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Abstract

A major limitation of time-lapse microscopy combined with fluorescent biosensors, a powerful
tool for quantifying spatiotemporal dynamics of signaling in single living cells, is low
experimental throughput. To overcome this limitation, we created a highly customizable,
MATLAB-based platform: FALCOscope (Flexible Automated Liquid-handling Combined
Microscope) that coordinates an OpenTrons liquid handler and a fluorescent microscope to
automate drug treatments, fluorescence imaging and single cell analysis. To test the feasibility
of the FALCOscope, we quantified G protein-coupled receptor (GPCR)-stimulated Protein
Kinase A (PKA) activity and cCAMP responses to GPCR agonists and antagonists. We also
characterized cAMP dynamics induced by GPR68/OGR1, a proton-sensing GPCR, in response
to variable extracellular pH’s. GPR68-induced cAMP responses were more transient in acidic
than neutral pH’s, suggesting a pH-dependence for signal attenuation. Ogerin, a GPR68 positive
allosteric modulator, enhanced cAMP response most strongly at pH 7.0 and sustained CAMP
response for acidic pH’s, thereby demonstrating the capability of the FALCOscope to capture
allosteric modulation. At a high concentration, ogerin increased cAMP signaling independent
of GPR68, likely via phosphodiesterase inhibition. The FALCOscope system thus enables
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enhanced throughput single-cell dynamic measurements and is a versatile system for interrogating
spatiotemporal regulation of signaling molecules in living cells and for drug profiling and
screening.
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G protein-coupled receptors (GPCRs) are an important class of signaling molecules and
drug targets®. More than 100 GPCRs are termed orphan receptors, i.e. without physiological
agonists?3. Additionally, complex, multimodal GPCR activation and downstream signaling
is an area of active investigation®. Functional assays that assess receptor activation and
downstream signaling are widely used in GPCR biology and drug discovery>. For
GPCRs that lack structural information’, high-throughput screening of compounds and
peptides in functional assays is widely used in drug discovery®. Genetically encoded
fluorescent biosensors have enabled live-cell assays for evaluating GPCR responses®. Such
biosensors for cAMP and Protein Kinase A (PKA) activity are widely used in functional
characterization of Gag-coupled GPCRs, which stimulate the trimeric GTP binding protein
Gs. G activates adenylyl cyclase (AC), increasing CAMP production, and CAMP in turn
activates PKA.

Fluorescent biosensors are useful tools to assess live cell signaling in microplate reading

or microscopy formats. While extraction-based biochemical assays (e.g., immunoassays,
immunoblotting) typically provide data on several minute time-scales, fluorescent biosensor-
based assays can achieve nondestructive continuous measurements on a second or even
millisecond timescale®. Moreover, imaging enables the detection of signaling activity in
individual cells?, thereby facilitating detection of responses of cellular sub-populations,
spatiotemporal dynamics, such as asynchronous oscillations, that may be obscured by
heterogeneity, and subcellular differences of signaling activities10-11,
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Even so, the throughput of microscopy is typically low, especially when drug additions
are manually applied during time-lapse experiments. To overcome this limitation, we built
a Flexible Automated Liquid-handling Combined Microscope (FALCOscope) system that
leverages a programmable open-source liquid handler for automated drug stimulations
during time-lapse imaging experiments. The FALCOscope automates single-cell imaging
experiments with multiple drug stimulations on 96-well plates. Here, we show the
capabilities of the FALCOscope in three different contexts: drug concentration screening,
drug response profiling, and characterization, including interaction with an allosteric
activator, of GPR68/OGR1, a pH-sensing GPCR. These studies reveal unexpected impact
of both orthosteric and allosteric agonists on the kinetics of functional responses.

FALCOscope Development.

