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!-arrestin1 and 2 exhibit distinct phosphorylation-dependent

conformations when coupling to the same GPCR in living cells



Reviewer #1 (Remarks to the Author): 

The study by Haider et al is aimed at examining the conformation barrestin1 and 

barrestin2 assume in various complexes with PTH1R. The receptor binds both arrestin 

isoforms well, but the conformational preferences of arrestin isoforms as well as their 

requirements for the receptor phosphorylation remain poorly understood. The study 

employs BRET biosensors as well as a multitude of imaging and other techniques to 

examine the configuration of the receptor-arrestin complexes and their functional 

consequences. The study approaches a rather obscure subject shedding light on many 

details defining the specific features of the interaction of arrestin isoforms with GPCRs. 

It should be of great interest for the GPCR/arrestin field. 

From the conceptual standpoint, it is regrettable that the authors did not attempt to 

incorporate their conformational data, together with the available structures of the 

GPCR-b-arrestin1 complexes as well as the studies utilizing biophysical methods, into a 

structural model. Unfortunately, no structures of such complexes exist for b-arrestin2. 

Nevertheless, the authors could have capitalized on their finding of the differential 

conformational changes in these isoforms upon the receptor binding to offer a 

provisional model for b-arrestin2 in the complex as well. Otherwise, a reader is left with 

a sense of dissatisfaction of seeing nice diagrams of the sensor responsiveness to the 

receptor binding but no structural interpretation of these changes and/or differences 

between the arrestin isoforms. 

Another issue is the distinction between the “hanging” and “core “complexes. Although 

it has been reported that arrestins could form such distinct complexes, it seems that the 

issue has been somewhat overinterpreted in this case. First, deletion of all GRKs 

essentially abolished the recruitment of both arrestins to the WT receptor, which 

suggests that at least this receptor does not form “core” complexes independently of 

phosphorylation. Second, the defects seen in mutants with the deletion of the finger 

loop (like in b-arrestin2 in Fig 1c) do not necessarily mean that the arrestin recruitment 

relies on “both GRK-mediated receptor phosphorylation, as well as the FLR interaction 

interface” as independent entities. The finger loop has been shown to change 

conformation upon binding to active phosphorylated GPCR (see, for example, here: J Biol 

Chem, 2014 Jul 25;289(30):20991-1002; Cell, 2020 Dec 23;183(7):1813-1825). It might 

be that phosphorylation-induced fit in the finger loop contributes to the high-affinity 

arrestin binding, and the absence of such contribution might be the reason for the 

reduced functionality. 

The statement that b-arrestin2 engages active GPCR independently of phosphorylation 

better than b-arrestin1 (page 3 line 159) is not supported by the data presented: in cells 

lacking GRKs the binding of both isoforms is essentially eliminated (Fig 1c). 

Furthermore, if anything, b-arrestin2 seems to have higher demands for receptor 

phosphorylation, since it needs both phosphorylation clusters to be present for the full 

functon(Fig. 4a,e). The authors seem to base this statement on the effect of the finger 

loop deletion, which is more detrimental in b-arrestin2. However, as mentioned above, 

this could have alternative interpretations. 

Fig 1 c: The description of the statistical analysis is unclear: If Dunnett’s test was used, 

how is the significance between dFLP and WT in Q was arrived at? Dunnette’s test 

compares each treatment to a single control. 

The “hanging” conformation was originally proposed as the conformation competent to 

support receptor internalization and arrestin signaling but not receptor desensitization 

(Proc Natl Acad Sci U S A. 2017 Mar 7; 114(10): 2562–2567). This does not seem to be 

the case here, as barr2-dFLP essentially does not support receptor internalization, and 

the results are unclear for barr1-dFLP: Fig 1f: The difference between barr1-dFLR and no 

barr1 is not shown as statistically significant. How would the authors interpret that in 

view of their data? 



Fig. 1f,i: There is no significant difference between no-barr and Q-GRK for either b-

arrestin1 or b-arrestin2. Therefore, the statement that “other phosphorylation-

dependent but b-arrestin-independent ways must exist to internalize the PTH1R” is 

premature. This statement is contradicted by the authors’ own data showing that the 

removal of either b-arrestins or GRKs has equally detrimental effect of the PTH1R 

trafficking to endosomes (Fig. 6d). 

Figs 1d,g: There does not seem to be quantification for these data, which makes it 

impossible to compare arrestin recruitment/internalization behavior with the receptor 

internalization data. Furthermore - and this applies to Figs 1d,g,f, I and Suppl Table 1 - 

it is unclear how the cells have been selected for the analysis from how many slides, 

experiments, etc. Additionally, these experiments need the data on the expression levels 

of all proteins involved, because that would heavily influence the image analysis data, 

particularly because different modified cell lines are involved. 

Suppl Fig 7: GRK expression levels? How the levels compare among different GRK 

isoforms and between the experiments with b-arrestin1 and b-arrestin2? It seems that 

no individual GRK is capable of restoring the recruitment of b-arrestin2 to PTR1R-WT, 

whereas any is sufficient to restore the recruitment of b-arrestin1. However, this could 

be simply due to inconsistencies in the expression levels. 

Fig 6g: Arrestin-dependent ERK activation is diminished when induced via PTH1R-PD2 as 

compared to the WT receptor. The authors suggest that the reduced capacity of PTH1R-

PD2 to localize to endosomes might be directly responsible for this defect. Although 

arrestin could drive the ERK activation from endosomes, it is probably not always the 

case. There is strong evidence that only receptor-bound arrestins activate ERK. Thus, a 

simpler alternative explanation would be that PTH1R-PD2 is less efficient in activating 

ERK via arrestins because it is less efficient in recruiting arrestins. 

