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ABSTRACT: Amylin is coexpressed with insulin in pancreatic-islet AMY:R s
cells and has potenteets on gastric emptying and food intake. The g«
e ect of amylin on satiation has been postulated to involvg AMY %81
receptors (AM3R) that are heteromers of the calcitonin recepto .b.'~"' s
(CTR) and receptor activity-modifying protein 3 (RAMP3). Under- $
standing the molecular control of signaling through thgRABIYus AM 3
important for peptide drug targeting of this receptor. We Ral g
previously used alanine scanning mutagenesis to study the contributiofis 5
of the extracellular surface of the CTR to binding and signaling A rAmy : &

initiated by calcitonin (CT) and related peptides (Dal Maset, &., - PERK -~ 4

(2019) The molecular control of calcitonin receptor signAlGf. efficacy &&-‘:

Pharmacol. Transl. S¢i3851). That work revealed ligand- a

pathway-sped e ects of mutation, with extracellular loops (ECL

and 3 particularly important in the distinct propagation of signaling

mediated by individual peptides. In the current study, we have used equivalent alanine scanning of ECL2 and ECL3 of the CT
in the context of coexpression with RAMP3 to form;R&)Yo examine functionalrity and e cacy of peptides in cCAMP
accumulation and extracellular signal-regulated kinase (ERK) phosphorylation (pERI).of Ineu¢ation was determined

on representatives of the three major distinct classes of CT peptide, salmon CT (sCT), human CT (hCT), and porcine CT
(pCT), as well as rat amylin (rAmy) or huma@GRP (calcitonin gene-related peptide, hCGRP) whose potency is enhanced

by RAMP interaction. We demonstrate that the dynamic nature of CTR ECL2 and ECL3 in propagation of signaling is
fundamentally altered when complexed with RAMP3 to form thR AddSpite only having predicted direct interactions with

ECL2. Moreover, the work shows that the role of these loops in receptor signaling is highly peptide dependent, illustrating the
even subtle changes to peptide sequence may change signaling output downstream of the receptor.

KEYWORDS:amylin receptor, calcitonin receptor, receptor activity-modifying protein, G protein-coupled receptor,
receptor structtfenction, cell signaling

P3

INTRODUCTION ligand-speat manner, leading to biased agonists that hold
mise as precision medicines to treat various diseases.
Iass Bl GPCRs are an important subfamily for key
ysiological peptides that regulate diverse functions including

G protein-coupled receptors (GPCRs) are the largest supé’rro
family of cell surface protein conduits of extracellular chemlcah
information to the inside of céllas such, understanding the P
molecular basis of how these extracellular signals fgergy homeostasis, bone metabolism, immune function,
conformationally propagated through the GPCR to recrufymph and vascular formation, and the control of vascular
and activate signal transducers is critically important 9 fgne’ The calcitonin receptor (CTR) is a broadly expressed
development of novel therapeutics that regulate this process

Moreover, GPCRs can recruit multipleerdint transducers Received: February 7, 2019

and other regulatory proteins and this can be altered in Rublished: March 18, 2019
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class B1 GPCR that is most recognized for its expressiondpnamically alters how ECL2 and ECL3 contribute to
bone resorbing osteoclasts, and its role in bone metébolismpropagation of signaling through the CTR.
However, CTRs also interact with a family of 3 receptor

activity-modifying proteins (RAMPSs) to yield highniiy RESULTS AND DISCUSSION
receptors for amylin and calcitonin gene-related peptide )
(CGRP)? These are termed AMYAMY,, and AMY Importance of ECL2 and ECL3 in the Control of

receptors according to the interacting RAMP, i.e., RAMPfAMYsR Function.To gain insight into the role of RAMP3 in
RAMP2, and RAMP3, respectively. In addition to modifying'® AMY¥R phenotype we performed alanine scanning
the binding spediity of the CT family of receptors, a major Mmutagenesis on CTR ECL2 (1279-1300) and ECL3 (F356-
consequence of GPCR-RAMP interaction is alteration to tH4376) that play important roles in peptide binding and
signaling prde of the receptSrand this has been observed Propagation of signaling at the CTR in the absence of
for the AMY receptors relative to CTR arone' RAMP§7 EaCh Of these mutants was analyzed fOI’ tbel]’ e

Amylin is coexpressed with insulin in pancreatic-iéis ~ on cell surface expressidfiglre }, binding a nity in
and has potent ects on gastric emptying and food iritake.
Pramlintide, a nonamyloidogenic analogue of human amylin i
approved for the treatment of type 1 diabetes in combination®
with insulirf However, amylin analogues also promote g, % Pl
satiation and can lead to sigant weight loss in overweight - 5y _ECL3
patients, and cause marked weight loss in animal models ¢ (i S
obesity when coadministered with other agents that promote
weight loss, such as glucagon-like peptide-1 (GLP-1) receptc
agonists or leptitt® Accordingly, there is sigrant interest
in the development of new amylin analogues to better trealg
obesity’

The amylin eect on satiation has been localized to amylin
receptors in the area postrema and has been proposed t
involve the AMMR subtype (CTR:RAMP3 heteromer),
although all three RAMPs are present in the area pdstrema.
Understanding the molecular control of signaling through the
AMY3R is thus crucial for peptide drug targeting of this ¢ F
receptor. - ECL2 m —O - 19% 2039% ECL2

Recent advances in cryo-electron microscopy have allowe ;= [
determination of the structures of active state class B GPCR §:
in com[zaslex with peptide agonists and the canonical Gs °
proteint®** including complexes of the CTR and the
CGRP receptdr. The latter is a hetromer of the related
calcitonin receptor-like receptor (CLR) and RAMP1. These
structures have allowed idegdtion of the peptide binding
domain within the receptor core and serve as a template for 3
dimensional (3D) mapping of theeet of mutation on
receptor function. Importantly, the solution of the CGRP
receptor (CGRPR) complex revealed a novel interface for
RAMP interaction with transmembrane helices 4 and 5 that
extended to parts of extracellular loop (ECE)aRd allows
for the rst-time structure-based modeling of related RAMP-
class B GPCR complexes. Figure 1.E ect of alanine mutation on the cell surface expression of

We have previously used alanine scanning mutagenesisMAM¥R and CTR. (6C) AMYR; (DSF) CTR (extracted from

o al Maso et al, 201%. (A, D) Top view of the active, sCT-bound,
tsct’uc;)); r;[gﬁ];?ogtr?g ugic;nng{i:]ge ﬁﬁlr:tc ee(;lulba; S(L:jflta?ngf '[rg?agggMYsR (A) or CTR (6NIY) (D) model with the extracellular surface
. . . . j lani i i i A) -arhite (D
peptides®’ This work revealed ligand- and pathway-speci EUbjeCt to alanine scanning depicted in gray (A) -ahite (D)

