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Abstract

Agonist-induced interaction of G protein-coupled receptors (GPCRs) with 3-arrestins (Barrs)
is a critical mechanism that regulates the spatio-temporal pattern of receptor localization and
downstream signaling. While the underlying mechanism governing GPCR-Barr interaction is
primarily conserved and involves receptor activation and phosphorylation, there are several
examples of receptor-specific fine-tuning of Barr-mediated functional outcomes. Considering
the key contribution of conformational plasticity of Barrs in driving receptor-specific functional
responses, it is important to develop and characterize novel sensors capable of reporting
distinct Barr conformations in cellular context. Here, we design an intrabody version of a Barr-
recognizing nanobody (nanobody32), referred to as intrabody32 (Ib32), in NanoLuc enzyme
complementation assay format, and measure its ability to recognize Barr1 and 2 in live cells
upon activation of a broad set of GPCRs. We discover that Ib32 robustly recognizes activated
Barr1 and 2 in the plasma membrane as well as in the endosomes, and effectively mirrors Barr
recruitment profile upon stimulation of GPCRs. We also design an 1b32 sensor for single-
photon polarization microscopy with a change in linear dichroism as readout and demonstrate
its utility for monitoring Barr activation upon stimulation of angiotensin receptor by its natural
and biased agonists. Interestingly, when used side-by-side with a previously described sensor
of Barr1 conformation known as Ib30, Ib32 uncovers distinct conformational signatures
imparted on Barrs by different GPCRs, which is further corroborated using an orthogonal
limited proteolysis assay. Taken together, our study presents 1b32 as a novel sensor to monitor
Barr activation and leverages it to uncover conformational diversity encoded in the GPCR-Barr
system with direct implications for improving the current understanding of GPCR signaling and

regulatory paradigms.
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Introduction

G protein-coupled receptors (GPCRs), also referred to as seven transmembrane receptors
(7TMRs), represent a large class of cell surface receptors and an important family of drug
targets in the human genome’. Agonist-induced activation and phosphorylation of GPCRs
leads to binding of B-arrestins (Barrs), which is a critical step in regulating receptor signaling
and trafficking*”. Interaction with GPCRs imparts an active conformation on Barrs that is
manifested in the form of a significant inter-domain rotation between the N- and the C-
domains, and the rearrangement of multiple loops in Barrs®'4. As the paradigm of agonist-
induced Barr recruitment is typically conserved across nearly the entire repertoire of GPCRs,
monitoring Parr activation may serve as a readout of receptor activation and ensuing
downstream signaling. A number of biosensors of Barrs based on BRET and FRET have been
designed and used to monitor activation dependent conformational changes in Barrs
previously’™2°. While some of these are capable of illuminating receptor-specific
conformational signatures in Barrs, considering the ever-expanding layers of structural and
functional complexities encoded in the GPCR-Barr system, additional biosensors amenable to

cellular studies with easily accessible experimental set-up are still highly desirable.

Nanobodies have emerged as powerful tools in the recent years to probe novel aspects
of GPCR activation and signaling, not only as conformational stabilizing chaperones for
structural analysis but also as robust sensors for monitoring receptor activation®-24. In
addition, several nanobodies targeting heterotrimeric G-proteins, originally described for
structural investigation, have been successfully adopted to reveal novel aspects of spatio-
temporal signaling and regulatory paradigms of GPCRs?*. Still however, the use of intrabody
sensors in the context of GPCR-Barrs is rather limited with only very few published
examples®%2528_ Intrabody30 (Ib30), an intrabody derived from a synthetic antibody fragment
(Fab30), has been developed and characterized to monitor agonist-induced GPCR-Barr1
interaction and trafficking in cellular context using confocal microscopy and NanoLuc enzyme-

complementation-based assay?®?’. Immunization of Lama glama with a pre-formed complex
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consisting of Barr1 and a chimeric 2-adrenergic receptor (32V2R), and subsequent in-vitro
screening, yielded several nanobodies that selectively recognize activated conformation of
Barr128. One of these, referred to as Nb32, was characterized in detail, first, in terms of
promoting a fully-engaged B2V2R-Barr1 complex®, and then to visualize a B2V2R-G-protein-
Barr1 endosomal signaling complex?®. Considering the ability of Nb32 to selectively recognize
activated Barr1, it represents a potential candidate to develop as an intrabody sensor of Barr

activation in cellular context.