An automated fluorescent microscope compatible with the uManager software (https://
micro-manager.org/) was selected. The Zeiss AxioObserver Z1 (Carl Zeiss inc) microscope
contains a motorized filter cube, objective wheels, automated excitation and emission focus
wheels, hardware autofocus (Zeiss Definite Focus), an automated motorized stage (Prior
Scientific), and a CMOS Orca Flash 4.0 camera (Hamamatsu). The bright field lamp was
excluded to enable placement of the Opentrons OT1 (Opentrons Inc) liquid handler above
the microscope stage. We mounted an Opentrons OT1 above the microscope stage by
connecting T slot aluminum rails to the bottom of the OT1 and to the CleanBench air table
(TMC Vibration Control/AMETEK). A section of the OT1 base plate was cut out to enable
access of the liquid handling pipettes to the microscope stage sample area. A bespoke acrylic
incubation enclosure with an IncuKit temperature control system (Incubator Warehouse)
and 5% CO2 supply was built around both the microscope base and OT1 liquid handler to
maintain cells at 37°C during experiments.

FALCOscope software was created in MATLAB 2017a (Math-works inc) by utilizing a
previously developed MATLAB to pManager API and direct MATLAB to Python function
calls to the OT Python API. A MATLAB library was developed to define and execute a
queued list of image acquisition and liquid handling operations.

Cell culture and Imaging Preparation.

HEK?293T, HEK?293, and HEK293 GPR68OE cells were maintained in Dulbecco’s modified
Eagle medium (DMEM; Gibco 11885-084) supplemented with 10% FBS (FBS; Gibco
26140-079) and 1% (v/v) penicillin and streptomycin (Pen/Strep; Gibco 15140-122) with
4.5 g/L glucose at 37°C and with 5% CO2. 96 well glass bottom plates (Cellvis, #P96—
1.5H-N) were coated with 100 ug/mL Poly-D-Lysine (Sigma, P0899-100MG) in sterile
Dulbecco’s Phosphate Buffered Saline (DPBS (1X); Gibco 14190-144) for 1h at 37°C and
washed twice with sterile DPBS before HEK293T cells were plated. 24h after plating, cells
were transfected using PolyJet (SignaGen) and 100 ng of either the AKAR4 biosensor
(Addgene, 61619) or the EpacS-H188 biosensor (Addgene, 170349) per well. 12-24 h after
transfection, cells were prepared for imaging by incubating with 1 uM Hoescht 33342 (Cell
Signaling, 4082S) for 20-30 min, washed once with DPBS. Cells were then incubated
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in 200 pL of Hanks balanced salt solution (HBSS, Gibco 14065-056) buffered with 20

mM HEPES, pH 7.4 and supplemented with 2 g/L glucose for at least 30 min at 37°C

prior to imaging. For pH change experiments, 250 pL of HBSS media at pH 8.5 was

added to each well instead. Before imaging, the imaging plate was sealed using X-Pierce, a
sterile pierceable vinyl plate sealing film (Genesee Scientific), to prevent contamination and
evaporation of buffer during imaging experiments.

FALCOscope Experiments.

Time-lapse epifluorescence images were ac. quired with a plan-apochromat 10x/0.45

NA objective (Carl Zeiss) in the dark at 37°C. CFP was imaged with an ET420/30x
excitation filter, ET470/40m emission filter, and T455Ipxt dichroic. YFP was imaged with
an ET495/10x excitation filter, ET535/25m emission filter, and T5151p dichroic. CY FRET
was imaged with an ET420/30x excitation filter, ET535/25m emission filter, and T5151p
dichroic. DAPI was imaged with an ET380x excitation filter, ET470/40m emission filter,
and T455Ipxt dichroic.

Using single column batches across a 96 well plate, we acquired images in 1-min intervals.
For drug additions, 100uL of imaging media was aspirated from the column on the imaging
plate and then mixed into the drug plate by the OT1 using an 8-channel pipette. Compounds
were delivered simultaneously to the 8 wells in the column being imaged and mixed three
times. pH media exchange was performed by aspirating 200 uL HBSS from the imaging
plate and discarding in a waste plate, adding 200 pL of fresh pH HBSS to the imaging plate,
and mixing gently 3 times. This pH exchange was performed three times.

