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The parathyroid hormone receptor
(PTHR1) signals via both G5 and G, with
the former occurring, non-classically, on
endosomes. Here, Liang et al. apply a
bioorthogonal method for visualizing
phospholipase D signaling to reveal that
PTHR1-G signaling is transient and
localized exclusively at the plasma
membrane.
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SUMMARY

Canonically, G-protein-coupled receptor (GPCR) signaling is transient and confined to the plasma membrane
(PM). Deviating from this paradigm, the parathyroid hormone receptor (PTHR1) stimulates sustained Gg
signaling at endosomes. In addition to G5, PTHR1 activates G signaling; yet, in contrast to the PTHR1-G,
pathway, the spatiotemporal dynamics of the G, branch of PTHR1 signaling and its relationship to Gg
signaling remain largely ill defined. Recognizing that a downstream consequence of G signaling is the acti-
vation of phospholipase D (PLD) enzymes, we leverage activity-based, bioorthogonal imaging tools for PLD
signaling to visualize and quantify the G4 branch of PTHR1 signaling. We establish that PTHR1-G signaling is
short lived, exclusively at the PM, and antagonized by PTHR1 endocytosis. Our data support a model wherein
Gq and Gs compete for ligand-bound receptors at the PM and more broadly highlight the utility of bio-

orthogonal tools for imaging PLDs as probes to visualize GPCR-G signaling.

INTRODUCTION

The traditional paradigm for G-protein-coupled receptor (GPCR)
signaling involves transient, agonist-induced activation of heter-
otrimeric G proteins and second-messenger production at the
plasma membrane (PM), which terminates upon receptor inter-
nalization (Irannejad and Von Zastrow, 2014; L. Mohan et al.,
2013; Pavlos and Friedman, 2017). Classically, different second
messengers are produced at the PM depending on the Ga. sub-
type that is activated. For example, G activates adenylyl
cyclase, producing cyclic AMP (cAMP), leading to protein kinase
A signaling, whereas G414 stimulates phospholipase CB (PLCB)
enzymes, inducing PI(4,5)P, hydrolysis to produce diacylglycerol
(DAG) and inositol trisphosphate (IP3), leading to protein kinase C
(PKC) and Ca®* signaling. Both G and Gy are primarily found in
the cytosolic leaflet of the PM, though they can also be found at
intracellular locations, along with downstream signaling proteins
and second messengers (Marrari et al., 2007; Mohammad Nez-
hady et al., 2020).

Notably, recent work has identified that certain GPCRs,
including opioid receptors (Stoeber et al., 2018), the p,-adren-
ergic receptor (B2AR) (Irannejad et al., 2013), and the parathyroid
hormone receptor 1 (PTHR1) (Cheloha et al., 2015; Ferrandon
et al., 2009; Sutkeviciute et al., 2019), also signal, via Gg, from
intracellular membranes after receptor-mediated endocytosis.
In the case of PTHR1, such signaling occurs on endosomes

L)

following B-arrestin-induced, clathrin-mediated endocytosis of
the ligand-bound GPCR (Luttrell and Lefkowitz, 2002). This
non-classical, endosomal signaling persists until V-ATPase-
mediated endosomal acidification causes ligand dissociation,
and subsequent receptor binding to the retromer complex en-
ables eventual recycling to the PM (Feinstein et al., 2011; Gidon
etal.,, 2014; Vilardaga et al., 2012; Wehbi et al., 2013). Recent ef-
forts to characterize whether GPCRs remain signaling compe-
tent after internalization have used single-domain antibodies
that bind to the receptor in its active conformation as biosensors
(Cheloha et al., 2020a). Although this approach reveals the sub-
cellular localization of GPCRs in their active conformations, it
does not elucidate whether these GPCRs maintain the ability
to signal via different pathways following internalization.
Sustained endosomal Gs signaling by both B,AR and PTHR1
has proven physiologically significant for regulating distinct out-
comes compared with when confined at the PM (Tsvetanova and
von Zastrow, 2014; White et al., 2019). However, PTHR1, which
has numerous functions in the physiology of bone, kidney, and
other tissues, has a more complex signaling landscape (Sato
et al., 2020; Wein and Kronenberg, 2018). In addition to both
PM- and endosome-localized Gs-cAMP signaling, PTHR1 also
activates the G4-PLC axis, and such signaling is also physiolog-
ically relevant (Abou-Samra et al., 1992; Guo et al., 2002). A long-
standing question has been the extent of interplay between the
Gy and the Gg branches of PTHR1 signaling, which is
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fundamental to the understanding of diverse physiological func-
tions under the control of PTHR1. Some evidence suggests that
regulation of PTHR1-Gg signaling occurs within the kidney (Ca-
puano et al., 2007). A recent study revealed that G signaling
was required for subsequent prolonged, intracellular Gg
signaling, via a mechanism implicating Gy intracellular translo-
cation and activation of PI3Kb (White et al., 2020).