In this backdrop, here we describe a Nb32-based biosensor, referred to as intrabody32
(Ib32), in a NanoLuc/NanoBiT-based enzyme complementation format that is capable of
reporting GPCR-induced activation of both isoforms of Barrs i.e., Barr1 and 2 for multiple
GPCRs. When used in conjunction with a previously described 1b30 biosensor, 1b32 uncovers
distinct conformations of Barrs induced by different GPCRs. We also design 1b32 sensors
suitable for single-photon polarization microscopy with activation-dependent change in linear
dichroism as readout and validate them on multiple GPCRs using balanced and biased-
agonists. Collectively, 1b32-based sensors described here underscore the conformational
diversity in GPCR-Barrs, and they may be useful tools for delineating previously unexplored

complexities of GPCR signaling and regulation.
Results
Construct design and validation of Ib32 biosensor

Nb32 was identified to bind and stabilize B2V2R-Barr1 complex?®, and subsequently used to
determine the structure of B2V2R-G-protein-Barr1 endosomal signaling complex?®. It binds to
the N-domain of Barr1 in active conformation while it does not recognize the basal
conformation of Barr122° (Figure 1a), and therefore, it has the potential to be developed as a
sensor of Barr activation. We retrieved the sequence of Nb32 from the previously determined
structure and generated a set of constructs with N- and C-terminal fusion of the large and

small fragments of the NanoLuc enzyme (i.e. LgBiT and SmBiT) following the principles of
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103 enzyme complementation assay (Figure 1b). These constructs are referred to as 1b32
104  (intrabody 32) as they are designed to express the Nb32 as a cytoplasmic protein. In order to
105 validate and identify the optimal constructs, we performed enzyme complementation assay
106  with each of these constructs in combination with the corresponding Parr1/2 versions
107  described previously?” and the vasopressin receptor (V2R), a prototypical GPCR as a model
108 system. We observed that a combination of LgBiT-Ib32 and SmBiT-Barr1 yielded maximal
109 luminescence signal upon agonist-stimulation although other combinations also exhibited
110  measurable signal (Figure 1c, Supplementary Figure 1a, b). A similar combination also worked
111 with Barr2 although luminescence signal was relatively smaller than Barr1. In order to further
112  corroborate these findings, we carried out the dose response curves of agonist-stimulation
113 and observed a saturation response with increasing concentration of agonists with an ECso
114  value that is commensurate with that of Barr recruitment to V2R (Figure 1d, Supplementary
115  Figure 1c, d). Furthermore, in order to directly visualize the Interaction of 1b32 with Barrs upon
116  activation of V2R, we carried out co-immunoprecipitation experiments by pulling down either
117  HA-Ib32 or Flag-V2R, and we observed a robust interaction of Ib32 with Barrs under agonist-
118  stimulation conditions (Figure 1e, f and Supplementary Figure 2). Taken together, these data

119  establish the ability of Ib32 to recognize activated conformation of Barrs in cellular context.
120 Ib32 as a sensor of Barr activation for multiple GPCRs

121 Next, we tested 1b32 sensor on a diverse set of GPCRs including complement and chemokine
122 receptors, bradykinin B2 receptor, Angiotensin Il type 1 receptor, muscarinic M2 receptor,
123 kisspeptin receptor, motilin receptor, and the niacin receptor (GPR109A). We selected these
124  receptors based on their relative propensities to interact with Barrs and binding modalities. For
125 example, most of these receptors can be categorized as class A vs. B receptors based on
126  stability of their interaction®® (class A: CXCR1, CXCR2, CXCR3, CXCR4, GPR109A; class B:
127  C5aR1, AT1R, B2R), and they contain potential phosphorylation sites primarily in their
128  carboxyl-terminus. We also used the muscarinic receptor subtype 2 (M2R) that interacts with

129  Barrs primarily through the 3" intracellular loop instead of the carboxyl-terminus (M2R)'3, and
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130 three B-arrestin-biased receptors namely the complement receptor C5aR2, decoy D6
131 receptor, and chemokine receptor CXCR7, which lack functional G-protein-coupling but
132 robustly interact with Barrs3'*2, While we observed a response for multiple GPCRs, the signall
133 was most prominent for the B2R and AT1R (Figure 2a, Supplementary Figure 3a-d). We
134  therefore carried out a dose response experiment for these two receptors and observed
135  saturating responses with increasing agonist concentrations, and the ECso values correspond
136 well with Barr recruitment (Figure 2b, ¢, Supplementary Figure 3e-h). As different receptors
137  exhibit a significant variation in their surface expression, it is plausible that a case-by-case
138  optimization of the experimental conditions may allow a larger response even for those
139  receptors, which do not appear to respond strongly in the screening panel presented in Figure