- . ) ; combined surface/cpk representation). The rest of the protein

in the distinct propagation of signaling mediated by individugéd, CTR), sCT peptide (dark red, AJRY aquamarine, CTR),
peptides’ In the current study, we have used equivalenRAMP3 (green). The receptor ECD is omitted for clarity. (B, E) Map
alanine scanning of ECL2 and ECL3 of the CTR in the contexif the eect of mutation on cell surface receptor expression colored
of coexpression with RAMP3 to form AREY in order to according to the legend in panel F. (C, FcEof alanine mutation
examine functional aity and e cacy of peptides in cAMP  of ECL2 and ECL3 on CTR expression monitored by FACS of anti-c-
accumulation and extracellular signal-regulated kinase (EFM%C antibody binding to the N-terminal c-Myc epitope on the
phosphorylation (pERK). The ext of mutation was receptor. Data are normalized to the expression of the wild-type

det ined tati f the th ior disti é T) receptor (100%). Sigmiant dierences in the level of cell
elerminéd on representatives o e three major disingt, tace expression were determined by one-way ANOVA followed by

classes of CT peptide, salmon CT (sCT), human CT (hCT),pynnets post-test comparison to the VWPT< 0.05 was used to

and porcine CT (pCT), as well as rat amylin (rAmy) or humangenote signcance, and colored according to the magnitude of
-CGRP (hCGRP) whose potency is enhanced by RAMRhange. Individual values (separate experiments) are shown within the

interaction. The work illustrates that interaction with RAMP3ars.
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Receptor Expression.AMY;Rs were expressed using a
Flp-In bicistronic vector of N-terminally tagged cMyc-CTR
and RAMP3, where the RAMP is overexpressed relative to the
CTR, and stable cell lines of each mutant receptor generated
by isogenic integration into Flp-In CV-1 cells. Anti-cMyc
antibody binding to the CTR was measured by FACS as a
marker of the cell surface expression of thgRAWgure ).

There was a marked decrease in surface expression of CTR
in the AMYR for the R281A, N286A, D287A, C289A,
W290A, T295A, L297A, L298A, Y299A, and I300A mutants
within ECL2, with decreased expression to a lesser extent also
seen with Y284A, F285A, L291A, and S292A mutants within
this loop Figure B,C). In general, the pattern oket was
similar to that seen with the CTR expressed*al(figure
1E,F) although greater loss of expression was seen for the
L291A and S292A mutants when the receptor was coexpressed
with RAMP3. Alanine mutation within ECL3 had less overall
impact relative to ECL2, with moderate, signt, decreases
in expression for F356A, V357A, P363A, N365A, L286A,
D373A, and Y374A, and increases for F359A and P360A
(Figure B,C). The lack of ect of K370A and I371A
mutation of the AMaR was in marked contrast to theat of
these mutants in the absence of RAMP3, where there was
almost undetectable levels of CTR expression, and very high
levels of expression observed for the P360A mutatane(
1E,F), although overall there was only limited impact of
mutation in ECL3. Although RAMP3 is overexpressed relative
to CTR in the bicistronic vector, it is likely that both Y
and CTR alone forms of the receptor are formed. Nonetheless,
the marked derence in surface expression of the K370A and
I371A mutants (100% versus <5% for Aidand CTR,
respectively) supports that the cocomplex with RAMP3
accounts for the majority of receptors in the CV-1 cells.

Peptide A nity (Competition Binding). To specically
examine the impact of mutation on thenity of peptide
ligands for the AMR, radioligand competition binding
studies were performed witA-rAmylin. We have previously
demonstrated that there is no measurable sjpétding to
Figure 2.ldenti cation of key amino acids of AJRYECL2 and CTR alone at the concentrations of radioligand*tidéal.

ECL3 for peptide binding aity (logK;). (A) sCT; (B) hCT; (C) specic binding was detected for the R281A, Y284A, N286A,
pCT; (D) rAmy; (E) hCGRP. Mutations that sigrantly decreased  D287A, C289A, W290A, L291A, T295A and I300A mutants in
peptide anity in radioligand competition assay are colored darIECLZ, or for the V357A, P360A, W361A R362A, P363A,
orange ( 10-fold eect) or red (>10-fold ect), with mutated amino - | 3687 D373A, and M376A mutants in ECLzb{e ] Figure

acids without sigrgant alteration to lag colored gray. Amino acid 2). Many of these within ECL2 also had low cell surface

mutations where there was an ircsently robust functionalext to ;
quantify by radioligand competition binding are depicted in blacl((lxpressmnFqure €). In contrast, there was moderate to

The receptor ECD is not shown for clarity, with the CTR TM bundleStrong cell surface expression of most ECL3 mutants indicating

in blue ribbon and RAMP3 in green ribbon. Quantitative data arfhat the loss of binding was likely due to alterations to binding
reported inTable 1 a nity of the radioligand. Of those mutants with a robust

specic binding window, there was a subset that exhibited loss
of a nity, in a peptide speci manner Table 1 Figure 2
competitive radioligand binding ass&ysufe 2 Table 1 Figures S3S9. hCGRP was least impacted, with no
Figures $3S9, and functional response (PERK and cAMP signicant change in observednity (Figure S1E There
accumulation) for each peptideg(ires 88, Figures S9S186, was a selective loss of rAmyity for the E294A and G369A
Tables 35). A homology model of the AMR complex was mutants Figure S1 of hCT for the T280A, L298A, and
built from deposited structures of the CTR (6f1and S364A mutants={gure S1pB of sCT for the K366A mutant,
CGRPR (6E3Y: for initial positioning of RAMP3) active and pCT for the N288A mutanfigures S1A and S1C
complexes and subjected to a short molecular dynamics (MDgspectively). F285A and Y299A displayed a selective loss of
simulation (200 ns) to resolve energetically unfavorable nity for CT peptides with no sigoant eect on rAmy or
interactions. This model was used to mapte of mutation = hCGRP. Similarly, there was loss oftst for all CT peptides

on the AMYR and to enable comparison to thecés of for the V358A and F359A mutants; rAmyity was also
previously published equivalent mutations on the'€TR, decreased at V358Aaple ] Figures S12D). There was
mapped onto the recently published 3.3 A structure (6NIY3elective loss of aity for SCT and pCT at the V283A mutant,
that included ECL2 and ECL3 side cHaifisigures $12). hCT, pCT, and rAmy at the L297A and Y372A mutants, and
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Table 1. Eect of Single Alanine Mutation in AMR ECL2 or ECL3 on Binding Anity (log K;) of Peptides Derived from
Competition Binding Isothernis

sCT hCT pCT rAmy hCGRP
Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N

WT -9.70 0.07 16 -7.01 0.08 17 -7.83 0.06 17 -8.75 0.06 19 -6.88 0.07 17,
1279A -9.26 0.17 5 -7.17 0.16 5 -8.02 0.10 5 -8.83 0.09 5 -6.92 0.12 5
T280A -9.13 0.22 3 -6.13 0.35 3 -7.73 0.22 3 -8.52 0.17 4 -6.63 0.26 4
R281A