At the end of each experiment, cells were treated with the adenylyl cyclase activator
forskolin (Fsk; 50 uM) and the phosphodiesterase inhibitor IBMX (100 uM) to elicit

a maximal biosensor response for data normalization and quality control. After single
responses were quantified, cells with a maximum Fsk/IBMX response between 1.5 to 4
times the baseline emission ratio were chosen for further analysis.

Statistical Analysis.

Ordinary one-way ANOVA with Dunnett’s test for multiple comparisons was performed
using GraphPad Prism 9 (GraphPad Software) for all comparisons except for the fluorescein
pH test (Supplementary Figure 4) and the area under the curve comparisons (Supplementary
Figure 10 and 11). The fluorescein pH test and area under the curve comparisons were
performed using an unpaired, one-tailed t-test in GraphPad Prism 9. Statistical significance
was set at p < 0.05 with a 95% confidence interval. Averaged live-cell imaging time courses
depict mean + 95% confidence interval. Scatter plot bar graphs depict the mean + standard
error of the mean. Violin plots depict the median (dashed line) and the quartiles (dotted
lines).
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RESULTS AND DISCUSSION
Development of the FALCOscope.

To automate and increase the throughput of live-cell fluorescent biosensor imaging
experiments, we developed the FALCOscope. We expanded on pManager!2, an existing
open-source software for automated time-course imaging, by combining it with a liquid
handling robot for automated drug delivery. The FALCOscope coordinates three tasks

in MATLAB: 1) interfacing with the microscope to enable higher throughput time-lapse
imaging; 2) controlling an open-source liquid handler; and 3) analyzing images and storing
data (Figure 1).

The FALCOscope system utilizes the application program interface (API) for uManager
within MATLAB to operate components of a motorized microscope (Supplementary Figure
1). This integration leverages pManager’s optimized graphical user interface to execute
microscope-specific functions, e.g., acquiring images and changing filter sets. To enable
image collection across a multi-well plate, we incorporated the specification of the size and
spacing of the wells of a 96-well plate into pManager’s multi-position image acquisition
settings. The FALCOscope also records metadata for each image, such as microscope
configuration, acquisition time, well or position in a well, and experimental conditions of
that well.

We used the liquid handler OT1 (OpenTrons) to automate the delivery of drugs and stimuli
since its open-source software could be integrated with our microscopy software and its
construction was amenable to physical modifications. We attached supports (“legs”) to

the bottom of the OT1 to position the liquid handler above the microscope stage and

cut a hole into the baseplate of the OT1 so that the pipette could reach the plate on the
microscope stage below (Supplementary Figure 2). We connected the computer directly to
the smoothieboard, bypassing the normal OT-1 raspberry pi controller, to directly access
the OpenTrons API. Via the OpenTrons API, the FALCOscope system can define pipette
configurations, specify the type and location of containers and pipette tips on the liquid-
handler, and control robotic movement commands.

The FALCOscope software integrates the liquid handler and microscope APIs by
communicating dynamic movement of the imaging plate on the motorized stage relative

to the fixed stage of the liquid handler and by coordinating the timing of microscope and
liquid handler commands. To track the movement of the imaging plate, the FALCOscope
software reads the position of the stage, calculates the change in position since the previous
calibration, and then updates the microscope stage positioning in the OpenTrons API. The
FALCOscope employs a command queue to coordinate the timing of the microscope and
liquid handler commands. The command queue pauses microscope operations when the
liquid handler interacts with the imaging plate but otherwise enables the liquid handler to
operate independently while the microscope images. The FALCOscope system performs
experiments on a 96-well plate one column at a time; the total run length is the number of
columns times the time course length (Supplementary Figure 3). This FALCOscope system
increases experimental throughput by 8-fold vs. manual addition on individual imaging
dishes.
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To extract information from the large imaging datasets, we developed automated image
analysis software to efficiently quantify cellular responses to stimuli (Supplementary Figure
4). These tools help programmatically access time course image stacks within MATLAB
which can be processed using available MATLAB scripts that implement segmentation
techniques such as threshold and watershed to distinguish nearby cells from each other!3.
We also incorporated tools to record image segmentation and analysis.