140 2a.
141  1b32 sensor for fluorescence-based linear dichroism microscopy

142  In order to broaden the application of Ib32 sensor for monitoring Barr activation in live cells,
143  we designed a construct consisting of 1b32 with carboxyl-terminus fusion to a monomeric
144  enhanced green fluorescent protein (meGFP) and a membrane-targeting isoprenylation signal
145  peptide derived from H-Ras, referred to as 1b32-meGFP-H-Ras (Figure 3a). The design aims
146  to exploit intrinsic optical anisotropy of fluorescent proteins® in order to detect and
147  characterize GPCR-Barr interactions. Briefly, fluorescent proteins anchored to the cell
148 membrane often exhibit light absorption rates (and therefore fluorescence intensities)
149  dependent on the direction of the linear polarization of the excitation light. This phenomenon,
150 termed linear dichroism, can be used to determine the orientation of a fluorescent moiety with
151  respect to the cell membrane®4. As a result, a change in linear dichroism in a fluorescently-
152  tagged molecule may provide an indication of a conformational change or protein-protein
153  interaction®4. We tested the 1b32-meGFP-H-Ras sensor on V2R and B2R using single-photon
154  polarization microscopy and observed that stimulation resulted in a significant increase in
155  linear dichroism for both Barr isoforms (Figure 3b-e). Similar to enzyme complementation

156  assay, the Ib32-meGFP-H-Ras sensor exhibited a relatively larger change for Barr1 than
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157  Barr2, further corroborating the better ability of Ib32 to report Barr1 activation compared to

158  Barr2.
159 1b32 reactivity reports ligand pharmacology and compartmentalization of Barrs

160  Next, we tested the ability of Ib32 sensor to recognize Barr conformation upon stimulation of
161 AT1R by a Barr-biased agonist, TRV027, vis-a-vis Angll, and we also measured Barr
162  recruitment using a direct interaction assay based on the NanoBiT approach. We observed
163  that TRV027 was relatively weaker in eliciting Barr recruitment compared to Angll (Figure 4a,c
164  and Supplementary Figure 4a-d), and accordingly, Ib32 sensor mirrors the Barr recruitment
165 pattern (Figure 4b,d). We also recapitulated an overall similar pattern for 1b32 sensor with
166  respecttothe change in linear dichroism as measured using single photon microscopy (Figure
167 4e-h). In the enzyme complementation assay, we likely observe a combination of Barr
168  activation at the plasma membrane and endosomal compartment, and therefore, we next
169  attempted to test if Ib32 preferentially recognizes Barrs at one of these locations. Here, we
170  used either a plasma membrane-tethered LgBiT-CAAX or endosomal localized FYVE-SmBIT
171  construct, and measured agonist-induced response. As presented in Figure 5a-d and
172 Supplementary Figure 4e-l, we observed robust Ib32 reactivity in both cases; however, the
173  fold response was higher in endosomal compartment than at the plasma membrane. However,
174 it remains to be determined if the higher signal in the endosomal compartment reflects a
175  distinct conformation of Barrs compared to the plasma membrane, or accumulation of
176  internalized Barrs in the endosomes over time of experimental measurement. It is also
177  interesting to note that in the case of V2R, 1b32 reactivity for Barr1 and 2 is similar at the
178  plasma membrane but relatively stronger for Barr1 in the endosomal compartment, and future

179  studies are warranted to explore this further.
180 1b32 reveals conformational diversity in GPCR-Barr complexes

181  We have previously developed and characterized an intrabody sensor referred to as

182  intrabody30 (Ib30) based on an antibody fragment Fab3082°, which also selectively recognizes
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183  GPCR-bound Barr1 conformation'>2°. Thus, we compared the reactivity of 032 and 1b30 on a
184  selected set of GPCRs to probe whether these two sensors recognize similar or different
185  conformations of Barr1. We selected four distinct GPCRs namely V2R, the complement C5a
186  receptor subtype 1 (C5aR1), Angiotensin Il type 1 Receptor (AT1R), and the CXC chemokine
187  receptor subtype 7 (CXCR7). Of these, 1b32 and 1b30 robustly recognized agonist-induced
188  Barr1 conformation for the V2R while they both did not exhibit any measurable response for
189  the CXCRY7 (Figure 6a-d and supplementary Fig. 5a-c). The lack of response for CXCR?7 is
190 not due to absence of Barr1 recruitment as demonstrated using a NanoBiT assay reporting
191  agonist-induced Barr1 recruitment to the receptor under similar experimental conditions
192  (Figure 6a). These data suggest that upon binding to CXCRY7, Barr1 adopts a conformation
193 that is significantly different from that induced by V2R. Interestingly, 1b32 robustly recognizes
194  Barr1 upon stimulation of AT1R but fails to recognize Barr1 for C5aR1 (Figure 6a-d). On the
195 other hand, 1b30 displays a pattern that is nearly-reverse of 1b32 (Figure 6a-d). Expectedly,
196 AT1R and C5aR1 display robust Barr1 recruitment under similar experimental conditions.
197 Taken together, these data suggest at least four distinct conformations of Barr1 upon its
198 interaction with V2R, C5aR1, AT1R and CXCR7, and therefore, underscores the