V283A -9.14 0.14 5 -6.92 0.17 5 -7.15 0.17 5 -8.40 0.13 5 -7.00 0.10 5
Y284A

F285A ND ND ND -8.68 0.20 3 -6.87 0.15 3
N286A

D287A

N288A -9.45 0.25 5 -6.46 0.24 5 -7.28 0.12 5 -8.51 0.11 5 -6.90 0.16 5
C289A

W290A

L291

S$292A -9.74 0.15 4 -6.65 0.12 3 -8.08 0.13 5 -8.37 0.11 5 -6.59 0.12 5
V293A -9.34 0.17 5 -6.94 0.14 5 -7.40 0.24 4 -8.82 0.08 5 -7.39 0.17 5
E294A -9.74 0.12 5 -6.88 0.22 5 -7.78 0.17 5 -8.20 0.11 5 -6.80 0.16 4
T295A

H296A -9.59 0.14 4 -6.91 0.13 4 -7.45 0.13 5 -8.78 0.13 4 -6.70 0.13 5|
L297A -9.58 0.27 3 <6 3 ND -8.09 0.19 4 -6.82 0.21 4
L298A -9.51 0.14 5 -6.11 0.19 5 -7.48 0.10 5 -8.94 0.10 5 -6.64 0.16 5
Y299A ND ND ND -8.26 0.24 4 -6.75 0.27 3
1300A

F356A -9.63 0.11 5 -6.34 0.11 5 -7.35 0.10 5 -8.82 0.06 5 -7.16 0.08 5|
V357A

V358A ND ND -7.11 0.20 3 -8.01 0.17 5 -6.83 0.21 4
F359A ND ND -6.84 0.26 3 -8.36 0.21 5 -6.93 0.16 3
P360A

W361A

R362A

P363A

S364A -9.37 0.17 3 ND -7.46 0.11 4 -8.80 0.15 4 -6.91 0.15 4
N365A -9.38 0.11 3 -7.07 0.21 3 -7.99 0.18 4 -8.94 0.12 4 -7.04 0.17 5|
K366A -8.79 0.18 5 -6.93 0.13 4 -7.57 0.12 5 -8.85 0.20 5 -7.00 0.14 5
M367A -9.46 0.25 3 ND -7.05 0.14 5 -8.25 0.21 4 -6.94 0.14 4
L368A

G369A -9.95 0.20 4 -6.87 0.16 4 -7.60 0.10 4 -8.02 0.14 4 -7.07 0.18 4
K370A -9.66 0.12 5 -7.05 0.14 5 -7.61 0.10 5 -8.93 0.12 5 -6.99 0.12 5|
1371A -9.64 0.13 4 -7.06 0.19 4 -7.80 0.13 4 -8.47 0.12 4 -6.83 0.16 4
Y372A -9.14 0.16 4.<-6 4 -6.74 0.15 5 -7.92 0.10 5 -7.21 0.16 4
D373A

Y374A -9.63 0.18 3 -6.87 0.21 4 -7.54 0.12 4 -8.69 0.11 5 -6.98 0.15 5|
V375A -9.49 0.15 5 -7.03 0.10 5 -7.54 0.08 5 -8.92 0.11 5 -6.99 0.12 5
M376A

3L ogK; values were derived for each ligand and mutant receptor from analysis of either homologous (rAmy) or heterologous (SCT, hCT, pC
h CGRP) competition df3-rAmy binding. Mean, S.E.M. and the individual experitméntzles are reported. Sigance of changes in log

K; of each ligand was determined by comparison of mutant receptors to WT values by a one-way ANOVAsapdsbtestgtt 0.05

denoted by bold coloured entries. Orange, cagmidecreasel0-fold; red, sigréant decrease >10-fold). Gray shading indicates mutants where
robust radioligand binding was not detected. N.D. indicates that no value could be derived due to lack of robust competition and high d
variance.

of hCT and pCT at the F356A and M367A mutahiable 1 detectable response (ND) for C289A, P363A, and D373A
Figures S12D). The eect of mutations within ECL2 (Figures A,B; ancbE). Similarly, there was only limiteda
appeared to coincide with residues known to contribute ton rAmy functional anity, with loss of anity for W290A and
packing of ECL2 in CTRor were in close proximity to the L291A in ECL2 and F359A, P363A, L368A, and D373A in
predicted RAMP3 interfadeigure . In contrast, the ect ECL3 (Figures B,l; 5D). For sCT, only V357A in ECL3
of most mutations within ECL3 were consistent with potentialtered anity, with greater impact in ECL2 with decreased
peptide binding interfaces and edéential strength of functional anity for D287A, W290A, S292A and I300A
interaction for individual peptidésdgure 2. (Figures A,B; 5A). In distinction to the limited ects of
Peptide Functional A nity. For each peptide, concen- mutations on responses to these peptides, there was very
tratiorSresponse isotherms were established in assays roéirked, extended impact on hCT and pGTgyres
CcAMP accumulation and pERK1Rigures S¥S16, and 3B,C,G,H; 5B,C). Within ECL2 and the TM5 proximal
data were analyzed by operational modeling to derive estimagegment of ECL3, there was very similar impact on cAMP
of functional anity (logK,) (Figures &and4, Tables 2and functional anity for both peptides with attenuatechity for
3) and e cacy (log ) for each pathway; the latter were R281A (ND for hCT), N286A, D297A, C289A, W290A (ND
corrected for derences in cell surface expressimuies 6  for hCT), L291A, S292A, T295A, and L297A-1300A within
and7, Tables 4and5). ECL2, and F359A-P363A in ECL3, with the exception of
There was a marked peptide dependence in dioe @& L297A, L298A, and V358A that had no signit eect on
mutation on cAMP functional aity, with the greatest impact pCT a nity. Similarly, there was parallel loss afty for
on hCT and pCT across both ECL2 and ECE@gUre 3 Y372A, D373A, and M376A for both peptides. Nonetheless,
Table 2. hCGRP functional anity was minimally acted by divergent eects were seen for K366A, M367A, and V375A
mutation with signcant loss of anity for L368A, but no  (selective increased raty for pCT), and L368A (selective