Nevertheless, the spatiotemporal dynamics of PTHR1-Gq
signaling and its full relationship to the Gg pathway remain
incompletely understood. Here, we establish a chemical toolset
for visualizing the G branch of GPCR signaling and apply it to
elucidate the spatiotemporal dynamics of PTHR1-G, signaling
and clarify its relationship to Gg signaling. Our approach capital-
izes upon the recognition that G4-PLC signaling—via production
of DAG and IP3 to activate conventional PKCs—leads to stimu-
lation of phospholipase D (PLD) enzymes (Figure 1A). PLDs in
turn produce phosphatidic acid (PA), a lipid second messenger
that engages several effectors to influence membrane traf-
ficking, cytoskeletal dynamics, and signaling (Nelson and Froh-
man, 2015; Selvy et al., 2011).

We have developed bioorthogonal chemical tools to visualize
and quantify PLD activity with organelle-level resolution (Bum-
pus et al., 2020; Liang et al., 2019). These approaches harness
the ability of PLD enzymes, which normally catalyze phosphati-
dylcholine hydrolysis to produce PA, to also produce phospha-
tidyl alcohol lipids via transphosphatidylation with exogenous
primary alcohols (Brown et al., 2007). Our tools, termed imaging
phospholipase D activity with clickable alcohols via transphos-
phatidylation (IMPACT), use bioorthogonally labeled alcohols
as transphosphatidylation substrates, followed by click chemis-
try tagging of the resultant lipids in live cells with fluorescent
groups (Figure 1B) (Liang et al., 2019).

By using an alcohol and click chemistry partner capable of un-
dergoing a rapid and fluorogenic inverse electron-demand Diels-
Alder (IEDDA) cycloaddition, such labeling can be performed in
real time (RT-IMPACT) (Bumpus et al., 2020; Liang et al,
2019). In RT-IMPACT, the IEDDA-tagged lipids, prior to their traf-
ficking to other organelle membranes, report on the localizations
of endogenous PLD activity (Liang et al., 2019). Because of the
specific connection between G-PLC signaling and PLD activa-
tion, we reasoned that RT-IMPACT would enable us to visualize
localizations and quantify the extent of PLD activity downstream
of PTHR1-G, signaling, reporting on the spatiotemporal dy-
namics of this branch of PTHR1 signaling.

Here, we first establish that RT-IMPACT is a selective reporter
for PTHR1-Gj, signaling, and we show that PTHR1-G, signaling
specifically activates the PLD1 isoform. We then reveal that
PLD1 signaling downstream of PTHR1-Gg, is transient and oc-
curs exclusively at the PM. The timescale of this signaling
matched that of the PM residence of the ligand-bound GPCR,
and inhibition of endocytosis prolonged G, and suppressed Gg
signaling. These data suggest that G, and Gs compete for
PTHR1-mediated signaling upon ligand binding at the PM, hence
giving rise to maximal levels of cAMP production after the termi-
nation of G4 signaling by receptor endocytosis. This work reveals
insights into the spatiotemporal control of signaling via different
Ga. subunits from the same GPCR and highlights how bio-
orthogonal tools to visualize PLD signaling can act as selective
reporters of Gq signaling.
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RESULTS AND DISCUSSION

Gy, but not G, is required for PLD activation
downstream of PTHR1

We began by determining the specificity of RT-IMPACT as a re-
porter for Gq signaling downstream of PTHR1. During PTHR1
stimulation, we treated cells with a trans-cyclooctene alcohol
(oxoTCO, Figure 1C), in the presence or absence of PTHR1 li-
gands, to generate oxoTCO-containing lipids as transphospha-
tidylation products. After a rinse and IEDDA tagging with a
fluorogenic tetrazine-BODIPY (Tz-BODIPY, Figure 1C), we
quantified cellular fluorescence by flow cytometry. To stimulate
PTHR1, we first used PTH(1-34), comprising the N-terminal
fragment of the parathyroid hormone (PTH), which strongly ac-
tivates all downstream PTHR1-coupled Go pathways. We
found substantial PTH(1-34)-dependent RT-IMPACT labeling
(Figure 1D).