Reviewer #2 (Remarks to the Author): 

=FC J?KRPAOGMQ @V 5?GBCO CQ ?I( DLARPCP LK QFC QTL GPLDLOJP LD ^'?OOCPQGKP $+ ?KB ,%&

their ability to elicit distinct conformations following their interaction with agonist-

stimulated GPCR, in this case, the PTH1R in living cells. In particular, the authors 

GKSCPQGE?QCB QFC GKQCOMI?V @CQTCCK PMCAGDGA ^'?OOCPQGK+), ALKDLOJ?QGLKP ?KB BGDDCOCKQ 2'

terminus receptor phosphorylation patterns (full, partial at proximal, partial at distal, or 

?IQLECQFCO KLKC SG? 2;6<9; ]:'4;7 ACIIP%( =FGP PQRBV CUQCKBP 2?FGII 666 CQ ?I(#P TLOH

DOLJ ,*+/ $DLARPCB LK ^'?OOCPQGK+ GPLDLOJ LKIV% @V GKSCPQGE?QGKE QFC QTL ?AQGS?QGLK

pathways and agonist-activated C-terminus phosphorylation pattern dependence 

ALOOCPMLKBGKE QL [F?KEGKE\& ?KB [ALOC\ 492;'^'?OOCPQGK ALKDLOJ?QGLKP RQGIGWGKE QFC QTL

^'?OOCPQGK GPLDLOJP $+ ?KB ,%( =FC ?RQFLOP CJMILVCB ? ALJ@GK?QGLK LD 1;3='@?PCB ^'

?OOCPQGK OCAORGQJCKQ& GKQCOK?IGW?QGLK& ^'?OOCPQGK ALKDLOJ?QGLK?I AF?KECP

(NanoLuc/FlAsH)-biosensors, confocal microscopy, and signaling downstream of PTH1R 

(ERK1/2). The results from this study raise exciting opportunities for exploring the 

phosphorylation barcode for different signaling outcomes ‘based signaling’; and the 

ALKDLOJ?QGLK?I ?KB PGEK?IGKE LRQMRQP @V QFC QTL GPLDLOJP LD ^'?OOCPQGK( 8SCO?II& QFC

article is well written, the experiments are well designed and rigorously analyzed, and 

the data broadly support the conclusions. I believe it will be of broad interest to 

scientists studying GPCR signaling, biased agonism, and GPCR pharmacology. I 

recommend its publication in Nature Communications after the authors clarify the 

questions raised below: 

+( =FC ?RQFLOP L@PCOSC BGPQGKAQ ALKDLOJ?QGLK?I PGEK?QROCP LK ^'?OOCPQGKP BGAQ?QCB @V

differentially phosphorylated receptors using the BRET-based conformational 

biosensors. As well as how these differentially phosphorylated receptor patterns engage 



TGQF >= ^'?OOCPQGK +), LO QFCGO DGKECO ILLM BCICQCB ALRKQCOM?OQP QL BCBRAC QFC YALOCZ

and the “hanging” complexes. While all this is fascinating, it is still not clear (for 

example, in lines 145-156 and elsewhere throughout the manuscript) what the 

ALKQOG@RQGLK LD C?AF ^'?OOCPQGK GPLDLOJ $P?V MCOACKQ?EC% GP GK GKBRAGKE M?OQGARI?OIV QFC

YALOCZ LO YF?KEGKEZ $?P GK ]:'4;7 ACIIP% ALKDLOJ?QGLK0 6 DCCI NR?KQGDGA?QGLK LD QFCPC

specific conformations is essential in this study. For example, in line 146, the authors 

GKBGA?QC QFCV L@Q?GKCB X-." LD YF?KEGKEZ ALJMICUCP TFCK RPGKE ^'?OOCPQGK+ GPLDLOJ(

Throughout the manuscript, the contribution of a specific isoform to these two 

conformations, particularly on the ‘core’ confirmation, wasn’t clear. Overall it appears to 

be minor (or perhaps very difficult to deduce) from these BRET-based data? The authors 

KCCB QL AI?OGDV QFGP QFOLREFLRQ QFC J?KRPAOGMQ( >F?Q TLRIB QFC ^'?OOCPQGK +),

conformational signatures pattern in Fig. 3 be with a different receptor (another class B 

or just class A)? 

,( =FC ALKAIRPGLK LK PGEK?IGKE ALJMCQCKAC LD OCACMQLO'^'?OOCPQGK ALKDLOJ?QGLKP LK

downstream ERK1/2 phosphorylation is only done in the context of the receptor's 

phosphorylation patterns (WT, PD1, and PD2). The study did not include what may be 

F?MMCKGKE GK 3;7+), PGEK?IGKE GK QFC ALKQCUQ LD QTL GPLDLOJP LD ^'?OOCPQGK SGP'?'SGP QFC

phosphorylation patterns. Such data would strengthen the manuscript significantly. 

3. Minor: Overall, the figures look great, but some of the labels' font size and color 

choices (e.g., yellow) are hard to visualize. The authors may need re-formatting the 

figures and enlarge the labels' relative sizes. I had so much difficulty reading the labels, 

for example, in Figures: 2, 4, and 6 and in many SI ones. For instance, what EV in the 

figures, as in 4 implies, wasn't described in the figure legends.
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For convenience of the reviewers, we provide a list of changes in display items. 

List of changes in display items 

Figure 1:  Data was significantly extended with updated Supplementary Figure 1. 

Figure 2: The yellow label for “F4” was made darker to improve readability. 

Figure 3: No changes.

Figure 4: Label sizes were increased to improve readability.

Figure 5: No changes. 

Figure 6: Label sizes were increased to improve readability. 

New Figure 7: Molecular modelling that sums up our findings and provides a structural 

GKQCOMOCQ?QGLK LD BGDDCOCKACP @CQTCCK 9=5+;Y_'?OOCPQGK ALJMICU ALKDGERO?QGLKP(

New Supplementary Figure 1: a, b, c concentration-response curves from Figure 1b were 

sorted according to the probed conditions and are shown again 

TGQF ?MMOLMOG?QC V'?UGP IGJGQP QL CK?@IC CS?IR?QGLK LD _'?OOCPQGK

OCAORGQJCKQ GK ^:'4;7(

d, e the data was replotted and the representation was 

changed to resemble the layout and design of kinetic traces shown 

in Figure 6a. 

f, g  NR?KQGDGA?QGLK LD AL'ILA?IGP?QGLK @CQTCCK _'?OOCPQGK ?KB

QFC 9=5+; GK ^:'4;7 T?P ?BBCB QL QFC M?KCIP(

h, i image statistics concerning the mean object intensity 

and total object signal per cell size were added to enable 

evaluation of sample size, as well as transfection, image and 

segmentation quality (basal images only). 