D DOI:10.1021/acsptsci.9b00010
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Figure 3.Alanine mutation of ECL2 and ECL3 of ARIMlters Figure 4 Alanine mutation of ECL2 and ECL3 of ARI¥as limited
cAMP functional anity (log K,) in a peptide-spe@ manner. e ect on pERK functional aity (log K,). Functional anities
Functional anities derived from operationating of concen- derived from operationating of concentrati@response curves in
tratiorSresponse curves in cAMP accumulation for alanine mutatioBRK phosphorylation for alanine mutation of ECI®EjAand

of ECL2 (A-E) and ECL3 (F-J) are displayed aKJo§ignicance ECL3 (FSJ) are displayed as kg No signicant changes in &g

of changes was established by comparison of the WT to the otHfleom WT were seen for receptor mutants following one-way ANOVA
receptor mutants following one-way ANOVA and Dismpe#t-test and Dunnets post-test witP < 0.05 accepted as sigant. Where

with P < 0.05 accepted as sigant. Mutants that gave sigaint data were instciently robust to derive a reliable value faklagp
reductions between 3- and 10-fold are colored orange, and those vg$imbol is shown (ND). Quantitative data are reportédite 3
reductions greater than 10-fold are colored red. Mutants giving
signi cant increases in l&g, are colored green. Where data were . .
insu ciently robust to derive a reliable value fokiagp symbolis ~ seen for hCT and pCT for which there was broad importance

shown (ND). Quantitative data are reporte@ahle 2 of the amino acids in the core of ECL2, and peptide proximal
residues of ECL3, in cAMP but not pERK functionaity
decreased aity for hCT) (Figures B,C,G,H;5B,C; Table (Figure B,C versus-igure &,H). Alanine mutants that
2). selectively increased cAMP functionahitg for pCT

In contrast to the dramatic ext on cAMP functional clustered away from the peptide binding site and were located
a nity, there was no sigoant eect on measured pERK on the periphery of the receptor transmembrane domain. This
functional anity for any of the peptide§igures 4and 5, region would be predicted to interact with the membrane
Table 3. However, robust responses were not seen for thieilayer, suggesting that these candidate receptor-membrane
following mutants and peptides; R281A (hCT), D287A (hCT,nteractions constrain the receptor in a way that limits pCT
pCT, hCGRP), C289A (hCT, rAmy), W290A (hCGRP), functional anity when RAMP3 is present, as theck of
L291A (hCT, hCGRP), L298A, 1300A, P360A (hCGRP), mutation was not seen with mutants of CTR di¢Réure
R362A, P363A (rAmy, hCGRP), K370A (rAmy), 1371A6C versusFigure 6). For the other peptides, there was
(hCT, rAmy, hCGRP), D373A, V375A, and M376A limited e ect of loop mutation on functionalraty for either
(hCGRP) and thus the nature of the loss of response coulgathway, with the quardble eects primarily occurring
not be determined. within residues involved in packing of the ECL2 in the active

These data revealed markeemdinces in how ECL2 and structuresKigure % While no quantable eect was seen on
ECL3 contribute to functional aity across the two pathways pERK functional anity, there was a cluster of residues at the
at the AMYR (Figure % The most notable dédrences were apex of ECL3 that adverselyeaed rAmy and hCGRP

E DOI:10.1021/acsptsci.9b00010
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Table 2. Eect of Single Alanine Mutation in AMR ECL2 or ECL3 on cAMP Functional Aty (log K,) of Peptide§

sCT hCT pCT rAmy hCGRP
Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M.

WT (ECL2) -10.66 0.07 26 -9.99 0.06 23 -10.32 0.06 26 -8.73 0.06 26 -7.79 0.05 34
1279A -10.70 0.20 4 -9.81 0.17 4 -10.29 0.18 4 -8.91 0.18 4 -7.83 0.18 4
T280A -10.70 0.20 4 -9.75 0.09 11 -10.07 0.18 4 -9.04 0.20 4 -7.98 0.20 4
R281A -10.17 0.24 4 ND 4 -8.56 0.24 4 -7.83 0.34 4 -7.06 0.45 7
V283A -10.57 0.22 4 -9.68 0.18 4 -10.20 0.22 4 -8.68 0.24 4 -7.63 0.27 4
Y284A -10.76 0.22 4 -10.10 0.17 4 -10.34 0.19 4 -8.24 0.24 4 -7.67 0.21 4
F285A -10.15 0.16 4 -9.12 0.15 5 -9.71 0.15 4 -8.16 0.23 4 -7.15 0.22 4
N286A -10.09 0.23 4 -8.46 0.23 5 -8.87 0.23 4 -8.19 0.31 4 -7.16 0.38 4
D287A 0.21 4 -7.12 0.31 5 -7.70 0.36 4 -7.95 0.41 7 -7.42 0.55 6
N288A -10.76 0.19 4 -9.97 0.14 4 -10.43 0.15 4 -8.75 0.19 4 -7.79 0.13 4
C289A -10.21 0.24 5 -8.08 0.28 5 -8.51 0.27 5 -8.13 0.52 9 ND

W290A 0.19 4 ND -7.76 0.27 4 -7.22 0.55 4 -7.54 0.30 4
L291A -10.20 0.20 4 -7.42 0.20 4 -8.80 0.18 4 -7.52 0.24 4 -7.03 0.26 7
S292A -9.31 0.14 4 -8.98 0.10 5 0.09 4 -7.92 0.12 4 -7.33 0.12 4
V293A -10.01 0.12 4 -9.66 0.11 5 -9.76 0.12 4 -9.03 0.13 4 -8.17 0.15 4
E294A -10.58 0.22 4 -9.55 0.17 4 -10.15 0.21 4 -8.71 0.23 4 -7.54 0.28 4
T295A -10.36 0.26 4 -8.54 0.25 4 -8.39 0.40 4 -7.97 0.41 8
H296A -10.66 0.23 4 -9.70 0.19 4 -10.52 0.24 4 -8.65 0.26 4 -7.57 0.32 4
L297A -10.39 0.17 7 -8.52 0.16 7 -9.60 0.15 7 -8.86 0.21 7 -7.45 0.19 7
L298A -10.23 0.14 7 -8.73 0.11 7 -9.95 0.13 7 -8.77 0.14 7 -7.38 0.18 7
Y299A -10.41 0.22 5 -8.96 0.20 5 0.22 5 -8.20 0.27 5 -7.21 0.33 8
1300A 0.22 7 -8.41 0.17 6 -8.98 0.20 6 -7.98 0.27 7 -7.08 0.27 7
WT (ECL3) -10.73 0.08 26 -10.28 0.07 29 -10.22 0.07 25 -8.79 0.06 25 -7.73 0.06 27,
F356A -10.24 0.19 5 -8.36 0.19 5 -8.85 0.18 5 -8.61 0.15 5 -8.07 0.14 5
V357A 0.15 5 -8.88 0.14 5 -9.16 0.15 5 -8.30 0.16 5 -7.32 0.23 5
V358A -10.28 0.15 5 0.18 4 -9.92 0.16 4 -8.35 0.21 4 -7.37 0.36 4
F359A -10.26 0.12 5 -8.72 0.13 4 -9.09 0.12 4 0.15 4 -7.26 0.27 4
P360A -10.68 0.20 4 -8.74 0.18 4 0.16 4 -8.08 0.22 4 -7.02 0.59 5
W361A -10.36 0.15 5 0.17 5 0.16 6 -8.07 0.25 5 -7.25 0.27 5
R362A -10.61 0.23 4 -8.55 0.23 4 -8.77 0.22 4 -8.39 0.23 4 -7.37 0.34 4
P363A -10.48 0.30 4 -8.65 0.28 4 0.31 4 -7.65 0.96 4 ND