To determine whether RT-IMPACT reports on Gq versus Gg
signaling, we treated HEK293 cells stably expressing PTHR1
with PTH(1-34)-Trp1, a Gs-biased ligand that induces binding
of the receptor exclusively to Gg (Gardella and Vilardaga,
2015), and found that this ligand exhibited only a very minimal
activation of PLDs (Figure 1D). Alternatively, we applied
PTH(1-34) with YM-254890 (Nishimura et al., 2010; Takasaki
et al., 2004), a Gg-selective inhibitor, and found no detectable
PLD activity (Figure 1D). These results are consistent with our
previous work using these probes to distinguish PTHR1-depen-
dent G4 versus Gs signaling using fluorescence-based Ca?*
measurements as a readout (Roszko et al., 2017; Sato et al.,
2020). To selectively activate Gg, we expressed PTHR1 in G
knockout cells, and upon PTH stimulation, found a level of PLD
activity comparable to that from PTH-stimulated, PTHR1-ex-
pressing wild-type cells (Figures 1E and S1). These data indicate
that Gg, and not Gg, is responsible for the activation of PLDs
downstream of PTH-PTHR1 signaling, likely via PLCB enzymes,
which hydrolyze PI(4,5)P, to generate DAG and IP3 to activate
PKCs, which upregulate PLDs.

PTHR1 predominantly activates the PLD1 isoform at

the PM

To characterize the nature of the PTHR1-Gg-induced PLD
signaling, we used isoform-selective PLD inhibitors to determine
which of the two PLD isoforms that generate PA via PC hydroly-
sis, PLD1 or PLD2, is responsible for PLD activity downstream of
PTHR1. Using RT-IMPACT followed by flow cytometry, we found
that a PLD1-selective inhibitor (VU0359595, ICs0(PLD1) =
3.7 nM; ICso(PLD2) = 6.4 uM) abrogated nearly all of the PTH-
induced PLD activity, equivalent to a pan-PLD inhibitor (Fig-
ure 2A). By contrast, a PLD2-selective inhibitor (VU0364739,
ICs50(PLD1) = 1.5 pM; ICs0(PLD2) = 20 nM) had only a modest ef-
fect (Figure 2A). Thus, PLD1 is responsible for the bulk of the PLD
activity downstream of PTHR1, consistent with the established
role of PLD1 as inducible by activated PKCs (Brown et al.,
2007; Hu and Exton, 2003).

We next sought to use RT-IMPACT to reveal the subcellular
localization of the PTHR1-Gg-induced PLD signaling. Here, we
performed a similar RT-IMPACT labeling with oxoTCO during
PTH stimulation, rinsing, and then visualization of the fluoro-
genic IEDDA tagging reaction in real time by time-lapse
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confocal microscopy. Because of the rapid kinetics of this
IEDDA reaction, we could detect its fluorescent lipid products
within seconds of administering Tz-BODIPY to the cells, and
such images reveal the localization of PLD-generated lipids
prior to their subsequent trafficking. Using this technique, we
found that PTHR1-induced PLD activity is exclusively at the
PM (Figures 2B and S2).

We have previously shown that platelet-derived growth factor
receptor signaling induced PLD activity at intracellular mem-
branes using RT-IMPACT (Liang et al., 2019). Therefore, a lack
of similar intracellular fluorescence following PTHR1 activation
provides strong evidence of a restricted subcellular localization
of PLD1 activation in this context. Although PLD1 localizes to
many intracellular sites, it can translocate to the PM upon certain
stimuli. In this setting, PTHR1-G, signaling, which activates
PLCpB to generate the PKC agonist DAG, would be expected to
stimulate the activity of PLDs in this membrane.

of this pathway. The temporal resolution of
RT-IMPACT is roughly 5 min, encompassing
transphosphatidylation, rinsing, and IEDDA
reaction. To quantify PTHR1-G, signaling elicited by PTH agonism
over time, we varied the time after PTH addition prior to oxoTCO
addition by 5-min intervals. Flow cytometry of cells labeled via
RT-IMPACT in this manner revealed that PLD activity downstream
of PTHR1-Gg signaling was transient, peaking within the first 5 min,
and rapidly returned to basal levels within 10 min of exposure to
PTH (Figures 3A and S3). This finding aligns with previous work
showing that PTHR1-Gq signaling induces a transient release of
calcium into the cytoplasm that reverts to basal levels within a
few minutes (Cheloha et al., 2020b; Sato et al., 2020).