Supplementary Figure 2: Label sizes were increased to improve readability. 

Supplementary Figure 3: No changes.

Supplementary Figure 4: No changes.

Supplementary Figure 5: No changes.

Supplementary Figure 6: No changes.

Supplementary Figure 7: Label sizes were increased to improve readability.

New Supplementary Figure 8: Additional experiment addressing the homogeneity of GRK 

CUMOCPPGLK ICSCIP GK LRO 4;7'PMCAGDGA _'?OOCPQGK OCAORGQJCKQ ?PP?V(

Supplementary Figure 9: Data was previously presented in Supplementary Figure 8. 

Supplementary Figure 10: Data was previously presented in Supplementary Figure 9. Label 

sizes were increased to improve readability. 

Supplementary Figure 11: Data was previously presented in Supplementary Figure 10.
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Point-to-point reply to the reviewers’ comments: 

We thank both referees as well as the editor for their fair and constructive feedback regarding the 

manuscript at hand. We addressed the reviewers’ criticism in the revised version of Haider et al. and 

included new analyses and experiments to strengthen our line of reasoning. We sincerely believe that 

the well-balanced suggestions made by the reviewers improved our existing work. 

Reviewer #1 (Remarks to the Author): 

The study by Haider et al is aimed at examining the conformation barrestin1 and barrestin2 

assume in various complexes with PTH1R. The receptor binds both arrestin isoforms well, but 

the conformational preferences of arrestin isoforms as well as their requirements for the receptor 

phosphorylation remain poorly understood. The study employs BRET biosensors as well as a 

multitude of imaging and other techniques to examine the configuration of the receptor-arrestin 

complexes and their functional consequences. The study approaches a rather obscure subject 

shedding light on many details defining the specific features of the interaction of arrestin 

isoforms with GPCRs. It should be of great interest for the GPCR/arrestin field. 

We thank the referee for her or his comprehensive summary and fair review of our study. Appreciating 

the reviewer’s interest in our work, we elaborated on the changes that result from the specified 

suggestions and questions in the point-to-point review below. 

� From the conceptual standpoint, it is regrettable that the authors did not attempt to incorporate 

their conformational data, together with the available structures of the GPCR-b-arrestin1 

complexes as well as the studies utilizing biophysical methods, into a structural model. 

Unfortunately, no structures of such complexes exist for b-arrestin2. Nevertheless, the authors 

could have capitalized on their finding of the differential conformational changes in these 

isoforms upon the receptor binding to offer a provisional model for b-arrestin2 in the complex 

as well. Otherwise, a reader is left with a sense of dissatisfaction of seeing nice diagrams of the 

sensor responsiveness to the receptor binding but no structural interpretation of these changes 

and/or differences between the arrestin isoforms. 

We agree with the reviewer’s point that a model would help to satisfy the reader’s expectations. Hence, 

we consulted Dr. Xavier Deupi, who is now included in the author list, in order to build a model from 

existing structures to provide a global structural interpretation of our data in the newly created Figure 7.  

EQVKM \PM XZM[MV\ML i'IZZM[\QV+ IVL , KWVNWZUI\QWVIT KPIVOM JQW[MV[WZ[ XZW^QLM ^IT]IJTM OTWJIT

information about the molecular rearrangements that occur in arrestin proteins in different conditions, 

_M VW_ ][ML \PQ[ QVNWZUI\QWV \W ^Q[]ITQ[M W]Z QV\MZXZM\I\QWV WN \PM OMWUM\Za WN ;B7Dei'IZZM[\QV

complexes. Additionally, we used our extensive dataset, including recruitment, microscopy and 

conformational change data to point out differences in the formation of “hanging” and “core” complex 

KWVNQO]ZI\QWV[ JM\_MMV i'IZZM[\QV+ IVL ,( 5TT \PQ[ QVNWZUI\QWV _I[ ][ML \W KZMI\M I UWLMT WN \PM[M

differently formed complexes to finally sum up the manuscript as part of the discussion section (lines 

542-574). We thank the reviewer for this suggestion and are certain that this addition will aid in the 

comprehension of our findings. 

� Another issue is the distinction between the “hanging” and “core “complexes. Although it has 

been reported that arrestins could form such distinct complexes, it seems that the issue has 

been somewhat overinterpreted in this case. First, deletion of all GRKs essentially abolished 

the recruitment of both arrestins to the WT receptor, which suggests that at least this receptor 

does not form “core” complexes independently of phosphorylation. Second, the defects seen in 

mutants with the deletion of the finger loop (like in b-arrestin2 in Fig 1c) do not necessarily mean 

that the arrestin recruitment relies on “both GRK-mediated receptor phosphorylation, as well as 
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the FLR interaction interface” as independent entities. The finger loop has been shown to 

change conformation upon binding to active phosphorylated GPCR (see, for example, here: J 

Biol Chem, 2014 Jul 25;289(30):20991-1002; Cell, 2020 Dec 23;183(7):1813-1825). It might be 

that phosphorylation-induced fit in the finger loop contributes to the high-affinity arrestin binding, 

and the absence of such contribution might be the reason for the reduced functionality. 

GM \PIVS \PM ZM^QM_MZ NWZ PMZ WZ PQ[ XMZKMX\Q^M KZQ\QY]M ZMOIZLQVO \PM QV\MZXZM\I\QWV WN i'IZZM[\QV+ IVL ,

recruitment in the absence of GRKs and upon deletion of the respective finger loop regions (FLRs). We 

agree that some of the recruitment data might have been interpreted in too much detail, specifically in a 

_Ia \PI\ _W]TL KITT I\\MV\QWV \W_IZL[ UQVQ[K]TM LQNNMZMVKM[ JM\_MMV \PM \_W i'IZZM[\QV Q[WNWZU[( A]Z

LI\I QVLMML [PW_ \PI\ JW\P i'IZZM[\QV Q[WNWZU[ QV\MZIK\ JM[\ _Q\P \PM BF<+D _PMV ITT JQVLQVO QV\MZNIKM[

IZM XZM[MV\ IVL N]VK\QWVIT #GF ZMKMX\WZ& GF i'IZZM[\QV IVL GF <9> KMTT[$& XZWXW[MLTa ^QI \PM NWZUI\QWV

of phosphorylation- and FLR-dependent “core” complexes. Accordingly, we attenuated the phrasing in 

the main text that explains our conclusions regarding the BRET recruitment data in Figure 1. Moreover, 

we included other interpretations, as described by the referee (lines 144-171). 