S364A -10.41 0.25 5 -9.85 0.21 5 -9.88 0.19 5 -8.48 0.18 5 -7.51 0.18 5
N365A -10.52 0.15 5 -9.70 0.13 5 -9.80 0.13 5 -8.39 0.11 5 -7.40 0.12 5
K366A -11.03 0.22 4 -10.23 0.20 4 -9.21 0.18 4 -7.74 0.16 4
M367A -11.32 0.33 3 -10.38 0.26 3 -9.11 0.27 3 -7.63 0.19 3
L368A -10.52 0.22 5 0.19 5 -9.79 0.19 5 0.21 5 0.29 5
G369A -10.59 0.22 4 -10.25 0.27 4 -10.26 0.22 4 -8.32 0.26 4 -7.38 0.26 4
K370A -10.67 0.22 5 -10.04 0.22 5 -10.04 0.19 5 -8.88 0.16 5 -7.76 0.16 5
1371A -10.60 0.23 4 -10.11 0.20 4 -9.98 0.19 4 -8.49 0.20 4 -7.39 0.24 3
Y372A -10.61 0.17 5 -8.41 0.18 5 -8.22 0.22 5 -8.20 0.16 5 -7.22 0.30 5
D373A -10.49 0.12 5 -8.75 0.11 5 -8.46 0.15 5 -7.52 0.46 5 ND

Y374A -10.82 0.27 5 -9.72 0.24 5 -9.93 0.24 5 -8.66 0.20 5 -7.58 0.25 4
V375A -11.15 0.43 3 -10.70 0.38 3 -9.20 0.39 3 -7.79 0.26 3
M376A -10.30 0.14 5 -8.66 0.18 4 0.19 4 -8.08 0.20 4 -7.33 0.31 4

3For each receptor mutant and ligand, concenSegisponse data for each pathway wevith the Black and Leperational model to derive

an a nity-independent measure otacy and functional aity (logK,). Mean, S.E.M., and the individual experimehtedlues are reported.

Signi cance of changes in Idg of each ligand was determined by comparison of mutant receptors to WT values by a one-way ANOVA and
Dunnetts post-test < 0.05 denoted by bold coloured entries. Orangecaignilecrease 10-fold; red, sigriant decrease > 10-fold; Light

green, signtant increase 10-fold; Dark green, sigrant increase > 10-fold). ND, data were not able to be reliably determined.

responses, but not those of CT peptides, suggesting that ti&+C versus BH). This greater ect on CTR mutation
are important for initiation or propagation of pERK signalingccurred for select amino acids deep in the peptide binding
(Figure BJ, see red arrows). pocket, with additional ects on pCT for residues that
The equivalent amino acids in CTR did not impact onextended, in 3D space, from the peptide proximal residues.
pERK functional anity of these peptideBigure D,E versus Peptide E cacy. The operationally derived eacy
_Figure _V,J), consistent with RAMP3 allqsterically a"[eringparameter,, is a measure of pathway-spgecioupling
interaction of rAmy and hCGRP with this segment of thgy ciency that relates the number of receptors occupied to
receptor, potentially througheets on engagement of the respons&’ Peptide ecacy for cAMP accumulation was
receptor with the midregion of the agonist peptiuiel_ix. largely unzected by mutation to ECL2 residuésgre
In general, the ect of ECL2 and ECL3 mutation was 8ASE, Table 3, albeit that the relatively high variance may

similar for AMYR and CTR for cAMP functional ity have limited those ects that achieved statistical sigmice
(Figure §, for most peptides, although RAMP3 appeared to Overall, ECL2 mutation tended to lead to increased

impart increased sensitivity to mutation for hCT and pCT. . . . “
The exception to this was hCGRP in which a greaietraf measures of peptide @acy for CT peptidestigure &S

mutation was seen for CTR relative to ARI¥Figure & C), with e ects achieving sigoance for S292A mutation
versussigure @), and this might rect increased strength of (SCT, PCT), L298A (sCT) and I300A (hCT). Increased
interaction of this peptide at the AJRYsuch that individual € Cacy of rAmy was also observed with the S292A mutant
mutation of amino acids had lessece (Figure ®). In contrast, both increased and decreasstyg
Intriguingly, while overall there was relatively limited impag¥as observed following mutation of amino acids in ECL3, in a
of ECL2 or ECL3 mutation on pERK functionahity for peptide-dependent manneigure §SJ). Greater numbers of
either AMYR or CTR, there was a greatega of mutation ~ mutations had sigmiant eects within ECL3; however, this
on CTR, patrticularly for CT peptides and within ECi@ufe was partially attributable to more robust expression of ECL3
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Table 3. Eect of Single Alanine Mutation in AMR ECL2 or ECL3 on pERK Functional Aity (log K,) of Peptide§

sCT hCT pCT rAmy hCGRP
Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M.

WT (ECL2) -8.13 0.17 27 -7.81 0.15 33 -8.36 0.16 31 -7.83 0.10 33 -7.54 0.16 25
1279A -7.91 0.31 5 -7.41 0.27 -8.35 0.27 6 -7.74 0.15 7 -7.73 0.22 5
T280A -8.69 0.31 5 -8.26 0.42 -8.53 0.31 6 -7.46 0.31 7 -7.28 0.38 7
R281A -9.45 0.55 6 ND -7.52 0.55 6 -8.02 0.38 8 -7.39 1.40 6
V283A -8.61 0.28 5 -7.77 0.25 7 -8.39 0.26 7 -7.79 0.18 8 -6.91 0.26 6
Y284A -8.59 0.54 7 -8.25 0.57 6 -7.77 0.46 5 -6.69 0.35 5 -6.90 0.70 5
F285A -8.94 0.57 6 -8.02 0.50 7 -9.19 0.61 5 -7.49 0.43 6 -7.02 0.90 5
N286A -9.18 0.77 6 -7.12 0.77 6 -8.36 1.02 5 -7.85 0.66 6 -6.54 1.24 5
D287A -8.54 0.67 6 ND ND -7.59 0.70 7 ND