By contrast, PTHR1-Gg signaling was, as expected, delayed
and sustained, peaking at 15 min post-PTH application and per-
sisting for at least 60 min, as measured by a cAMP-based
biosensor assay (Figure 3B) (Binkowski et al., 2011). This
short-lived Gq activation is in line with the classical model of
GPCR signaling, wherein ligand-bound receptors are rapidly
phosphorylated and internalized via binding to B-arrestins, which
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terminates most GPCR signaling processes but prolongs Gg
signaling in the case of PTHR1.

Despite such rapid deactivation of PTHR1-Gg signaling within
10 min of PTH stimulation, the observed PLD activity at various
time points (1, 2, and 5 min) post-addition of either PTH or rhoda-
mine-tagged PTH (PTH-TMR), to visualize PTH-PTHR1 com-
plexes, was predominantly at the PM even before complete
desensitization (Figure S2), suggesting that G activation of
PLD was confined to the PM in this context. Importantly, our find-
ings reinforce and are complementary to a recent report that G,
activation is critical for prolonged endosomal Gg signaling
through the recruitment of B-arrestins (White et al., 2020).

Receptor endocytosis antagonizes PTHR1-G-elicited
PLD activity
The above data reveal a stark contrast between the spatiotem-
poral dynamics of PTHR1-induced Gq and Gs signaling, with
the former transient and at the PM and the latter being sustained
and largely from endosomes (Feinstein et al., 2011). Typically,
ligand-bound GPCRs are internalized via interaction with B-ar-
restin and subsequent clathrin-mediated endocytosis (Lefkowitz,
1998; Shukla et al., 2011). We hypothesized that receptor-medi-
ated endocytosis might act as a key control point for the switch
from Gq to G signaling (Feinstein et al., 2011). To test this idea,
we perturbed the endocytosis of PTHR1 and investigated the ef-
fects on the amplitudes and kinetics of G, and G signaling.
First, we tested the effects of blocking endocytosis by treating
cells with Dyngo-4a, an inhibitor of dynamin (Harper et al., 2011;
McCluskey et al., 2013; Tsvetanova and von Zastrow, 2014), a
GTPase required for clathrin-mediated endocytosis. We estab-
lished conditions under which Dyngo-4a reduced the endocy-
tosis of PTHR1, by visualizing PTH-PTHR1 complexes by
confocal microscopy in cells treated with PTH-TMR. At 5-
10 min after PTH-TMR addition, we found that Dyngo-4a led to
substantially reduced internalization of PTHR1-PTH-TMR com-
plexes (Figure 4A). We then found that Dyngo-4a treatment led
to prolonged G activation compared with control, as assessed
by flow cytometry of RT-IMPACT-labeled cells (Figure 4B). By
contrast, under these same conditions, the magnitude of
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Figure 2. PTHR-G4-induced PLD signaling is
due predominantly to the PLD1 isoform and
is localized at the PM

(A) Flow cytometry of PLD activity of hPTHR1-293
cells stimulated by PTH in the presence of pan- or
isoform-selective PLD inhibitors. Cells were incu-
bated with the indicated inhibitors (PLD1i, PLD1-
selective VUO0359595; PLD2i, PLD2-selective
VU0364739; PLDi, pan-inhibitor FIPI) or DMSO for
30 min. PTH and oxoTCO were added for 5 min
before rinsing, Tz-BODIPY addition, and flow cy-
tometry analysis. Asterisks above lines denote sig-
nificance comparing the indicated groups. Error
bars represent standard deviation. One-way AN-
OVA, Games-Howell post hoc test: *p < 0.05; ns, not
significant; n = 3.

(B) Confocal microscopy of hPTHR1-293 cells
stimulated with PTH and labeled via RT-IMPACT to
reveal localization of PTHR1-derived PLD signaling,
showing 9 s post-addition of Tz-BODIPY. Scale bar:
20 um.

See also Figure S2.

PTHR1-G; signaling was significantly reduced (Figure 4C). More-
over, the same inhibitory effect of Dyngo-4a on G signaling was
confirmed in human osteosarcoma cells, which express physio-
logical levels of PTHR1 (Figure S4A), although we were unable to
detect Ca®* responses by fura-2 or PLD activity by IMPACT,
following PTH stimulation in these cells, speaking to a possible
combination of factors, including a limited sensitivity of the
method, low levels of PTHR1 expression, and a more modest
stimulation of Gg, compared with G, by PTHR1 (Inoue et al.,
2019) (Figures S4B and S4C).