While we agree that both, the removal of GRKs from the system and deletion of the respective FLRs, 

PI^M [\IOOMZQVO MNNMK\[ WV \PM ZMKZ]Q\UMV\ WN JW\P i'IZZM[\QV Q[WNWZU[ \W \PM BF<+D& _M _W]TL TQSM \W

argue that none of these conditions abolishes the recruitment completely. To better show the apparent 

LQNNMZMVKM[ JM\_MMV \PM BF<+D ZMKZ]Q\UMV\ JMPI^QW]Z[ WN i'IZZM[\QV+ IVL ,& _M XZM[MV\ML ITT \PZMM

conditions in separate graphs with appropriate y-axis limits. For the reviewer’s convenience we added 

this representation to the point-to-point reply, as well as in Supplementary Figure 1a-c. 

As visible in the figure above, all mentioned conditions yield presentable concentration response curves, 

_PQKP _M QV\MZXZM\ I[ ZMKZ]Q\UMV\( 5\ - d@ BF<#+'-.$& \PM \_W GF i'IZZM[\QV KWV[\Z]K\[ ZMOQ[\MZ 0(*0

#i'IZZM[\QV+$ IVL 1(-/ #i'IZZM[\QV,$ NWTL 6D9F KPIVOM[ W^MZ JI[MTQVM IVL ^MPQKTM UMI[]ZMUMV\[( FPM

i'IZZM[\QV KWV[\Z]K\[ UQ[[QVO \PMQZ ZM[XMK\Q^M :?D[ #'L:?D$ [\QTT [PW_ML I ,(2+ #i'IZZM[\QV+'L:?D$ IVL

+(., #i'IZZM[\QV,'L:?D$ NWTL KPIVOM& _PQTM \PM ZMKZ]Q\UMV\ Q[ UW[\ XZWUQVMV\Ta WJ[\Z]K\ML ]XWV ZMUW^IT

WN ;D>,&-&/ IVL 0& QV hC';D> #+(-3 NWTL KPIVOM NWZ i'IZZM[\QV+ IVL +(11 NWTL KPIVOM NWZ i'IZZM[\QV,$(

GQ\P \PM[M LI\I& _M [PW_ \PI\ M^MV QV \PM KWVLQ\QWV[ \PI\ MTQKQ\ \PM TW_M[\ ZMKZ]Q\UMV\ #i'IZZM[\QV,'L:?D

IVL i'IZZM[\QV+ QV hC';D>$& _M _MZM [\QTT IJTM \W ZMOQ[\MZ I 6D9F KPIVOM WN IXXZW`QUI\MTa .*"&

possibly enabled by the highly optimised NanoLuc Halo618 measurement system. This is, in fact, 

important for the fidelity of the whole study, since extensive experiments were conducted to characterise 

i'IZZM[\QV KWVNWZUI\QWVIT KPIVOM[ _Q\PW]\ \PM QVNT]MVKM WN ;D> XPW[XPWZaTI\QWV& ][QVO \PM MUX\a hC'

GRK background (Figure 5). 

� The statement that b-arrestin2 engages active GPCR independently of phosphorylation better 

than b-arrestin1 (page 3 line 159) is not supported by the data presented: in cells lacking GRKs 

the binding of both isoforms is essentially eliminated (Fig 1c). Furthermore, if anything, b-

arrestin2 seems to have higher demands for receptor phosphorylation, since it needs both 

phosphorylation clusters to be present for the full function (Fig. 4a,e). The authors seem to base 

this statement on the effect of the finger loop deletion, which is more detrimental in b-arrestin2. 

However, as mentioned above, this could have alternative interpretations. 
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We again thank the reviewer for pointing out these inconsistencies. As stated above, we toned down 

the interpretation of the presented BRET recruitment assays, included additional interpretations (as 

stated by the reviewer above, lines 144-171) and included the full-scale concentration response curves 

in Supplementary Figure 1a-c. We agree with the referee that our original data representation did not 

allow for drawing the discussed conclusions, yet we hope that our results can be more easily recognised 

with the changes we made.

� Fig 1 c: The description of the statistical analysis is unclear: If Dunnett’s test was used, how is 

the significance between dFLP and WT in HQ was arrived at? Dunnette’s test compares each 

treatment to a single control. 

We thank the reviewer for spotting this mistake. The statistical analysis of Figure 1c was indeed not 

performed by using Dunnett’s test, but via a two-sided Tukey’s test. This error has been corrected in the 

revised version of the manuscript, as the figure legend now accurately states the utilised statistical test. 

� The “hanging” conformation was originally proposed as the conformation competent to support 

receptor internalization and arrestin signaling but not receptor desensitization (Proc Natl Acad 

Sci U S A. 2017 Mar 7; 114(10): 2562–2567). This does not seem to be the case here, as barr2-

dFLP essentially does not support receptor internalization, and the results are unclear for barr1-

dFLP: Fig 1f: The difference between barr1-dFLR and no barr1 is not shown as statistically 

significant. How would the authors interpret that in view of their data? 