N288A -8.73 0.29 6 -7.48 0.29 6 -8.47 0.39 5 -8.03 1.14 3 -7.47 0.26 6
C289A -9.09 0.84 6 ND 7.35 1.59 5 ND -6.62 0.63 6
W290A -8.51 0.38 6 -6.63 1.22 7 -7.04 0.71 5 -7.49 0.49 6 -7.49 1.62 5
L291A -8.90 0.69 5 ND -7.39 0.63 6 -7.92 0.78 5 ND

S292A -9.12 0.45 6 -8.02 0.46 7 -8.13 0.46 5 -7.65 0.46 6 -7.72 0.83 6
V293A -8.46 0.30 6 -7.83 0.30 7 -7.86 0.32 5 -7.72 0.27 6 -7.65 0.31 6
E294A -8.32 0.31 4 -7.90 0.25 7 -8.67 0.25 7 -7.92 0.17 9 -7.09 0.26 6
T295A -8.81 0.35 6 -7.07 0.93 8 -8.19 0.95 4 -7.84 0.79 7 -6.66 1.16 7
H296A -8.16 0.27 5 -7.71 0.25 7 -8.60 0.24 7 -7.60 0.17 8 -7.51 0.29 6
L297A -9.15 0.39 5 -7.19 0.37 6 -8.74 0.39 5 -7.97 0.33 4 -6.83 0.46 4
L298A -8.33 0.71 3 -7.28 0.65 3 -8.38 0.77 3 -7.02 0.83 3 ND

Y299A -9.15 0.48 6 -7.51 1.01 5 -7.95 0.98 5 -7.29 0.67 5 ND

1300A -8.94 0.55 5 -8.04 0.63 6 -8.46 0.52 6 -8.35 0.44 6 -7.16 0.80 4
WT (ECL3) -7.13 0.23 28 -7.19 0.20 24 -7.43 0.23 21 -6.79 0.24 23 -7.03 0.19 24
F356A -8.20 0.48 6 -6.85 0.80 6 -7.11 0.52 6 -7.37 0.43 6 -7.12 0.31 6
V357A -8.45 0.48 6 -7.09 0.53 6 -8.26 0.43 6 -7.98 0.43 6 -6.96 0.46 6
V358A -8.04 0.43 6 -7.67 0.54 4 -8.23 0.84 4 -7.25 0.80 4 -7.37 1.21 4
F359A -8.00 0.36 6 -7.58 0.50 4 -8.33 0.63 4 -7.29 0.61 4 -7.25 1.27 4
P360A -7.34 0.41 6 -6.92 0.62 5 -7.31 0.53 5 -6.96 0.48 6 ND 5
W361A -8.22 0.41 4 -7.13 0.48 3 -7.34 0.49 3 -6.66 0.57 3 -7.84 0.94 3
R362A 8.20 1.43 3 6.40 1.48 3 -7.49 1.56 3 ND ND

P363A -7.68 0.58 5 -6.72 0.75 5 -7.72 0.71 5 ND ND

S364A -6.84 0.44 6 -6.95 0.41 5 -8.02 0.46 3 -7.35 0.37 4 -7.00 0.30 5
N365A -7.26 0.38 6 -6.72 0.42 5 -7.99 0.46 3 -7.69 0.34 4 -6.38 0.40 5
K366A -8.29 0.69 3 -7.95 0.57 3 -8.51 0.82 3 -7.99 0.90 3 -7.15 0.68 3
M367A -6.90 0.83 3 -7.13 0.66 3 -7.48 0.67 3 -7.16 0.89 3 -7.70 0.80 3
L368A -7.84 0.35 6 -8.25 0.42 4 -8.87 0.34 5 -6.97 0.41 5 -6.76 0.53 5
G369A -8.00 0.76 3 -7.92 0.71 3 -8.07 0.83 3 -7.01 111 3 -7.14 1.11 3
K370A -7.59 0.41 6 -6.38 0.49 5 -7.61 0.43 4 -6.05 1.07 3 -7.32 0.58 3
1371A -8.22 1.03 3 ND -7.52 1.17 3 -8.02 1.71 3 ND

Y372A -6.88 0.44 6 -6.21 0.79 6 -7.24 1.04 5 -7.55 0.92 5 -7.15 1.01 5
D373A -7.30 0.48 6 -6.47 0.56 6 -6.22 1.05 5 ND -6.43 1.02 5
Y374A -7.31 0.38 6 -6.99 0.37 5 -6.85 0.46 4 -6.29 0.49 5 -7.05 0.38 5
V375A -7.32 0.55 6 -7.93 0.98 5 -7.99 1.01 4 -6.56 1.52 4 ND

M376A -7.87 0.72 6 -6.78 1.42 4 -7.60 1.40 4 -6.56 1.89 4 ND

3For each receptor mutant and ligand, concenSegisponse data for each pathway wevith the Black and Leperational model to derive
an a nity-independent measure otacy and functional aity (logK,). Mean, S.E.M. and the individual experimritaalues are reported.
ND, data were not able to be reliably determined. Where quantitative data could be derivechmalsggances from WT values were
observed, as assessed by a one-way ANOVA and’'®posetest (sigrdance set g < 0.05).