To account for any potential off-target effects of Dyngo-4a
(Park et al., 2013; Preta et al., 2015), we corroborated these find-
ings by perturbing endocytosis using two independent methods.
First, we treated cells with bafilomycin A1 (BafA1), an inhibitor of
the V-ATPase responsible for endosomal acidification. Pro-
longed BafA1 treatment, by preventing endosomal maturation
to lysosomes, has the ultimate effect of diminishing endocytosis
(Gidon et al., 2014; Kozik et al., 2013). Similar to Dyngo-4a,
BafA1 potentiated Gg-induced PLD signaling (Figures S4D and
S4E). Alternatively, we perturbed clathrin-mediated endocytosis
through acute inhibition of B-arrestins by the pharmacological in-
hibitor barbadin, which blocks interactions between B-arrestin
and the clathrin adaptor protein AP2 to prevent endocytosis of
B2AR (Beautrait et al., 2017). Consistent with the Dyngo-4a and
BafA1 experiments, barbadin treatment prolonged PTHR1-
dependent PLD activation (Figure S4F).

Collectively, these results support a model wherein the
PTHR1-G pathway is restricted to the PM. Under physiological
conditions, this branch of PTHR1 signaling is short lived and is
terminated upon endocytosis of PTHR1, within 5-10 min of
ligand binding. By contrast, the Gs-cAMP pathway occurs on
both membranes. At the PM, a brief burst of Gg signaling, imme-
diately following PTHR1 activation, has been reported, but the
bulk of Gs signaling is now appreciated to occur at early endo-
somes, peaking at ~15 min and lasting for more than 1 h.

These observations can be explained by a model wherein Gg
and Gg compete for binding to PTH-bound PTHR1 receptors at
the PM, where both pathways are active upon initial ligand binding
(Figure 4D). Phosphorylation and subsequent B-arrestin-mediated
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Figure 3. PLD activation downstream of
PTHR1-G, signaling is transient, in contrast
to persistent PTHR1-G; signaling

(A) Flow cytometry of hPTHR1-293 cells, showing
extent of PLD activity following PTH addition.
hPTHR1-293 cells were stimulated with PTH for
0-20 min, followed by oxoTCO addition for 5 min,
rinsing, Tz-BODIPY addition, and flow cytometry.
Gray, background fluorescence in the absence of
PTH.

(B) Levels of cAMP from hPTHR1-293 cells stably
expressing cAMP GloSensor after addition of PTH
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See also Figure S3.

endocytosis of PTHR1 terminates PTHR1-G, signaling, leading ul-
timately to PTHR1 signaling at endosomes via the Gs-cAMP
pathway, such that maximal cAMP levels correlate with the termi-
nation of G4-induced PLD signaling. The pharmacological pertur-
bations of receptor endocytosis, which enhance G4 signaling and
attenuate G signaling, further support this model of a competitive
relationship between G and G; signaling in this system.

Conclusion

We have established that RT-IMPACT, an activity-based, bio-
orthogonal method for visualizing PLD signaling, can be used
to selectively image and quantify GPCR-G, signaling. We
applied RT-IMPACT to elucidate the spatiotemporal dynamics
of Gq signaling downstream of PTHR1, an important GPCR in
physiology and disease that signals through multiple Ga. proteins
at diverse subcellular locations. Following PTH binding, PLD ac-
tivity downstream of PTHR1-Gg, signaling occurs transiently and
exclusively at the PM. Perturbations of receptor endocytosis
prolonged such G signaling and reduced G signaling, which
predominantly occurs on endosomes, supporting a model for
competition between G4 and G for binding to the activated re-
ceptor. These data reinforce that G4 and G signals downstream
of PTHR1 activation exhibit vastly different spatiotemporal be-
haviors, and such dynamics may be critical for the distinct phys-
iological outcomes of these signaling pathways. More generally,
our study highlights the value of applying bioorthogonal imaging
methods for tracking PLD activity to understand the regulation of
diverse signaling pathways that intersect with PLD signaling.