The publication of Cahill III et al. ,*+1 M`KT][Q^MTa NWK][ML WV i'IZZM[\QV+ IVL \W W]Z SVW_TMLOM& \PM

L:?D U]\IV\[ NWZ JW\P i'IZZM[\QV Q[WNWZU[ PI^M VW\ aM\ JMMV KPIZIK\MZQ[ML [QLM'Ja'[QLM& ZMOIZLQVO \PMQZ

functionality. Hence, we would like to argue that our results are in line with the mentioned publication, 

I[ _M [PW_ \PI\ i'IZZM[\QV+'L:?D KWV[\Z]K\ Q[ IJTM \W QVKZMI[M BF<+D QV\MZVITQ[I\QWV QV KWUXIZQ[WV \W

\PM LZI[\QKITTa ZML]KML QV\MZVITQ[I\QWV QV hC';D>( 5[ \PM ZM^QM_MZ IX\Ta [\I\M[& \PM V]UMZQKIT IVL ^Q[]IT

LQNNMZMVKM QV BF<+D KW'TWKITQ[I\QWV _Q\P DIJ/ QV \PM IJ[MVKM WN i'IZZM[\QV[ KWUXIZML \W \PM ZM'

M`XZM[[QWV WN i'IZZM[\QV+'L:?D #Figure 1f, i) is not significant (Supplementary Table 1). From this, we 

KWVKT]LM \PI\ \PM i'IZZM[\QV+'L:?D U]\IV\ Q[ VW\ N]TTa KIXIJTM WN ZM[K]QVO \PM XPMVW\aXM WN \PM i'

IZZM[\QV+), SVWKSW]\ KMTT TQVM& J]\ UW[\ QUXWZ\IV\Ta& \PM[M M`XMZQUMV\[ [PW_ \PI\ i'IZZM[\QV[ IVL ;D>[

have to synergistically act on activated GPCRs in order to mediate receptor internalisation. Specifically, 

\PM QVKZMI[M QV BF<+D KW'TWKITQ[I\QWV _Q\P DIJ/ UMI[]ZML QV \PM IJ[MVKM WN i'IZZM[\QV[ #I[ KWUXIZML

\W \PM LI\I \PI\ _I[ ZMKWZLML QV hC';D>$ [PW_[ \PI\ ;D>[ XTIa IV QUXWZ\IV\ ZWTM QV ITT QV\MZVITQ[I\QWV

and trafficking events, while our measurements in Figure 6 QVLQKI\M \PI\ i'IZZM[\QV[ IZM I[ KZ]KQIT I[

GRKs for endosomal delivery of the PTH1R. 

� Fig. 1f,i: There is no significant difference between no-barr and HQ-GRK for either b-arrestin1 

or b-arrestin2. Therefore, the statement that “other phosphorylation-dependent but b-arrestin-

independent ways must exist to internalize the PTH1R” is premature. This statement is 

contradicted by the authors’ own data showing that the removal of either b-arrestins or GRKs 

has equally detrimental effect of the PTH1R trafficking to endosomes (Fig. 6d). 

We thank the reviewer for this insightful comment. We agree that the differentiation between 

XPW[XPWZaTI\QWV'LMXMVLMV\ IVL i'IZZM[\QV'LMXMVLMV\ M^MV\[ Q[ XZWJTMUI\QK I[ \PM[M XZWKM[[M[ PIXXMV

concomitantly and necessitate each other to a certain degree. In line with the argumentation above, we 

KPIVOML \PM [\I\MUMV\ \W fFPM[M UMI[]ZMUMV\[ QUXTa \PI\ i'IZZM[\QV[ IVL ;>D[ PI^M \W IK\

synergistically on activated GPCRs to mediate receptor internalisation.” (lines 207-216). 

� Figs 1d,g: There does not seem to be quantification for these data, which makes it impossible 

to compare arrestin recruitment/internalization behavior with the receptor internalization data. 

Furthermore - and this applies to Figs 1d,g,f, I and Suppl Table 1 - it is unclear how the cells 

have been selected for the analysis from how many slides, experiments, etc. Additionally, these 
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experiments need the data on the expression levels of all proteins involved, because that would 

heavily influence the image analysis data, particularly because different modified cell lines are 

involved. 

In Figure 1& _M IJ[\IQVML NZWU [PW_QVO i'IZZM[\QV'H:B KW'TWKITQ[I\QWV LI\I& I[ _M ITZMILa XZW^QLM I i'

arrestin recruitment dataset using NanoBRET (Figure 1b and c$( 7W'TWKITQ[I\QWV JM\_MMV i'IZZM[\QV'

YFP and the PTH1R-CFP is shown in Supplementary Figure 1f and-g. Here, we would like to thank 

\PM ZM^QM_MZ NWZ M`XZM[[QVO PMZ WZ PQ[ KWVKMZV& I[ _M ILLML \PM UQ[[QVO i'IZZM[\QV'H:BeBF<+D'7:B

KW'TWKITQ[I\QWV QV hC';D> ]XWV ILLZM[[QVO \PQ[ KWUUMV\(

In general, for our live-cell confocal microscopy experiments, we acquired between 5 and 10 images 

XMZ KWVLQ\QWV NZWU I\ TMI[\ \PZMM KW^MZ [TQX[& XZMXIZML NZWU I\ TMI[\ \PZMM QVLMXMVLMV\ \ZIV[NMK\QWV[ #Vc-

_Q\P I \W\IT QUIOM V]UJMZ WN c+/$( FPMZM _I[ VW [XMKQNQK KMTT [MTMK\QWV XZWKM[[& W\PMZ \PIV ITT \PZMM

fluorescent proteins had to be visible under the unchanged laser intensity and gain settings. To address 

the referee’s comment, we included the sentence “Images were acquired before and after stimulation 

with 100 nM PTH(1-34) for 15 minutes from at least three cover slips, prepared from at least three 

QVLMXMVLMV\ \ZIV[NMK\QWV[ #Vc-$(g \W \PM TMOMVL WN Figure 1d and g. Additionally, the exact number of 

paired images used for all quantifications of co-localisation is stated in the legend of Figure 1f and i: 

#V]UJMZ WN QUIOM[ XMZ ZM[XMK\Q^M KWVLQ\QWV4 iIZZ+ #-3$& iIZZ+'L:?D #.-$& VW iIZZ #+1$& iIZZ+ QV hC';D>

#-2$& iIZZ, #--$& iIZZ,'L:?D #,1$& iIZZ, QV hC';D> #/*$$(

Furthermore, we re-analysed all images and extracted the characteristic mean object intensity and total 

WJRMK\ [QOVIT XMZ KMTT [QbM ZMKWZLML NWZ BF<+D'7:B& i'IZZM[\QV'H:B IVL DIJ/'U7PMZZa( FPM[M LI\I

should enable the at-a-glance evaluation of sample size, as well as transfection, image and 

segmentation quality (basal images only). In the revised Supplementary Figure 1h and i (which we did 

not include in the point-to-point reply due to its size), these values are plotted for each individual basal 

image used for quantification. Specifically, the PTH1R and Rab5 object intensity does not seem to vary 