mutants Figure 1 Table ) and greater precision in the all CT peptidesRigure §SJ). Peptide-speciloss of ecacy
calculation of log (Table 3. was seen for V358A, F359A, R362A, Y372A (hCGRP),
The pattern of eect was similar for CT peptides, with M367A, and G369A (rAmyJ-igure 8J).
increased ecacy for each peptide observed with the F356A, Remarkably, there was a dramatic loss of peptiaeyeor
V358A, N365A, and D373A mutants and loss cday for pERK for most individual mutants within both ECL2 and
the V375A mutant figure &SH). Nonetheless, peptide ECL3 Figure 9Table 9, although there was a lessexceof
specic e ects were also observed with increasestyg atthe  ECL2 mutation on hCGRP eacy Figure ). Within
V358A (sCT), F359A (sCT, pCT), W361A (sCT), and ECLZ2, only I279A did not have any negatieeteon CT or
M376A (sCT) mutants. Selective attenuation chey was Amy peptide ecacy, albeit that the loss ofcacy did not
seen at the G369A and K370A (hCT) and Y372A (pCT)achieve sigriance for V283A (hCT, pCT, rAmy), Y284A
mutants Figure &SH). While there were parallels in the (rAmy), N288A (hCT), V293A (pCT), E294A, H296A (sCT,
e ect of the F356A and N365A mutation for rAmy andhCT, pCT, rAmy), L297A (hCT, pCT, rAmy), and L298A
hCGRP, the pattern of ect was generally distin€tigure (hCT) (Figure @SD, Table 5. As noted above, for hCGRP,
8l1,J), and more similar for these two peptides than betwearo robust response was observed for D287A, L291A, L298A,
them and the CT peptide§igure §SJ). Of all the ECL3  and Y299ATables 35). Of the other ECL2 mutants, only the
mutants, only the F356A and N365A mutants had equivaleB292A mutant produced a sigant loss of hCGRP eacy
e ect (increased eacy) on rAmy, hCGRP, and CT peptides, (Figure &). Like ECL2, alanine mutation of ECL3 broadly led
while the eects of increased eacy (V357A) and decreased to loss of peptide eacy Figure #SJ). For this loop, the
e cacy (V375A) were also observed for rAmy but nofpattern of eect was also mirrored for h\CGRRy(re 9). Of
hCGRP. Similar ects, distinct from those for CT peptides, the ECL3 residues, only S364A, N365A, and Y284A did not
were observed for both rAmy and hCGRP for P360A, W361Aigni cantly reduce ecacy of any of the peptiddsable 5.
P363A, and D373A (decreasectacy or ND), with the  For W361A and L368A, while loss ofa&cy occurred for all
nature of eect of the D373A mutant opposite to that seen forpeptides, this was not statistically signt for some of the
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Table 4. Eect of Single Alanine Mutation in AMR ECL2 or ECL3 on cAMP Signaling Eacy (log ) of Peptide$§

sCT hCT pCT rAmy hCGRP
Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N

WT (ECL2) -0.18 0.02 26 -0.19 0.02 23 -0.18 0.02 26 -0.18 0.02 26 -0.20 0.02 34
1279A -0.37 0.06 4 -0.40 0.06 4 -0.38 0.06 4 -0.36 0.06 4 -0.43 0.07 4
T280A -0.19 0.09 4 -0.12 0.09 11 -0.22 0.09 4 -0.24 0.10 4 -0.29 0.10 4
R281A 0.39 0.31 4 ND 4 0.32 0.31 4 0.15 0.32 4 -0.22 0.33 7
V283A -0.30 0.06 4 -0.33 0.05 4 -0.37 0.05 4 -0.39 0.06 4 -0.51 0.08 4
Y284A -0.20 0.09 4 -0.14 0.09 4 -0.15 0.09 4 -0.22 0.10 4 -0.24 0.10 4
F285A 0.08 0.13 4 -0.11 0.13 5 -0.04 0.13 4 -0.18 0.14 4 -0.15 0.14 4
N286A 0.20 0.10 4 0.04 0.10 5 0.09 0.10 4 0.00 0.11 4 -0.12 0.14 4
D287A 0.46 0.20 4 0.19 0.22 5 0.12 0.22 4 -0.11 0.22 7 -0.29 0.23 6
N288A -0.26 0.05 4 -0.16 0.04 4 -0.16 0.04 4 -0.31 0.05 4 -0.08 0.05 4
C289A 0.27 0.26 5 0.08 0.26 5 0.15 0.26 5 -0.34 0.27 9 ND

W290A 0.49 0.27 4 ND 8 0.23 0.27 4 -0.04 0.30 4 0.15 0.27 4
L291A 0.13 0.08 4 0.12 0.09 4 0.08 0.08 4 0.03 0.10 4 -0.34 0.10 7
S292A 1.10 0.10 4 0.42 0.05 5 0.96 0.09 4 0.27 0.05 4
V293A 0.24 0.05 4 -0.14 0.04 5 -0.05 0.04 4 -0.03 0.05 4 -0.19 0.05 4
E294A -0.27 0.05 4 -0.24 0.05 4 -0.32 0.05 4 -0.34 0.06 4 -0.46 0.08 4
T295A 0.31 0.26 4 0.25 0.26 4 0.29 0.26 4 0.06 0.27 4 -0.26 0.27 8|
H296A -0.35 0.06 4 -0.36 0.05 4 -0.43 0.05 4 -0.44 0.07 4 -0.58 0.09 4
L297A 0.24 0.21 7 0.19 0.21 7 0.22 0.21 7 0.04 0.21 7 0.12 0.21 7
L298A 0.39 0.15 7 0.28 0.15 7 0.29 0.15 7 0.17 0.15 7
Y299A 0.12 0.27 5 0.04 0.27 5 0.04 0.27 5 -0.03 0.28 5 -0.36 0.28 8|
1300A 0.35 0.43 7 0.37 0.43 6 0.22 0.43 7 0.24 0.43 7
WT (ECL3) -0.19 0.02 26 -0.18 0.02 29 -0.19 0.02 25 -0.19 0.02 25 -0.20 0.02 27
F356A

V357A -0.10 0.11 5
V358A -0.09 0.05 4 -0.07 0.04 4 -0.31 0.05 4 -0.58 0.09 4
F359A -0.04 0.05 4 -0.30 0.05 4 -0.66 0.08 4
P360A -0.31 0.05 4 -0.31 0.05 4 -0.23 0.05 4 0.06 4 -1.19 0.15 5
W361A -0.18 0.06 5 -0.20 0.06 6 0.08 5 -0.49 0.09 5
R362A -0.22 0.06 4 -0.24 0.07 4 -0.29 0.06 4 -0.36 0.06 4 -0.53 0.09 4
P363A -0.24 0.08 4 -0.26 0.09 4 -0.34 0.08 4 0.21 4 ND

S364A -0.30 0.06 5 -0.29 0.06 5 -0.27 0.06 5 -0.25 0.06 5 -0.26 0.07 5
N365A

K366A -0.22 0.04 4 -0.21 0.04 4 -0.25 0.04 4 -0.28 0.04 4 -0.20 0.05 4
M367A -0.43 0.06 3 -0.37 0.06 3 -0.38 0.05 3 -0.51 0.06 3 -0.28 0.07 3]
L368A -0.14 0.08 5 -0.13 0.08 5 -0.21 0.07 5 -0.28 0.08 5 -0.39 0.11 5|
G369A -0.23 0.05 4 -0.42 0.06 4 -0.32 0.05 4 -0.48 0.06 4 -0.43 0.08 4
K370A -0.36 0.05 5 -0.42 0.05 5 -0.38 0.05 5 -0.35 0.05 5 -0.32 0.05 5
1371A -0.24 0.07 4 -0.19 0.07 4 -0.23 0.07 4 -0.29 0.07 4 -0.27 0.09 3]
Y372A -0.26 0.05 5 -0.27 0.06 5 -0.46 0.06 5 -0.36 0.06 5 -0.69 0.09 5|
D373A -0.58 0.12 5 ND