SIGNIFICANCE

GPCRs can signal via multiple Ga subtypes, and certain
GPCRs, including the parathyroid hormone receptor
PTHR1, engage in non-classical Gs signaling from endo-
somes, following their endocytosis. The localization and
duration of signaling via other Ga subtypes such as Gg/14
have remained challenging to determine with traditional ap-
proaches. Here, we use bioorthogonal, activity-based tools
for visualizing phospholipase D (PLD) signaling as a means
to selectively visualize and quantify G signaling by PTHR1
and determine that such signaling occurs transiently and
exclusively at the plasma membrane, upstream of sustained

endosomal Gg signaling. Direct imaging of PLD activation
represents a means to reveal the spatiotemporal dynamics
of GPCR-G,, signaling.
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Figure 4. Inhibition of PTHR1 endocytosis
prolongs PLD activation through G4 and re-
duces Gs-cAMP signaling

(A) Confocal microscopy of hPTHR1-293 cells
treated with rhodamine-PTH (PTH-TMR) for 5-
10 min. Cells were treated with Dyngo-4a or DMSO
; . vehicle 15 min prior to and during ligand addition.
+ Scale bar: 30 um.

(B) Flow cytometry of hPTHR1-293 cells, showing
extent of PLD activity over 20 min after the PTH
addition + Dyngo addition. hPTHR1-293 cells were
incubated with Dyngo or vehicle for 15 min, stimu-
lated with PTH for 0-20 min in the presence of Dyngo
or vehicle, followed by addition of oxoTCO (5 min) in
the presence of PTH and Dyngo or vehicle, rinsing,
addition of Tz-BODIPY, and flow cytometry. The
mean BODIPY fluorescence is shown. Gray, back-
ground fluorescence in the absence of PTH.

(C) Time course of cAMP levels in hPTHR1-293 cells
stably expressing cAMP GloSensor. Dyngo or
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-PTHR1-Alexa Fluor 647 nanobody

Laboratory of Ross Cheloha, NIH

VHHptHR, described in (Cheloha et al.,
2020a, 2020b)

Chemicals, peptides, and recombinant proteins

Bafilomycin A1
Barbadin
D-luciferin
Dyngo-4a

FIPI

PLD1i

PLD2i
Phorbol 12-myristate 13-acetate (PMA)
PTH(1-34) (PTH)

PTH(1-34) Trp1 (PTH-Trp)

PTH-K13-TMR (PTH-TMR)

YM-254890

Cayman Chemical
MedChem Express
Gold Bio

Selleck Chem
Cayman Chemical

Laboratory of Alex Brown,
Vanderbilt University

Laboratory of Alex Brown,
Vanderbilt University

Santa Cruz Biotechnology
GenScript

Massachusetts General Hospital
Peptide/Protein Core Facility

Massachusetts General Hospital
Peptide/Protein Core Facility

Focus Biomolecules

Cat# 11,038
Cat# HY-119706
Cati# L-123-250
Cat# S7163
Cat# 13,563
VU0359595

VU0364739

Cat# sc-3576
Cat# RP01001

Sequence: WVSEIQLMHNLGKH
LNSMERVEWLRKKLQDVHNF-CO,H

Sequence: SVSEIQLMHNLGK(5-
carboxytetramethylrhodamine)
HLNSMERVEWLRKKLQDVHNF-CO,H

Cat# 10-1590-0100

Critical commercial assays

GloSensor cAMP responsive luciferase Promega pGloSensor™-22F, # E2301, described in
stably expressed in HEK 293 (Binkowski et al., 2011)

Experimental models: cell lines

hPTHR1-HEK 293 containing GloSensor ATCC CRL-11268 base cell line (HEK 293). Stable

(293-PTHR1)

G KO-HEK 293 (G knockout achieved
using CRISPR-Cas9)

Sa0s-2
SGS-72

UMR-106
UGS-56

Laboratory of Thomas Gardella,
Harvard Medical School

ATCC
ATCC

ATCC
ATCC

hPTHR1-HEK 293 expressing GloSensor
plasmid originally described in (Maeda
et al., 2013)

G KO-HEK 293 cells, described in (Stallaert
et al., 2017)

Cat#HTB-85, human osteosarcoma

Sa0sS-2 cells stably expressing GloSensor
(Cheloha et al., 2016)

Cat#CRL-1661, Rat osteosarcoma

UMR-106 cells stably expressing
GloSensor (Daley et al., 2021)

Recombinant DNA

hPTHR1-HA plasmid

Laboratory of Thomas Gardella, Harvard
Medical School, custom plasmid
(VectorBuilder). HA inserted into exon 2

Gardella lab plasmid #906

Software and algorithms

ImagedJ

NIH

https://imagej.nih.gov/ij/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jeremy