199  conformational diversity displayed by Barrs upon their interaction with GPCRs.
200 Phosphorylation sites in the B2R driving 1b32 reactivity

201  As Ib32 exhibits strongest signal in the case of B2R, we next set out to identify the contribution
202  of distinct phosphorylation sites in the B2R driving Barr interaction and conformation activation
203  as recognized by Ib32. We generated a series of phosphorylation site mutants of B2R as
204  depicted in Figure 7a, and measured their ability to recruit Barrs upon agonist-stimulation and
205 the reactivity of 1b32 using the NanoBiT assay in parallel. We observed that most of the
206  mutants maintained Barr recruitment and Ib32 reactivity to the levels comparable to wild-type
207  receptor at saturating dose of agonist (Figure 7b-c and supplementary Figure. 5d-g). However,
208  a combination of Thr¥72Ala and Ser®’3Ala nearly abolished Ib32 reactivity despite maintaining

209  robust Barr recruitment (Figure 6d-g and Supplementary Figure 5h-k). These data suggest
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210  that phosphorylation of Thr3”2 and Ser®”® are critical for imparting a Barr conformation that is

211 recognized by Ib32.
212 Limited proteolysis corroborates conformation diversity in Barr activation

213 Finally, we employed a limited proteolysis assay to corroborate the conformational diversity
214  imparted by different GPCRs on Barrs. For this, we used phosphopeptides derived from the
215  carboxyl-terminus of multiple GPCRs to activate Barrs in-vitro (Supplementary Figure. 6). In
216  these experiments, we first activated purified Barr1 using saturating concentrations of
217  phosphopeptides followed by limited trypsin proteolysis and monitored the kinetics of
218  proteolysis as a readout of Barr activation. We observed that the kinetics of limited proteolysis
219  for V2Rpp vs. B2Rpp were different from each other wherein B2Rpp binding shows a slower
220 rate of proteolysis compared to that of V2Rpp (Figure 8a,c). Moreover, phosphopeptides
221 derived from different GPCRs and containing distinct phosphorylation patterns also exhibited
222  differential kinetics of limited proteolysis (Figure 8b,d). Taken together with the 1b32 reactivity
223 data, these findings underscore the conformational fine-tuning in Barr1 upon activation by

224 distinct phosphorylation patterns harboured in different GPCRs.
225 Discussion

226 In this study, we develop Ib32 as a novel sensor to monitor Barr activation upon their
227 interaction with GPCRs, and employ it in cellular context to demonstrate conformational
228  diversity in GPCR-Barr complexes. It is important to note that 1b32 is not universal for the entire
229  spectrum of GPCRs and its utility for different receptors should be evaluated individually.
230 Interestingly, for some receptors such as CXCR2, I1b32 yields clear response upon agonist-
231 stimulation although the window of detection is relatively weaker compared to other GPCRs.
232 This may result from a lower expression level of these receptors, affinity and/or conformation
233 of Barr interaction arising from their phosphorylation pattern, and it warrants additional studies
234 infuture. Itis interesting to note that Ib32 sensor reports Barr1 activation with a stronger signal

235  compared to Barr2 for some receptors while it is equally efficient for others. This is in line with
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236  previous studies based on intramolecular FIASH-BRET sensors of Parrs, which have
237 illuminated receptor-specific Barr conformational signature'®'”, and also conformational

238  differences between the Barr isoforms when activated by the same receptor'®:3%:36,

239 We observed that 1b32 sensor displays a robust change in linear dichroism upon
240  activation of Barrs by three different GPCRs tested here. Although the direction of changes in
241  linear dichroism was similar for all three receptors and Barr isoforms, we observed a slightly
242  better signal for Barr1 vs. Barr2. Moreover, the linear dichroism changes were similar upon
243 stimulation of AT1R by Angll and TRV027 with the signal for the latter being smaller, which
244  corresponds with their Barr recruitment profile. A number of previous studies have
245  demonstrated that biased agonists typically induce a distinct Barr conformation compared to
246  unbiased or balanced agonists®’, and therefore, it is likely that 1b32 sensor, either in the
247  NanoBiT format or in linear dichroism setting, is not able to differentiate between such
248  conformational differences. A series of recent studies have proposed different phosphorylation
249  signatures and motifs in GPCRs as critical determinants of farr interaction and
250  activation'>'4%840 Moreover, several biochemical and cellular studies using site-directed
251  mutagenesis and functional assays, have also linked specific Barr conformations to
252  downstream responses®’ 24144 The data presented here with 1b32 sensor underscores
253  additional level of conformation diversity in Barrs that is imparted and fine-tuned in receptor-
254  specific manner (Figure 8e), and future studies focused on direct structural visualization of

255  these complexes may provide further insights.