JM\_MMV \PM LQNNMZMV\ KWVLQ\QWV[( =V W]Z IVITa[Q[& _M NW]VL \PI\ i'IZZM[\QV+'L:?D'H:B [PW_[ I [TQOP\Ta

PQOPMZ UMIV WJRMK\ QV\MV[Q\a \PIV i'IZZM[\QV+'H:B( E\QTT& _M _W]TL TQSM \W IZO]M \PI\ VMQ\PMZ \PQ[ KPIVOM&

which possibly results from a slightly different expression behaviour of the mutant protein, nor any other 

shown signal spread would be suitable to explain the measured differences in PTH1R–Rab5 co-

localisation shown in Figure 1f and i (lines 216-220). We hope that this in-depth analysis provides 

additional insight into our microscopy method and alleviates the reviewer’s concerns. 

� Suppl Fig 7: GRK expression levels? How the levels compare among different GRK isoforms 

and between the experiments with b-arrestin1 and b-arrestin2? It seems that no individual GRK 

is capable of restoring the recruitment of b-arrestin2 to PTR1R-WT, whereas any is sufficient to 

restore the recruitment of b-arrestin1. However, this could be simply due to inconsistencies in 

the expression levels. 

We thank the reviewer for this perceptive comment and agree with the assessment that already 

[TQOP\ KPIVOM[ QV ;D> M`XZM[[QWV KW]TL JM ZM[XWV[QJTM NWZ \PM WJ[MZ^ML LQNNMZMVKM[ JM\_MMV i'

arrestin1 and 2, regarding their GRK-specific recruitment to the PTH1R. The basis for our GRK-

[XMKQNQK i'IZZM[\QV ZMKZ]Q\UMV\ I[[Ia ]\QTQ[QVO hC';D> _I[ R][\ ZMKMV\Ta X]JTQ[PML _Q\P Nature 

Communications1. In this publication we quantified the GRK overexpression in order to validate the 

data generated for 12 different GPCRs and we were not able to detect any systematic errors 

JM\_MMV \PM ;D>'[XMKQNQK ZMKZ]Q\UMV\ WN i'IZZM[\QV+ IVL ,( =V Supplementary Figure 3 of Drube 

et al.1 we were able to characterise the catalytic function of YFP-tagged GRKs to be similar to their 

untagged counterparts. For the reviewer’s convenience, we included this panel in the point-to-point 

reply: 



6 

Drube et al.1, 2022 

To directly address the referee’s question, we performed an additional experiment and quantified 

the fluorescence of YFP-tagged GRK2, 3, 5 and 6 using analogous transfection schemes as in our 

;D>'[XMKQNQK i'IZZM[\QV+ IVL , ZMKZ]Q\UMV\ I[[Ia( FPM IJ[WT]\M H:B NT]WZM[KMVKM IVL ZMTI\Q^M

^IT]M[& VWZUITQ[ML \W \PM ZM[XMK\Q^M i'IZZM[\QV+ KWVLQ\QWV& LMZQ^ML NZWU UMI[]ZMUMV\[ WN -,

technical replicates per condition, can now be accessed in Supplementary Figure 8 and the point-

to-point reply below: 

Together with the validation experiments performed in our previous publication, we argue that the 

data in Supplementary Figure 8 show that the degree of overexpression is similar for all four tested 

;D> Q[WNWZU[ IVL JM\_MMV \PM i'IZZM[\QV+ IVL , KWVLQ\QWV[( 7WVKT][Q^MTa& _M KQ\ML \PM XZMKMLQVO

publication and referenced our newly generated data at the appropriate position in the manuscript 

(lines 327-330 and lines 335-336). 

� Fig 6g: Arrestin-dependent ERK activation is diminished when induced via PTH1R-PD2 as 

compared to the WT receptor. The authors suggest that the reduced capacity of PTH1R-PD2 

to localize to endosomes might be directly responsible for this defect. Although arrestin could 

drive the ERK activation from endosomes, it is probably not always the case. There is strong 

evidence that only receptor-bound arrestins activate ERK. Thus, a simpler alternative 

explanation would be that PTH1R-PD2 is less efficient in activating ERK via arrestins because 

it is less efficient in recruiting arrestins. 

We thank the referee for this intelligible comment. The reviewer indeed raised an important point by 

[\I\QVO \PI\ \PM ZML]KML i'IZZM[\QV ZMKZ]Q\UMV\ XZWNQTM WN \PM BF<+D'B8, ZMKMX\WZ ^IZQIV\ KW]TL [MZ^M I[

the most straightforward explanation for its attenuated ERK1/2 signalling behaviour. Hence, we included 

this interpretation as the leading phrase discussing the impact of our phospho-ERK1/2 analysis in the 

main text (lines 508-512). 
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Reviewer #2 (Remarks to the Author): 

=FC J?KRPAOGMQ @V 5?GBCO CQ ?I( DLARPCP LK QFC QTL GPLDLOJP LD _'?OOCPQGKP $+ ?KB ,%& QFCGO ?@GIGQV

to elicit distinct conformations following their interaction with agonist-stimulated GPCR, in this 

case, the PTH1R in living cells. In particular, the authors investigated the interplay between 

PMCAGDGA _'?OOCPQGK+), ALKDLOJ?QGLKP ?KB BGDDCOCKQ 2'QCOJGKRP OCACMQLO MFLPMFLOVI?QGLK M?QQCOKP

$DRII& M?OQG?I ?Q MOLUGJ?I& M?OQG?I ?Q BGPQ?I& LO ?IQLECQFCO KLKC SG? 2;6<9; ^:'4;7 ACIIP%( =FGP

PQRBV CUQCKBP 2?FGII 666 CQ ?I(#P TLOH DOLJ ,*+/ $DLARPCB LK _'?OOCPQGK+ GPLDLOJ LKIV% @V

investigating the two activation pathways and agonist-activated C-terminus phosphorylation 