Baskin (jeremy.baskin@cornell.edu).
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Materials availability
Materials generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
The published article includes all datasets generated or analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK 293 cell lines (H. sapiens, embryonic kidney epithelial, female) that stably express human PTHR1 and cAMP GloSensor (293-
PTHR1 cells) and HEK 293 Gg knockout cells that stably express GloSensor (i.e. Gs KO cells), osteosarcoma cell lines UMR-106
(R. norvegicus, adult, bone epithelial osteosarcoma, sex not available) and SaOS-2 (H. sapiens, 11 year old, bone epithelial osteo-
sarcoma, female), and cell lines derived from these that stably express cAMP GloSensor UGS-56 (from UMR-106) and SGS-72 (from
Sa0S-2) were grown in DMEM (Dulbeccos modified Eagle medium) supplemented with 10% FBS and 1% penicillin/streptomycin
and were maintained in a 5% CO,, moisture-saturated atmosphere at 37°C. Cell densities were maintained between 10% and 1.6
x 108 cells/mL, and all cells were used between passages 20-40. For cell labeling experiments, all buffers or media were warmed
to 37°C or room temperature prior to addition to cells unless otherwise noted, and incubations were done at 37°C unless otherwise
specified.

METHOD DETAILS

General materials and methods

See key resources table for sources for reagents, cell lines, etc. All imaging experiments were performed on a Zeiss LSM 800
confocal laser scanning microscope equipped with 40X 1.4 NA Plan Apochromat objectives, 405, 488, 561, and 640 nm solid-state
lasers, and two GaAsP PMT detectors, using the Zeiss Zen Blue 2.3 software. All image analysis was performed using FIJI/Imaged.
Flow cytometry experiments, except for Figures 1E and S1, was performed on a BD Accuri C6 flow cytometer, and analysis was per-
formed using the BD Accuri C6 analysis software. Flow cytometry experiment for Figures 1E and S1 was performed on a Thermo
Fisher Attune NxT Flow Cytometer equipped with 405, 488, 561, 637 nm lasers using 480 and 647 dual lasers. Luminescence mea-
surements were performed using a Tecan Infinite M1000 Microplate Reader (cat # 30034301).

RT-IMPACT labeling with oxoTCO for live-cell imaging and flow cytometry analysis

HEK 293-PTHR1 cells or G¢ KO cells (150,000 cells) were seeded on 35-mm glass-bottom imaging dishes (MatTek) for 24 hr prior to
experiments. Rinses after oxoTCO incubation were performed in DMEM supplemented with FBS and P/S. Where indicated, the cells
were then transfected with the indicated plasmid using Lipofectamine 2000 as per the manufacturer’s instructions. One day after
seeding (or transfection, if any), cells were first treated with the indicated PLD inhibitor (PLDi [FIPI], 750 nM; PLD1i [VU0359595],
250 nM; PLD2i [VU0364739], 350 nM; 30 min), YM-254890 (1 uM, 15 min), Dyngo-4a (30 uM, 15 min, serum-free), or corresponding
DMSO vehicle in media at 37°C. The working concentrations of PTH(1-34) (PTH), PTH-Trp (Trp) and PTH-TMR were 50 nM and that of
PMA was 100 nM. The appropriate stimulus was then added to the media for the indicated periods of time (0-20 min). Subsequently,
freshly prepared oxoTCO (3 mM) together with the respective stimulus and PLD inhibitor/DMSO in media (100 pL) were carefully
added to cover the central glass well.

Cautionary note: oxoTCOs are reported to have limited water stability (Lambert et al., 2017). Therefore, all aqueous oxoTCO solu-
tions (e.g., those in DMEM-containing media) were used within 20 min of their generation. For example, we dissolved oxoTCO in
200 uL of DMEM with PLD inhibitor/DMSO and respective stimulus and used it only for two consecutive replicates rather than
make a single stock solution for an entire day of experiments at the beginning of the day.