Capturing GPCR-stimulated PKA activity dynamics.

FALCOscope can rapidly acquire detailed, kinetic concentration-response data from live-cell
biosensor imaging. As a test, we quantified the Protein Kinase A (PKA) response to the
[B-adrenergic receptor (BAR) agonist isoproterenol (Iso) in HEK293T cells. HEK293T cells
were plated into 96 well glass bottom plates and transfected with AKAR4, a Forster

Resonance Energy Transfer (FRET)-based biosensor that serves as a surrogate substrate of
PKA and reports PKA activity via changes in FRET4, Using the FALCOscope system, we
automated the acquisition of time-course images across wells and the delivery of different
Iso concentrations. To quantify the PKA activity response to 14 Iso concentrations at a
1-min time intervals, we collected data in parallel across 8 well columns of the 96 well
plate. After 3 min of baseline image acquisition, the OT1 delivered Iso to the wells of a
single column using an 8-channel pipette; 15 min later, the OT1 administered a mixture

of the AC activator forskolin (Fsk) and the phosphodiesterase (PDE) inhibitor IBMX as a
positive control (Figure 2A). We used automated image segmentation to identify individual
cells within each image and tracked the cells across the imaging time course to quantify the
dynamics at the single-cell level (Figure 2B, Supplementary Figure 5). We then aggregated
single-cell responses from several replicate wells and three plate replicates to quantify the
temporal response of AKAR4 across the range of 1so concentrations (Figure 2C). Fitting
the logistic curve to the single-cell responses at 5.5 min after stimulation revealed that

the measured Iso EC50 was 9.47 + 0.12 nM (Supplementary Figure 6), which is in close
agreement with a previously published EC50.

The enhanced throughput of the FALCOscope system thus enabled the collection of
hundreds to thousands of cells per drug dose. These many single-cell responses improve
the accuracy of the average response, enable examination of single cell behaviors and
concentration-response variability across different cells, wells, and plates (Supplementary
Figure 7).

Probing the functional cAMP response of endogenously expressed GPCRs.

Activated GPCRs that couple to Gs or Gi proteins regulate cAMP production by activation
or inhibition, respectively, of AC16. Certain assays that assess Gs- and Gi-coupled GPCRs
utilize colorimetric or chemiluminescent cCAMP readouts but require cell lysis and lack
temporal information in live-cells”-17. Plate readers can be used to measure live-cell assays
using bioluminescent or fluorescent cAMP biosensors but lack single cell resolution1819, In
contrast, the FALCOscope system enables high content screens with automated addition of
different stimuli and measurement of dynamic cAMP responses in individual living cells.
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We profiled cAMP responses of endogenously expressed GPCRs in HEK293 cells to GPCR
agonists and antagonists of the Gs-coupled pathway.

We tested the cCAMP response to 14 GPCR agonists and antagonists in HEK293 cells
transiently transfected with the FRET-based cAMP biosensor Epac-SH188 (H188) to
quantitatively measure the Gs-linked GPCR responses20. Working in single-column batches
across a 96 well plate, we acquired images in 1-min intervals while simultaneously treating
each of the 8 wells in a column with a different GPCR agonist or antagonist. The single-cell
responses were quantified by automated image segmentation, and the cAMP dynamics were
aggregated across the well replicates (Figure 3, Supplementary Figure 8).

The results show that the HEK293 cells exhibit statistically significant Gas responses to
stimulation with adenosine, Iso, epinephrine, PGE1, and PGE2 compared to the vehicle
control (Figure 3A). Several GPCRs that can couple to Gi (e.g., Lysophosphatidic acid,
oxytocin, angiotensin) did not alter cAMP concentration, presumably due to low basal
CAMP levels. The cAMP response to BAR agonists (epinephrine and 1so) and abrogation
of the epinephrine- induced cAMP response by co-incubation with the BAR antagonist
propranolol indicate endogenous expression of BARs in the HEK293 cells, as demonstrated
previously?1-24, Prior data for adenosine A2B receptors in HEK 293 cells match the
observed cAMP response to adenosine25-28, The cAMP response to PGE1 and PGE2
indicates endogenous prostaglandin receptors, also previously noted?29:30,

The GPCR induced cAMP dynamics assessed by the FALCOscope enable characterization
of Gs-coupled GPCR signaling responses with high sensitivity, detailed temporal
information, and single cell resolution. This demonstrates the likely applicability of the
FALCOscope for single-cell, dynamic measurements in compound screening or profiling of
GPCR activity.