256 In conclusion, we present the development and characterization of Ib32 as a
257  genetically-encoded sensor of Barr recruitment and activation for selected GPCRs. Taken
258  together with a previously described Ib30 sensor, it demonstrates the existence of distinct
259  conformational signatures in Barrs for different GPCRs, and going forward, it should
260 complement the existing biosensors for visualizing novel aspects of GPCR-Barr interaction

261  and activation.
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282 Materials and methods

283  General reagents, plasmids, and cell culture

284  Most of the standard reagents were purchased from Sigma Aldrich unless specified otherwise.
285  Dulbecco’s Modified Eagle's Medium (DMEM), Phosphate Buffer Saline (PBS), Trypsin-
286 EDTA, Fetal-Bovine Serum (FBS), Hank’s Balanced Salt Solution (HBSS), and Penicillin-

287  Streptomycin solution were purchased from Thermo Fisher Scientific. HEK-293 cells were
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288  purchased from ATCC and maintained in 10% (v/v) FBS (Gibco, Cat. no. 10270-106) and
289 100 U ml" penicillin and 100 pug ml" streptomycin (Gibco, Cat. no. 15140122) supplemented
290 DMEM (Gibco, Cat. no. 12800-017) at 37 °C under 5% CO.. The expression constructs for
291 the receptors, Barrs, NanoBiT-CAXX, and 1b30 have been described previously'3:20.27:31,32,45-48
292  Ib32 constructs in NanoBiT format as described in Figure 1b were generated by sub-cloning
293  the Ib32 coding region in pCAGGS vector as described previously for 1030%”. For linear
294  dichroism imaging, the Ib32-mEGFP-hRas construct was cloned into mEGFP-hRas cassette
295 ina pcDNA3.1(+) vector. B2R phosphorylation site mutants mentioned in the manuscript were
296  generated by site-directed mutagenesis using Q5 Site-directed mutagenesis kit (NEB, Cat.
297  No. E0554). All DNA constructs used in this study were verified by sequencing from Macrogen.
298  Arginine Vasopressin (AVP), Angiotensin (Angll), Bradykinin, Motilin-22, and Kisspeptin-10
299  were synthesized from GenScript. Niacin and Carbachol were purchased from Himedia (Cat.
300 no. TC157) and Cayman Lifesciences respectively (Cat. no. 14486). C5a, C3a, CCL7, CXCLS,
301 CXCL11, and CXCL12 were purified from the E. coli BL21(DE3) cells following the protocols

302  described previously*®-5t,
303 Receptor surface expression

304  Surface expression of the receptors in various assays was measured using a whole cell-based
305 surface ELISA protocol reported previously®2. Briefly, transfected cells were seeded in 0.01%
306 poly-D-Lysine pre-treated 24-well plate at a density of 2x10° cells well'. Post 24 h of
307 incubation, once cells were washed with ice-cold 1X TBS, followed by fixation with 4% PFA
308 (w/vin 1X TBS) on ice for 20 min. Fixed cells were then washed with 1X TBS for three times
309 followed by blocking with 1% BSA (w/v in 1X TBS) at room temperature for 90 min. Post
310  blocking, 200 plI anti-FLAG M2-HRP was added and incubated for 90 min (prepared in 1%
311  BSA, 1:10,000) (Sigma, Cat. no. A8592). Post blocking, cells were washed with 1% BSA
312  (prepared in 1X TBS) three times to remove unbound antibodies. Signal was developed by
313  treating cells with 200 pyl TMB-ELISA (Thermo Scientific, Cat no. 34028) until the light blue

314  colour appeared, and the reaction was quenched by transferring the solution to a 96-well plate
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315  containing 100 yl 1 M H2SO4. The absorbance of the signal was measured at 450 nm using a
316  multi-mode plate reader. After taking absorbance of the signal for FLAG tagged receptor, cells
317  were washed once with 1X TBS followed by incubation with 0.2% Janus Green (Sigma; Cat.
318 no.201677) w/v for 15 min. Afterwards, Janus Green was aspirated followed by washing with
319  distilled water to remove the excess stain. To elute the stain, 800 pl of 0.5 N HCI was added.
320 To record the absorbance of Janus, 200 pl of the eluate was transferred to a 96-well plate and
321 absorbance was measured at absorbance 595 nm. Data were analyzed by calculating the
322  ratio of absorbance at 450/595 followed by normalizing the value of pcDNA-transfected cells

323  reading as 1, and the values were plotted using GraphPad Prism v 9.5.0 software.
324  NanoBiT enzyme complementation assay