The dish was incubated for 5 min, the treatment media was aspirated, the cells were rinsed with PBS (1 mL) briefly, and the cells
were then rinsed in DMEM (500 pL) for 1 min at 37°C. The media was aspirated and replaced with Tz-BODIPY (0.33 uM) in PBS
(100 pL) for 1 min, which was further aspirated and replaced with 100 uL Tyrode’s-HEPES buffer. Cells were imaged immediately
afterward. Multicolor images were obtained in two-channel, line-switching mode. Z stacks were taken with 0.45 um sectioning.
For flow cytometry analysis, cells were instead seeded in 24 well-plates (125,000 cells/well) and labeled as described above.
Following the final aspiration of Tz-BODIPY, cells were lifted with trypsin, transferred to 96-well plates, rinse twice with cold
PBS +0.5% FBS by centrifugation at 500 x g, and analyzed by flow cytometry. For the experiment shown in Figure 1E, an extra
step of incubation of anti-PTHR1-Alexa Fluor 647 nanobodies (100 nM) at 4°C in the dark for 30 min before oxoTCO incubation steps.
At least 10,000 live cells were analyzed for each well in all flow cytometry experiments, as determined by forward/side scatter analysis
for all experiments and additional gating for the experiment shown in Figure 1E (see Figure S1).

For Figures S4B-S4D, IMPACT labeling for flow cytometry analysis (Bumpus et al., 2020) was performed as described above but
substituting azidopropanol (10 mM) and BCN-BODIPY (1 mM) in place of oxoTCO in place of Tz-BODIPY, respectively, and with the
BCN-BODIPY incubation being 10 min followed by 10 min rinse-out in full media at 37°C. Phorbol 12-myristate 13-acetate (PMA,
100 nM), where indicated, was added to the cells together with azidopropanol with no prior incubation as a positive control
for PLD activation. Barbadin (100 uM, serum-free), where indicated, was present 30 min before experiment. The incubation of
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BCN-BODIPY was performed at 37°C for 10 min followed by rinsing in Tyrode’s-HEPES buffer at 37°C for 10 min and triple rinses in
PBS prior to trypsinization.

Luciferase assays of cAMP production

Procedures were adopted from previously published protocols (Cheloha et al., 2014). Monolayers of HEK 293 cells stably expressing
PTHR1 were seeded on a 96-well plate 24 hr before experiments. Dyngo-4a (30 pM) or corresponding DMSO vehicle, where indi-
cated, was incubated with the cells in serum-free media for 15 min at 37°C prior to the experiment. The cells were incubated with
D-luciferin (0.5 mM) for 30 min at room temperature until the luminescence achieved a steady baseline. PTH ligands (50 nM) were
then added to the wells and luminescence recorded by a Tecan Infinite M1000 Microplate Reader at the indicated time points.

Imaging of PTH-TMR to visualize PTHR1 endocytosis

293-PTHR1 cells (150,000 cells) were seeded on 35-mm glass-bottom imaging dishes (MatTek) for 24 h prior to experiments. Dyngo-
4a (30 uM), where indicated, was incubated with the cells in serum-free media for 15 min at 37°C prior to the experiment. PTH-TMR
(50 nM) was added to cells for 20 s, followed by three PBS rinses and imaging, with excitation by the 561 nm laser.

RT-IMPACT imaging of the localization of PLD activity

Real-time IMPACT using oxoTCO ((S)-oxoTCO-C1) and Tz-BODIPY was performed as described previously (Bumpus et al., 2020;
Liang et al., 2019). Briefly, freshly prepared oxoTCO (3 mM) together with the PTH(1-34) or PTH-TMR (50 nM) in media (100 pL) were
carefully added to cover the central glass well. The dish was incubated for 5 min, the treatment media was aspirated, the cells were
rinsed with PBS (1 mL) briefly, and the cells were then rinsed in DMEM (500 pL) for 1 min at 37°C. The media was replaced with 100 pL
of Tyrode’s-HEPES buffer to cover the center of the glass bottom and the dish was mounted on the microscope. The cells to be
imaged were quickly located, and time-lapse imaging with an interval of 3 s (488 nm, for PTH(1-34) or 6 s (488 nm and 561 nm,
for PTH-TMR) and duration of 3 min was begun. Tz-BODIPY (100 uL, 1 uM in PBS) was added dropwise but quickly to the center
of the dish during acquisition. The image shown in Figure 2B represents the 9-s time point post-addition of Tz-BODIPY. The RT-
IMPACT experiment was repeated four times, yielding similar localizations.

QUANTIFICATION AND STATISTICAL ANALYSIS

All imaging experiments show representative images from experiments performed in at least three biological replicates on different
days, where each replicate refers to a single dish of cells with approximately 15 cells in the field of view, whose parameters were all
determined and averaged for the data point for that dish. Exact numbers of replicate experiments, sample sizes, and p values are
provided in each figure legend. For experiments involving quantification of comparisons between more than two independent
groups, significance was calculated using one-way ANOVA, followed by Games-Howell post-hoc test (for samples of unequal
variance).
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