Examination of Gs-linked activation of GPR68.

We next set out to apply the FALCOscope system to characterize GPR68, also known as
ovarian cancer G-protein-coupled receptor 1 (OGR1)3L. GPR68, a member of the class A
proton-sensing GPCR family, is active at low pH (6.8 or lower), inactive at high pH (7.8)
and couples to both Gs and Gg/1131:32. GPR68 is expressed in numerous human cells types
including osteoblasts, epithelial cells of the lung, intestine, and renal tubules, airway smooth
muscle cells, and various immune cell types; GPR68 expression is increased in several types
of cancer, including carcinoma, pancreatic ductal adenocarcinoma, cervical squamous cell
carcinoma, and ovarian cancers compared to normal tissues33. The G response of GPR68

in response to acidic pH has been characterized in model cells lines such as HEK293/
HEK293T31:34-36 and Chinese Hamster Ovary (CHO)37 cells heterologously expressing
GPR68 and in cells that endogenously express GPR683%:36.:38-42 However, these studies
utilized immuno- or luminescence assays and typically measured cAMP at a single time
point after 10-40 min preincubation with new pH media and a PDE inhibitor. Leveraging the
FALCOscope’s live-cell imaging capability and versatility for automated medium exchange,
we assessed GPR68-mediated cAMP dynamics in live cells with single cell resolution.
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We created a HEK293 cell line stably expressing GPR68 (GPR68OE) and verified

GPR68 expression via immunohistochemistry using two different GPR68 antibodies
(Supplementary Figure 9). To quantify cAMP dynamics in response to GPR68 activation,
we introduced H188 via transient transfection into HEK293 GPR68OE cells and matched
HEK?293 control cells and used the liquid handler to exchange pH 8.5 imaging media

with imaging media at different pH’s (Supplementary Figure 10). We confirmed that the
automated medium exchange achieves the desired pH by using a pH-dependent fluorescent
dye*3 (Supplementary Figure 11). No pH-induced changes occurred in the HEK293 parental
line but GPR68OE cell showed cAMP responses at pH’s 6.5, 6.8, 7.0, a minor response

at pH 7.4, and no response at pH’s 8.0 and 8.5, consistent with previous studies31:34
(Supplementary Figures 10A and 10B).

We next evaluated the effect of ogerin, a positive allosteric modulator (PAM) for GPR683L.
The FALCOscope system enabled evaluation of real-time cAMP responses to varying pH
and ogerin conditions in a single 96 well plate experiment. We treated cells simultaneously
with varying pH’s and concentrations of ogerin and measured cAMP dynamics in the
GPR68 OE and control cells (Figure 4A; Supplementary Figure 12). Ogerin significantly
and dose-dependently enhanced cAMP response at pH’s greater than pH 6.5 (Supplementary
Figure 13). Ogerin (10 uM) increased maximal response at pH’s 6.8 and 7.0 to values akin
to those at pH 6.5 (Supplementary Figure 14). Consistent with its PAM effect*0, ogerin
dose-dependently increased cCAMP responses at pH’s 7.0 and pH 7.4 (Supplementary Figure
15).

Since the FALCOscope measures CAMP dynamics from individual cell traces, we calculated
kinetic parameters to characterize the cAMP dynamic trends, e.g., the time to reach half
maximal value (ty/») (Figure 4B; Supplementary Figure 16) and the sustained activity

metric at 40 min (SAMA40) (Figure 4C; Supplementary Figure 17). Faster responses were
observed for acidic (pH 6.8 or 6.5) conditions compared to pH 7.0, in the absence and
presence of ogerin (Figure 4B; Supplementary Figure 16). The transient nature of the cAMP
responses observed at acidic pH contrasted with the largely sustained responses (from
SAMA40 analysis) observed at pH 7.0 (Figure 4A, 4C; Supplementary Figure 17). Ogerin
also appeared to make CAMP responses more sustained at acidic pH’s (Figure 4C). Thus,
both the orthosteric and allosteric agonists increase the cAMP response amplitude and affect
the kinetic characteristics.