325 NanoBiT assay to monitor GPCR-Barr interaction and 1b32/Ib30 reactivity was carried out
326 following the previously described protocols'®2027:3145-47.51 " For the 1b32 reactivity assay
327 described here for the first time, various combinations of LgBiT and SmBIT tagged at the N-
328 terminus and C-terminus of Barr1/2 and Ib32 were screened to obtain the optimal combination.
329 HEK-293 cells were transfected with 3 ug of receptor, 2 ug of Barr1/2 (with indicated fusion of
330 LgBiT and SmBIT) and 5 pg of 1b32 (with indicated fusion of LgBiT and SmBIT) using the
331 transfection reagent polyethyleneimine (PEI) linear at DNA: PEI ratio of 1: 3. After 16-18 h of
332 transfection, cells were harvested and resuspended in the NanoBiT assay buffer containing
333 1X HBSS, 0.01% BSA, 5 mM HEPES pH 7.4, and 10 uM coelenterazine (GoldBio, Cat. no.
334 CZ05). Afterwards, resuspended cells were seeded at a density of 1x10° cells well" in an
335 opaque flat bottom 96-well plate. Post-incubation, basal level luminescence readings were
336 recorded, followed by addition of 1 uyM arginine vasopressin (AVP). Luminescence upon
337  stimulation was recorded for 20 cycles using a multi-mode plate reader (BMG Labtech). We
338 observed the maximal response with N-terminally LgBiT tagged Ib32 and Barr with SmBIT at
339 the N-terminus, and this combination was used in subsequent experiments. A similar
340 combination of SmBIiT-tagged Barr and LgBiT fused 1b30 was also used to probe 1b30

341  reactivity for Barr activated by the indicated receptors. For analysis, stimulated readings were
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342  normalized with respect to the signal of minimal ligand concentration as 1 and plotted using
343  nonlinear regression analysis in GraphPad Prism v 9.5.0 software. For Barr recruitment assay,
344 HEK-293 cells were transfected with 3.5 pg of receptor fused with SmBIT at the C-terminus
345 and 3.5 ug of N-terminally LgBIiT tagged Barr1/2 followed by the same procedure as described
346  above. In order to measure Barr recruitment to B2R phosphorylation site mutants, bystander
347 NanoBiT-based was used where HEK-293 cells were transfected with 5 ug of receptor, 2 pg
348  of N-terminally SmBIT fused Barr1/2, and 5 pug LgBiT-CAAX construct. In the experiments
349  measuring plasma membrane and endosomal recruitment of 1b32, cells were transfected with
350  2ug of the receptor and 2 ug of Barr1 together with either 4 ug of SmBiT-1b32 + 4 ug of LgBiT-

351  CAAX, or 4 ug of LgBiT-Ib32+4 ug of FYVE-SmBIT.
352  Co-immunoprecipitation assay

353 In order to measure the Ib32 reactivity to Barr1/2 upon stimulation of V2R, a co-
354  immunoprecipitation (co-IP) assay was carried out following a previously described protocol®.
355  Briefly, HEK-293 cells were co-transfected with 3 ug of N-terminally FLAG tagged V2R, 1.5
356  ug of Barr1 or 2 ug of Barr2 and 4 ug of 1b32 fused with HA tag at the C-terminus. Post 48 h
357  of transfection, complete DMEM is replaced with incomplete DMEM for serum starvation for 6
358  h. Afterwards, cells were stimulated with 1 uM AVP for 15 min, harvested, resuspended in 100
359  ul lysis buffer (20 mM HEPES pH 7.4, 450 mM NacCl, 0.1 mM PMSF, 0.2 mM Benzamidine,
360 and 1X Phosphatase inhibitor cocktail), and lysed by dounce homogenization. Post-lysis,
361 sample was solubilized with 1% L-MNG (maltose neopentyl glycol) for 1 h at room-
362 temperature. For the experiment presented Fig. 1e, supernatant was allowed to bind with the
363  anti-HA antibody bound beads, followed by washing with wash buffer (20mM HEPES, pH 7.4,
364 100mM NacCl) and elution using 30pl 2X SDS reducing dye. For the co-IP data presented in
365  Supplementary Figure. 1e, M1-FLAG beads were used, and the beads were subjected to
366  alternative washes with low salt buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 2 mM CacCl,
367 0.01% L-MNG) and high-salt buffer (20 mM HEPES pH 7.4, 350 mM NaCl, 2 mM CaCl,, 0.01%

368 L-MNG), followed by elution with FLAG-EDTA buffer (20 mM HEPES pH 7.4, 150 mM NaCl,
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369 2 mM EDTA, 0.01% MNG, 250 ug ml' FLAG peptide). Samples were then subjected to
370 separation by SDS-polyacrylamide gel electrophoresis and transferred to PVDF
371  (Polyvinylidene fluoride) membrane. Afterwards, Barr1/2, 1b32, and the receptors were probed
372 using Barr1/2 antibody (1:5000, CST, Cat. no. 4674), monoclonal anti-rabbit IgG peroxidase
373  coupled antibody, anti-HA antibody (dilution-1:5000; Santa-Cruz; cat. no. sc-805), and anti-
374  FLAG peroxidase coupled antibody (1:5000, Sigma-Aldrich, Cat. no. A8592), respectively.
375  Signals were detected using a Chemiluminescence Documentation imaging system (Bio-
376  Rad), densitometry-based quantification was carried out using ImagedJ software suite, data