M?QQCOK BCMCKBCKAC ALOOCPMLKBGKE QL \F?KEGKE]& ?KB \ALOC] 492;'_'?OOCPQGK ALKDLOJ?QGLKP

RQGIGWGKE QFC QTL _'?OOCPQGK GPLDLOJP $+ ?KB ,%( =FC ?RQFLOP CJMILVCB ? ALJ@GK?QGLK LD 1;3='

@?PCB _'?OOCPQGK OCAORGQJCKQ& GKQCOK?IGW?QGLK& _'?OOCPQGK ALKDLOJ?QGLK?I AF?KECP

(NanoLuc/FlAsH)-biosensors, confocal microscopy, and signaling downstream of PTH1R 

(ERK1/2). The results from this study raise exciting opportunities for exploring the 

phosphorylation barcode for different signaling outcomes ‘based signaling’; and the 

ALKDLOJ?QGLK?I ?KB PGEK?IGKE LRQMRQP @V QFC QTL GPLDLOJP LD _'?OOCPQGK( 8SCO?II& QFC ?OQGAIC GP TCII

written, the experiments are well designed and rigorously analyzed, and the data broadly 

support the conclusions. I believe it will be of broad interest to scientists studying GPCR 

signaling, biased agonism, and GPCR pharmacology. I recommend its publication in Nature 

Communications after the authors clarify the questions raised below: 

We thank the reviewer for her or his positive assessment of our study. Encouraged by the referee’s 

comprehensive summary of our work and findings, we hope that the following point-to-point reply 

satisfyingly resolves the fair questions raised. 

+( =FC ?RQFLOP L@PCOSC BGPQGKAQ ALKDLOJ?QGLK?I PGEK?QROCP LK _'?OOCPQGKP BGAQ?QCB @V BGDDCOCKQG?IIV

phosphorylated receptors using the BRET-based conformational biosensors. As well as how 

QFCPC BGDDCOCKQG?IIV MFLPMFLOVI?QCB OCACMQLO M?QQCOKP CKE?EC TGQF >= _'?OOCPQGK +), LO QFCGO

finger loop deleted counterparts to deduce the “core” and the “hanging” complexes. While all 

this is fascinating, it is still not clear (for example, in lines 145-156 and elsewhere throughout 

QFC J?KRPAOGMQ% TF?Q QFC ALKQOG@RQGLK LD C?AF _'?OOCPQGK GPLDLOJ $P?V MCOACKQ?EC% GP GK GKBRAGKE

M?OQGARI?OIV QFC ZALOC[ LO ZF?KEGKE[ $?P GK ^:'4;7 ACIIP% ALKDLOJ?QGLK0 6 DCCI NR?KQGDGA?QGLK LD

these specific conformations is essential in this study. For example, in line 146, the authors 

GKBGA?QC QFCV L@Q?GKCB X-." LD ZF?KEGKE[ ALJMICUCP TFCK RPGKE _'?OOCPQGK+ GPLDLOJ(

Throughout the manuscript, the contribution of a specific isoform to these two conformations, 

particularly on the ‘core’ confirmation, wasn’t clear. Overall it appears to be minor (or perhaps 

very difficult to deduce) from these BRET-based data? The authors need to clarify this 

QFOLREFLRQ QFC J?KRPAOGMQ( >F?Q TLRIB QFC _'?OOCPQGK +), ALKDLOJ?QGLK?I PGEK?QROCP M?QQCOK GK

Fig. 3 be with a different receptor (another class B or just class A)? 

We thank the referee for her or his keen observations and the comments about how we interpret the 

ZMKZ]Q\UMV\ WN i'IZZM[\QV[ QV LQNNMZMV\ KWVLQ\QWV[ #GF& 'L:?D WZ QV hC';D>$& QV WZLMZ \W KPIZIK\MZQ[M \PM

KWVNQO]ZI\QWV WN NWZUML BF<+Dei'IZZM[\QV KWUXTM`M[( 5[ \PM ZM^QM_MZ ITZMILa M`XZM[[ML& _Q\P \PM

currently used methods it is difficult to infer the exact percentage of complexes that form in “core” and 

“hanging” configurations. Moreover, our BRET measurements aimed to assess intrinsic characteristics 

WN \PM \_W i'IZZM[\QV Q[WNWZU[( DM[]T\QVO NZWU \PM LI\I XZM[MV\ML QV Figure 1b and c, we expect the 

UIRWZQ\a WN BF<+Dei'IZZM[\QV KWUXTM`M[ \W NWZU QV I \QOP\ KWVNQO]ZI\QWV \PI\ QV^WT^M[ JW\P& i'IZZM[\QV

association with the phosphorylated PTH1R C-terminus and the insertion of the FLR into the active 

GPCR cavity. This conclusion can be drawn as the deletion of the FLR or removal of GRKs drastically 

ZML]KM[ \PM ZMKZ]Q\UMV\ NWZ JW\P Q[WNWZU[( <W_M^MZ& ITT \M[\ML KWVLQ\QWV[ [\QTT aQMTL Y]IV\QNQIJTM i'IZZM[\QV

ZMKZ]Q\UMV\ IVL _M NW]VL LM\IQTML LQNNMZMVKM[ JM\_MMV i'IZZM[\QV+ IVL , IVL \PMQZ KIXIJQTQ\QM[ \W NWZU

MQ\PMZ fPIVOQVOg WZ XPW[XPWZaTI\QWV'QVLMXMVLMV\ fKWZMg KWUXTM`M[( <MZM& i'IZZM[\QV+'L:?D #XZWL]KM[

[\QTT -0" WN \PM i'IZZM[\QV+ ZMKZ]Q\UMV\$ [MMU[ \W JM JM\\MZ []Q\ML \W JQVL \PM BF<+D QV I XZM[]UIJTa
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fPIVOQVOg KWUXTM`& QV KWUXIZQ[WV \W i'IZZM[\QV,'L:?D& _PQKP WVTa ZMOQ[\MZML IZW]VL 1" WN \PM

UMI[]ZML i'IZZM[\QV, ZMKZ]Q\UMV\( FPQ[ JMPI^QW]Z [MMU[ \W JM ZM^MZ[ML QV hC';D>& TMILQVO ][ \W \PM

KWVKT][QWV \PI\ i'IZZM[\QV, Q[ UWZM ZMILQTa IK\Q^I\ML Ja IK\Q^M& aM\ ]VXPW[XPWZaTI\ML ;B7D[& QV

KWUXIZQ[WV \W i'IZZM[\QV+( FPM[M NQVLQVO[ [PML TQOP\ WV \PM UWTMK]TIZ KIXIJQTQ\QM[ WN i'IZZM[\QV+ IVL ,

to form complexes with GPCRs in different configurations, while we still assume that the analysed 

BF<+Dei'IZZM[\QV KWUXTM`M[ MUXTWa ITT I^IQTIJTM JQVLQVO QV\MZNIKM[ #PMVKM& XPW[XPWZaTI\QWV'

dependent “core” complexes, as long as GRKs are present in the system). 