The strong effects of 10 pM ogerin prompted us to perform experiments to test whether
ogerin might have effects on cAMP dynamics independent of GPR68 in HEK293 cells that
do not express GPR68. HEK?293 cells transfected with H188 were treated with ogerin and
then activated with several different cAMP/PKA pathway stimulants: by the AC activator
Fsk at a low concentration (1 uM) or by endogenously expressed Gs.coupled GPCRs
agonists (Iso, PGE2). We measured the total cAMP increase during the 20 min after
treatment with Fsk, Iso or PGE2 and then added IBMX to cells pretreated for 20-min with
10 uM ogerin or vehicle (DMSO) control (Supplementary Figure 18). While 10 uM ogerin
did not produce a statistically significant effect, 100 uM ogerin increased CAMP responses
(Supplementary Figures 18, 19A-C). IBMX treatment after Iso normalized the difference
between 100 uM ogerin-pretreated and control cells, implying that higher concentrations of
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ogerin might inhibit PDEs (Supplementary Figure 19A-C). A PDE activity assay supported
this idea; 100 uM ogerin significantly decreased PDE activity (5’-AMP production)
compared to the DMSO vehicle control (Supplementary Figure 19D). Thus, at higher
concentrations, ogerin inhibits PDE activity, which likely increases cCAMP levels in cells--an
important consideration when using ogerin to modulate Gs-coupled GPR68 signaling. This
finding is consistent with data showing that three compounds similar to ogerin may have
both GPR68 PAM and PDE inhibition activity31.

CONCLUSION

This work identifies the FALCOscope as an approach to increase throughput of single-cell
biosensor imaging. We applied the FALCOscope system to assess GPCR ligands and a
proton (pH)-sensing GPCR. For higher throughput screening, commercially available liquid
handling combined plate readers can image entire plates and dispense simultaneously to all
wells using 96, 384, and 1536 dispensing heads**. The FALCOscope has lower throughput
compared to those plate readers but measures single cell responses, enabling detection of
amplitude and kinetic responses that may be masked in plate reader measurements. Our
open-source tool-based system also provides an economical alternative to commercial liquid
handling combined plate readers and microscopy-based high content screening systems*®.

Our uManager-based integration approach should be widely applicable to different
microscope configurations, enabling this approach for automating and enhancing throughput
of live cell biosensor imaging on existing fluorescent microscope set-ups. Adaptation would
be needed for the OT2 (OpenTrons), on which the smoothieboard is not directly accessible.
This could be done using the OT2 Python-based API and a Jupyter Notebook hosted on the
OT2%. This system is well-suited for investigating cell signaling kinetics on the timescale
of minutes as the FALCOscope can image an entire column within 30 s — 1 min due to the
rate-limiting steps of the moving to each well and imaging multiple fluorescent channels
per well. We employed this system using a 10X objective; it should be compatible with any
air-based objective but not with immersion-media based objectives as the immersion media
would be lost during movements across the plate.

Given the modularity of fluorescent biosensors and flexibility of the FALCOscope, various
fluorescent biosensors that measure signaling activities and utilize different colors should

be compatible with FALCOscope imaging. For example, this approach could be expanded
to fluorescent biosensors for GPCR and G-protein activation, calcium dynamics, RhoA
activation and ERK activity4’. Different colors are available for such biosensors, so

it should be possible to modify this platform for co-imaging of multiple sensors in
individual cells194849, The approach could also be applied to imaging subcellularly targeted
biosensors to examine spatially compartmentalized signaling®. With enhanced throughput,
high spatiotemporal resolution and readout of multiple activities, this platform could also be
used for high-content screens of compounds that interact with GPCRs and GPCR signaling.