377  were plotted using GraphPad Prism v 9.5.0 Software.
378 1b32 sensor design and experimental details for single photon microscopy

379 The Ib32-meGFP-H-Ras construct was prepared by PCR amplification of the Ib32 gene,
380 restriction digestion by Xbal/Xhol, and cloning into the corresponding sites of an meGFP-H-
381 Ras cassette in a pcDNA3.1(+) vector, prepared by gene synthesis (GenScript). Prior to
382  polarization microscopy imaging, cells (HEK-293) were plated in 8-well p-slides (iBidi,
383 Germany) and transfected using Lipofectamine 3000 (Thermo Fisher Scientific) and a
384  procedure recommended by the manufacturer. Transfection was carried out using 500 ng
385 each of plasmids encoding Ib32-meGFP-H-Ras, the studied GPCR (V2R, B2R or AT1R), and
386  Barr1-mCherry or Barr2-mCherry. After transfection, cells were incubated at 37 °C overnight.
387  For activations, agonists were manually added by pipetting, to a final concentration of 10 uM.
388  Cells were observed by single-photon polarization microscopy prior to addition of an agonist,
389 and 5 and 15 min after adding an agonist.

390 Single-photon polarization microscopy was performed as described previously34%*
391  using an Olympus FV1200 confocal microscope equipped with a polarization modulator (RPM-
392 2P, Innovative Bioimaging) alternating the direction of the excitation light polarization between
393  acquisition of subsequent pixels. Ib32-meGFP-H-Ras was observed using laser light of 488
394 nm wavelength and 80 uW intensity, through a 40X water immersion objective lens

395  (UApoN340, NA1.15, Olympus, Japan). Images containing information on fluorescence
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396 intensities observed with both horizontal and vertical excitation polarizations were
397 deconvolved and quantitatively processed in ImageJ/Fiji, using publicly available macros
398  described previously®*. The extent of linear dichroism was characterized by a value of the
399 maximum dichroic log ratio {log>(rmax)}, defined as the base-2 logarithm of the ratio of
400 fluorescence intensities observed with light polarized horizontally and vertically in the image,
401 in a section of the cell membrane oriented horizontally in the image. For each combination of
402  constructs and experimental conditions, at least 10 cells were observed and analyzed. The
403  resulting values of logz(max) were statistically analyzed and plotted using GraphPad Prism v
404  9.5.0 software.

