incubation times and
temperatures. Some transfection strategies (e.g., lipofectamine) require a change
of media after incubating for a few hours to prevent cell death from the
transfection reagents.

If gel-purified PCR products create messy chromatograms, PCR products can be
cloned into the TOPO vector and then re-sent for Sanger sequencing.

Both double- and single-stranded HDR templates work for CRISPR/Cas9-
mediated genome editing, but the efficiency and cellular context should be

Methods Mol Biol. Author manuscript; available in PMC 2023 March 08.
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considered [42]. Although longer HDR arms enable higher specificity and
efficiency, long HDR templates can be more expensive; therefore, the feasibility
and price of the HDR template needs to be considered.

If a silent PAM mutation is not possible, change the next possible nucleotide
within the gRNA targeting region without altering the amino acid sequence. If
multiple gRNAs efficiently edit the genome, silent mutations for each gRNA can
be implemented into the HDR template.

Transfection of multiple gRNAs into the same cell may increase the chances of
successful knock-in.

To determine the Puro concentration needed for selection, choose the lowest
concentration of Puro that achieves 99% cell death by day 3. The following
concentrations are suggested to construct a Puro selection curve: 0, 0.5, 1, 2, 3, 4,
5,6,7,8,9,10 pug/mL.

If Puro is introduced too soon, the cells may still be too stressed from passaging
for effective selection, leading to false negatives. If the cells grow for more than
1 day, wild-type cells may overgrow the gene-edited cells, as gene-edited cells
may grow slower.

DAPI is unable to enter cells if the cell membrane is intact; therefore, cells
without DAPI staining have survived Puro selection.

Genomic PCR can be challenging and typically leads to multiple bands.

18. Some cell lines (e.g., HEK 293) are aneuploid, which may make it difficult
to discern if cells are homozygous or heterozygous. Sequencing multiple TOPO
PCR vectors allows for a rough estimation of the percentage of gene loci with
successful knock-in of GFP1;.

Imaging is typically performed at room temperature. However, if cells need to be
imaged at 37 °C to enhance the FRET response, an optional Heatable Insert P for
Scanning Stage and Mechanical Stage (Zeiss) is used. When using this setup, an
aliquot of HBSS* should be preheated to 37 °C prior to imaging.

Wash cells (e.g., HEK 293T) very carefully as the shear stress from washing can
detach them from the dish and wash them away.

Securing the dish to the stage minimizes slight movement of the dish that may
occur while imaging.

The G-R FRET channel records sensitized RFP emission intensity upon GFP
excitation, the GFP channel records direct GFP emission intensity upon GFP
excitation, and the RFP channel records direct RFP emission intensity upon RFP
excitation.

When selecting the field of view for the experiment, consider these key criteria.
First, cell morphology should be verified before starting an experiment, as
healthy cells are required for successful imaging experiments. For instance, when
imaging HEK 293T cells, select cells that are spread out and lying flat rather

Methods Mol Biol. Author manuscript; available in PMC 2023 March 08.
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Figure 1: Design of FIuoSTEP-ICUE.
(TOP) Schematic and (BOTTOM) domain structure of FluoSTEP-ICUE. The sensor consists

of GFP11 fused to the N- or C-terminus of a POI at its endogenous genomic locus

via CRISPR-Cas9 plus the Epac1(149-881)-based cAMP molecular switch sandwiched
between mRuby?2 and sfGFP1_1. In cells co-expressing both sensor components, GFP11
and sfGFP1_1g spontaneously reconstitute at the POI, yielding a functional, subcellularly
targeted cCAMP biosensor.
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Figure 2: Cloning strategy to endogenously tag POl with GFP1;.
(TOP) Key components for the CRISPR-Cas9 strategy, including the HDR template, to

insert GFP14 at the N- or C-terminus of the POI. (RIGHT) Once the POI is endogenously
tagged with GFP14, cells need to undergo Puro selection and FACS sorting to ensure the
entire population of the cells have POI-GFP11. (BOTTOM) Two FACS sorting techniques
are outlined here. (1, top) Surviving cells are resuspended in FACS buffer containing DAPI.
Use FACS to remove cells with DAPI expression, which indicates that the cell membrane
is permeable and the cell did not survive Puro selection. (2, bottom) Surviving cells are
passaged and transfected with GFP1_1¢ to transiently complete the fluorescent protein. Use
FACS to keep cells with GFP expression. Then, wait 2 weeks and repeat FACS to remove
cells with GFP expression, indicating sustained integration of GFP1_1o with POI-GFPq;.
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Figure 3: Processing and analyzing FluoST EP-I CUE imaging data.
(TOP) Open GFP, RFP, and G-R FRET time-lapse imaging data in image analysis software.

(BOTTOM, left) Create ROIs around healthy, attached cells expressing GFP, which indicates
that the GFP_1g within FluoSTEP-ICUE incorporates with the GFP; tagged to the POI.
(BOTTOM, right) Use Equation 1 to calculate the FluoSTEP-ICUE emission ratios with

the exported emission intensities from the GFP channel and G-R FRET channel. Graph the
average FIuoSTEP-ICUE emission ratios per time point.
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