FALCOscope enabled rapid detection of GPR68-mediated cAMP dynamics in response to
extracellular pH change and ogerin, a positive allosteric modulator (PAM). From single
cell responses, we analyzed cAMP dynamics with three quantitative measures: maximum
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response, ty, of maximum response, and SAMA40. We validated findings from previous
studies using a luciferase-based CAMP assay, showing that the pH 6.5 induces maximal
cAMP response and that 10 pM ogerin left-shifts the concentration-response curve for pH,
as expected for a PAM3L, Our studies reveal a new insight into GPR68-mediated cAMP
dynamics: acidic pH stimulation yields faster, more transient cAMP responses. The transient
response at acidic pH’s is akin to previous data in human airway smooth muscle (HASM)
cells that endogenously express GPR6836.

A possible mechanism for the signaling attenuation at acidic pH’s could be pH-

induced GPR68 internalization, but whether GPR68 is internalized at acidic pH’s is
controversial34:36:50, Another possible mechanism of transient cCAMP dynamics at acidic
pH’s could be activation of PDE3 and PDE4 by PKA, resulting in enhanced cCAMP
degradation. We were able to observe this signal attenuation, unlike previous studies®1:52,
as we did not pretreat with PDE inhibitors during experiments assessing GPR68 responses.
Future studies will explore the regulation of GPR68-mediated cAMP/PKA signaling and
functional consequences thereof.

By capturing kinetic information under various conditions, we observed effects of ogerin on
cAMP dynamics and signaling amplitude. We found that ogerin has stronger PAM activity in
neutral pH environments and sustains CAMP responses at acidic pH’s. Other GPR68 PAMs
may induce similar effects on cAMP dynamics as observed with ogerin3°53:54,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A schematic of how the FALCOscope coordinates between the microscope and the liquid
handler using the pManager application program interface (API), the OpenTrons API from
the OT-1 and an imaging queue system. Custom MATLAB scripts segment cells from the
fluorescent images and output a table of measured single cell responses over time along with

associated metadata that can be plotted in various ways.
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Figure2.
Protein Kinase A (PKA) response measured by AKAR4 to the BAR agonist isoproterenol

(Is0) in HEK?293T cells. (A) Representative pseudo color images of time course imaging.
Scale bars equal 20 pm. (B) A heat map of single-cell temporal responses of AKAR4 to Iso
stimulation for representative 1so doses. Cell numbers listed in Table S1. (C) The average
biosensor responses over time for each Iso concentration normalized to baseline and max
values.
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Measuring the cAMP response of endogenously expressed Gs- and Gi-coupled GPCRs
using agonists and antagonists and the CY-FRET cAMP biosensor Epac-SH188. (A)
Quantification of individual responses 4-5 min after GPCR agonist or antagonist addition
compared with vehicle (DMSO) control. ns =not statistically significant, **** p < 0.0001,;
one-way ANOVA with Dunnett’s multiple comparisons test. Cell numbers and exact
statistical parameters listed in Tables S2 and S3. (B) The time-course of statistically

significant CAMP responses compared to the DMSO.
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Figure 4.

Gs-linked activation in HEK293 cells stably expressing GPR68 (GPR68OE) transiently
transfected with Epac-SH188, Cells were incubated in pH 8.5 HBSS and then with
concentrations of ogerin at different pH’s. (A) Time-courses of average cCAMP response
with 95% ClI error bars for each pH for treatments compiled from single cell responses
from two independent experiments. Cell number for each condition is listed in Table S4.
(B) Time to half maximal activation (t1/,) calculated from the single cell traces displayed
with +/= SEM error bars. (C) Sustained Activity Metric at 40 min (SAM40) calculated from
the single cell traces displayed with +/— SEM error bars. Ns = not statistically significant,
*p <0.05, ** p<0.01, *** p <0.001, **** p < 0.0001; one-way ANOVA with Dunnett’s
multiple comparisons test. Exact statistical parameters in Tables S5 and S6.
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