405 Limited trypsin proteolysis assay

406  As an orthogonal approach to measure activation-dependent Barr conformational change, we
407 employed a limited trypsin proteolysis assay as described previously*”*5% with minor
408  modifications. Briefly, 5 ug of Barr1 was incubated with 10 molar excess of either V2Rpp or
409  B2Rpp for 40 min in ice-cold reaction buffer (20 mM HEPES pH 7.4, 100 mM NaCl). Following
410  activation, 20 uL aliquot was collected as the time zero control and TPCK-treated trypsin was
411  added at a 1: 200 (w/w) trypsin: Barr1 ratio, and the mixture was incubated at 37 °C. 20 pl
412  sample was withdrawn at different time intervals and quenched with 5 pul SDS-protein loading
413  dye. 10 pl sample was run on a 12% SDS-PAGE for quantitative analysis. The decrease in
414  intensity of the Gly® to Arg*'® (48kDa) band was quantified by densitometry and data were
415  plotted using GraphPad Prism v 9.5.0 software.
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Fig. 1. Construct design and validation of 1b32 as a sensor of Barr activation. a, Structural snapshot
representing the binding interface of Nb32 on the N-domain of V2Rpp-bound Barr1, designed using
ChimeraX based on the cryo-EM structure (PDB ID: 6NI2). b, Schematic depiction of the NanoBiT-based
design of Ib32 and Barrs to identify the optimal constructs. ¢, Representation of the 1b32 reactivity data as a
heat map for various combinations of the Ib32 and Barr1/2 NanoBiT constructs in response to stimulation of
V2R with 1 uM AVP (meantSEM; n=3; fold normalized with minimum concentration of each condition as 1).
d, Dose response curve for Ib32 reactivity for Barr1/2 upon stimulation of V2R with increasing
concentrations of AVP (meantSEM; n=4; fold normalized with the minimum ligand concentration as 1). e, A
representative blot showing [Ib32 reactivity for Barr1/2 upon V2R stimulation as measured using co-
immunoprecipitation assay. f, Densitometry analysis of the data presented in panel e, and the values
represent mean+SEM of three independent experiment, normalized with respect to unstimulated condition
treated as 1, analyzed using two-way ANOVA, Sidak's multiple comparisons test.
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Fig. 2. Ib32 as a sensor of Barr activation for multiple GPCRs. a, Representation of the |b32 reactivity in
the NanoBiT assay as a heat map for indicated receptors in response stimulation by their respective
agonists. The values indicate average from 4-5 independent experiments, normalized with respect to
unstimulated conditions for each receptors. b-c, Dose response experiment for 1b32 reactivity upon
stimulation of B2R (panel b) and AT1R (panel ¢) with bradykinin and angiotensin |, respectively. Data
represent meantSEM from 3-4 independent experiments, normalized with respect to the response
observed at minimum agonist concentration.
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Fig. 3. Ib32 sensor designh and validation for fluorescence-based linear dichroism microscopy. a,
Schematic of the 1b32 sensor as a fusion with meGFP and hRas designed to monitor a change in the linear
dichroism as a readout of conformational change resulting from an orientational rearrangement of the
meGFP moiety (prepared using BioRender). b-e, Agonist-induced changes in the linear dichroism of 1b32
sensor as measured upon stimulation of the V2R and B2R. The plots show the extent of linear dichroism
{quantified as Log2(rmax)} upon binding of the 1b32-meGFP-H-Ras sensor to Barr1/2 in response to
agonist-stimulation of V2R and B2R at indicated time-points. Each data point represents a single cell and
means with 95% confidence intervals are indicated.
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Fig. 4. Ib32 sensor response aligns with ligand pharmacology. a-d, Dose response curves of Barr1/2
recruitment and Ib32 reactivity upon stimulation of AT1R with its endogenous agonist, angiotensin Il (Angll)
and a Barr-biased agonist, TRV027 (meanSEM; n=3-4 independent experiments, normalized with respect
to the response at minimum concentration of respective agonists treated as 1. e-f, Agonist-induced changes
in the linear dichroism of Ib32 sensor upon stimulation of AT1R by angiotensin Il and TRV027. The plots are
showing the extent of linear dichroism {quantified as Log2(rmax)}, upon binding of 1b32-meGFP-hRas to
Barr1/2 in response to agonist-stimulation for indicated time points. Each data point represents a single cell
and mean with 95% confidence intervals are indicated.
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Fig. 5. Ib32 reactivity at the plasma membrane and endosomes. a-d, Dose response curve for |b32
reactivity at the plasma membrane using LgBiT-CAAX, and at the endosomes using FYVE-SmBIT
constructs upon stimulation of V2R and AT1R with respective agonists. Data represent meantSEM of 3-4
independent experiments, normalized with respect to the response observed at the minimum concentration

of agonist.
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Fig. 6. Ib32 sensor reveals conformation diversity in GPCR-Barr complexes. a-c, Barr1 recruitment,
Ib30 reactivity, and 1b32 reactivity depicted in panel a, b, and c, respectively, for indicated receptors upon
stimulation with increasing concentrations of the corresponding agonists. Data represent mean+SEM of 3-4
independent experiments, normalized with respect to the minimum concentration of corresponding agonists.
d, Representation of Barr1 recruitment, Ib30 and 1b32 reactivity responses observed at maximal agonist
concentrations for the indicated receptors as a heat map.
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Fig. 7. Contribution of different phosphorylation sites in B2R on Ib32 sensor response. a, Schematic
representation showing the potential phosphorylation sites in the carboxyl-terminus of B2R (prepared using
BioRender). b, ¢, Heatmap representation of Barr1/2 recruitment and 1b32 reactivity for the phosphorylation
site mutants of B2R at saturating agonist concentration (1uM). The values indicate average of three
independent experiments, normalized with respect to the unstimulated condition. d-g, Dose response
experiment for Barr1/2 recruitment (panel d and e) and 1b32 reactivity for Barr1 (panel f) and Barr2 (panel g)
with B2RWT and B2RT372A+S373A  Data represent mean+SEM of 3-4 independent experiments, normalized
with respect to the minimum concentration of the agonist.
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Fig. 8. Limited proteolysis of GPCR phosphopeptide-activated Barri. a-b, Representative images for
limited trypsin proteolysis assay carried out on purified Barri after their activation with saturating
concentrations (ten-fold molar excess) of the indicated phosphopeptides. The proteolytic fragments were
separated by SDS-PAGE and visualized using coomassie brilliant blue staining. ¢-d, Densitometry-based
quantification of the band intensities corresponding to the full-length Barri. Data represent meantSEM of
four independent experiments, normalized as % with respect to the starting intensity (i.e. undigested). e, A
schematic representation depicting diverse conformational signatures imparted on Barrs upon their
interaction and activation by different GPCRs (prepared using BioRender).
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