To address the intelligible concerns raised by the reviewer, we particularly changed the main text to 

better reflect the ambiguity of our findings regarding the absolute percentage of differentially formed 

complexes. Additionally, we attenuated our interpretation of these results (lines 144-171) and added the 

full-scale recruitment curves (already present in Figure 1b) to Supplementary Figure 1a-c. Moreover, 

initiated by the comments of reviewer 1, we now also included a structural modelling of “hanging” and 

fKWZMg KWUXTM`M[& _PQKP IZM LQNNMZMV\Ta NWZUML NWZ i'IZZM[\QV+ IVL , QV \PM VW^MT Figure 7. We sincerely 

believe that these changes will be very helpful for the reader and thank the referee for her or his 

suggestions. 

FW IV[_MZ \PM TI[\ Y]M[\QWV& _PM\PMZ i'IZZM[\QV KWVNWZUI\QWVIT KPIVOM [QOVI\]ZM[ _W]TL LQNNMZ NWZ \PM

binding to different GPCRs, we would kindly divert the reviewer’s attention towards the publication of 

the original sensor design2,3. These studies utilise analogue measuring systems (FRET and BRET) and 

[PW_ \PI\ i'IZZM[\QV, KWVNWZUI\QWVIT KPIVOM [QOVI\]ZM[ IZM& QV NIK\& [XMKQNQK NWZ MIKP \M[\ML ;B7D(

5T\PW]OP& \PQ[ PI[ VW\ JMMV [PW_V NWZ i'IZZM[\QV+ ^QI \PM ][M WN ILMY]I\M JQW[MV[WZ[& _M [\ZWVOTa

believe that this behaviour is shared between the two isoforms. In conclusion, the study at hand focusses 

on differences in conformational change between the two isoforms for binding to the same GPCR. 

:]Z\PMZUWZM& _M _W]TL TQSM \W IZO]M \PI\ XZW^QLQVO i'IZZM[\QV+ IVL , KWVNWZUI\QWVIT KPIVOM LI\I NWZ

another (possibly class A) GPCR might reveal new and interesting biological features but would not add 

to the main conclusions of this study per se. 

,( =FC ALKAIRPGLK LK PGEK?IGKE ALJMCQCKAC LD OCACMQLO'_'?OOCPQGK ALKDLOJ?QGLKP LK BLTKPQOC?J

ERK1/2 phosphorylation is only done in the context of the receptor's phosphorylation patterns 

(WT, PD1, and PD2). The study did not include what may be happening in ERK1/2 signaling in 

QFC ALKQCUQ LD QTL GPLDLOJP LD _'?OOCPQGK SGP'?'SGP QFC MFLPMFLOVI?QGLK M?QQCOKP( <RAF B?Q? TLRIB

strengthen the manuscript significantly. 

We thank the reviewer for this insightful suggestion. Indeed, we agree that more research needs to be 

LWVM \W NQVITTa LMTQVMI\M \PM ZWTM[ WN QVLQ^QL]IT i'IZZM[\QV Q[WNWZU[ ZMOIZLQVO \PM XZWXW[ML IUXTQNQKI\QWV

of ERK1/2 phosphorylation. Following the referee’s recommendation we attempted to rescue the 

IXXIZMV\ MNNMK\ WN i'IZZM[\QV + IVL , SVWKSW]\ WV \PM 9D> [QOVITTQVO KIXIKQ\a WN \PM BF<+D& I[ [PW_V

in Figure 6g and h( :WZ \PQ[& _M ZMQV\ZWL]KML MIKP i'IZZM[\QV Q[WNWZU QVLQ^QL]ITTa QV i'IZZM[\QV+), >A

cells and expected an increase in the cellular pERK1/2 response upon agonist activation, in comparison 

\W \PM i'IZZM[\QV LM^WQL KWVLQ\QWV( GM QVKT]LML I ZMXZM[MV\I\Q^M JTW\& I[ _MTT I[ \PM Y]IV\QNQKI\QWV WN

three independent experiments below. 
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the definite clarification of these highly relevant and interesting biological phenomena requires multiple 

orthogonal measuring approaches, which would exceed the scope of the manuscript at hand. 

3. Minor: Overall, the figures look great, but some of the labels' font size and color choices (e.g., 

yellow) are hard to visualize. The authors may need re-formatting the figures and enlarge the 

labels' relative sizes. I had so much difficulty reading the labels, for example, in Figures: 2, 4, 

and 6 and in many SI ones. For instance, what EV in the figures, as in 4 implies, wasn't 

described in the figure legends. 

We thank the referee for expressing her or his appreciation of our visual data representation. 

Furthermore we agree with the referee’s evaluation regarding issues with figure label sizes and 

shortcomings in the figure legends. To address these points, we raised the font size of labels to a 

minimum of 5 pt. Furthermore, all figure legends were checked again and adjusted to include missing 

abbreviations. A full list of changes to display items can be accessed at the beginning of this point-to-

point reply. We hope that with these changes we improved the intelligibility and accessibility of our work 

and successfully addressed the reviewer’s concerns. 
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Reviewer #1 (Remarks to the Author): 

All my critics have been answered, and I have no additional concerns. 

The authors have made substantial revisions to the manuscript, which have significantly improved 

the paper. It is an excellent work and should be of great interest to the field. 

Reviewer #2 (Remarks to the Author): 

The authors have addressed all my comments and concerns in the revised manuscript. I have no 

further comments. 