Y374A -0.25 0.08 5 -0.24 0.08 5 -0.27 0.08 5 -0.22 0.08 5 -0.27 0.09 4
V375A 0.08 3 -0.55 0.08 3 -0.55 0.07 3 -0.66 0.09 3 -0.42 0.08 3
M376A -0.07 0.07 4 -0.11 0.07 4 -0.24 0.07 4 -0.46 0.10 4

3For each receptor mutant and ligand, concenSegisponse data for each pathway wevith the Black and Leoperational model to derive

an a nity-independent measure otacy (log ) and functional anity. These data were corrected for changes in cell surface expression from
FACS to yield Log.. Mean, S.E.M., and the individual experinfehtalues are reported. Sigance of changes in Igepf each ligand was
determined by comparison of mutant receptors to WT values by a one-way ANOVA arsdgoatitesty < 0.05 denoted by bold coloured
entries. Orange, sigrent decrease 10-fold; red, signtant decrease > 10-fold; light green, saymtiincrease 10-fold; dark green, sigrant

increase > 10-fold). ND, data were not able to be reliably determined.

peptides. Of the other mutants only K370A (hCT), F357Ato enhanced cAMP eacy for all peptide§igure 1ASE).
and D373A (hCGRP) did not have sigant eects on pERK  Interestingly, N365, whose alanine mutation also enhanced

peptide e cacy Figure #SJ). cAMP e cacy for all peptides, is located at the external face of
Mapping the ects of ECL2 and ECL3 mutation onto the the receptor Kigure 1ASE), and thus may make polar

3D AMY;R model revealed major eliences in the ect of interactions with lipid head groups that constrain conforma-

alanine mutation on the two signaling pathwagsré 11 tional propagation for Gs engagement in the context of the

Mutations through the core of ECL2 dramatically reduced CAMY3R. This amino acid was one of very few that did not
peptide and rAmy eacy for pERK but had very limited adversely @&ct pERK ecacy Figure 1ASE versustigure
impact on the ecacy in CAMP assaysdure 1} 10FSJ), suggesting that such a constraint doesewuitreon-
Within ECL2, the most notableeet on CAMP ecacy was  Gs pathways. We have previously shown that pERK is
increased ecacy with the S292A mutation. This contrasts toindependent of cAMP-dependent PKA activity, and PTX-
the decreased functionalnity of the CT peptides for this sensitive Gi/o proteins for the AMRY indicating that, like
pathway. S292 is capable of forming polar interactions and,GAR, the eect of mutations on the two measured pathways
the CTR, contributes to packing of ECL2 in the active$tate. reveal distinct conformational propagation pathways. Compar-
Nonetheless, in CTR the S292A mutation does not alter eitheson of the eect of mutation on AMR and CTR pointed to
a nity or e cacy of peptides for this pathWaphis suggests  peptide-speai in uence on cAMP eacy Figure 1)
that RAMP3 allosterically alters CTR ECL2 conformation, Intriguingly, while the pattern ofeet was similar, alanine
potentially allowing this residue to interact with rAmy and CTnutation in ECL3 had greater impact on sCtaey at
peptides when coupled to Gs. AMY;R compared to CTR, with mutation of the deeper,
Within ECL3, the mutation of residues at the proximal engbeptide-proximal residues within ECL3 enhancing cAMP
of TM6 that are located deep in the peptide binding pocket led cacy Figure 1A versus-igure 1E), implying a role for
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Table 5. Eect of Single Alanine Mutation in AMR ECL2 or ECL3 on pERK Signaling Eacy (log ) of Peptide§

sCT hCT pCT rAmy hCGRP
Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N Mean S.E.M. N

WT (ECL2) 0.86 0.11 27 0.88 0.10 33 0.84 0.10 31 0.04 0.04 33 -0.50 0.07 25|
1279A 1.05 0.24 5 1.09 0.21 7 0.94 0.18 6 0.31 0.09 7 -0.43 0.10 5
T280A -0.36 0.17 5 -1.29 0.20 8 -0.30 0.16 6 -1.13 0.16 7 -1.03 0.20 7
R281A -0.93 0.37 6 ND -0.53 0.40 6 -0.91 0.35 8 -1.45 0.60 6)
V283A -0.15 0.14 5 0.11 0.14 7 0.09 0.13 7 -0.48 0.09 8 -0.42 0.12 6|
Y284A -1.52 0.26 7 -1.48 0.25 6 -0.75 0.23 5 -0.72 0.20 5 -1.34 0.33 5
F285A -1.52 0.27 6 -1.37 0.25 7 -1.36 0.26 5 -1.40 0.22 6 -1.57 0.41 5
N286A -1.56 0.31 6 -1.28 0.38 6 -1.63 0.40 5 -1.57 0.27 6 -1.27 0.58 5
D287A -1.10 0.35 6 ND ND -1.47 0.34 7 ND

N288A -0.52 0.14 6 -0.04 0.16 6 -0.71 0.17 5 -2.33 0.39 3 -0.69 0.12 6
C289A -1.51 0.41 6 ND -1.87 0.72 5 ND -0.68 0.40 6)
W290A -0.26 0.32 6 -1.63 0.69 7 -0.63 0.44 5 -0.99 0.34 6 -1.55 0.63 5
L291A -1.45 0.29 5 ND -1.08 0.30 6 -1.81 0.30 5 ND

S$292A -1.24 0.19 6 -1.29 0.20 7 -0.85 0.20 5 -1.56 0.20 6 -1.74 0.34 6|
V293A -0.55 0.15 6 -0.55 0.14 7 -0.02 0.16 5 -1.03 0.12 6 -1.00 0.16 6
E294A 0.09 0.17 4 0.19 0.13 7 0.15 0.12 7 -0.49 0.08 9 -0.47 0.12 6
T295A -0.18 0.30 6 -1.54 0.51 8 -1.17 0.45 4 -1.63 0.39 7 -1.23 0.59 7
H296A 0.53 0.17 5 0.30 0.14 7 0.47 0.13 7 -0.38 0.08 8 -0.81 0.14 6
L297A -0.43 0.26 5 0.01 0.28 6 -0.17 0.26 5 -0.48 0.25 4 -0.42 0.30 4
L298A -0.82 0.35 3 -0.52 0.35 3 -0.86 0.33 3 -1.23 0.39 3 ND

Y299A -0.98 0.34 6 -1.72 0.51 5 -1.57 0.48 5 -1.40 0.39 5 ND

1300A -0.68 0.48 5 -0.92 0.50 6 -0.53 0.48 6 -0.86 0.46 6 -0.72 0.54 4
WT (ECL3) 1.21 0.17 28 1.16 0.15 24 1.07 0.16 21 1.13 0.18 23 0.68 0.12 24
F356A -0.75 0.24 6 -1.66 0.45 6 -0.79 0.29 6 -0.55 0.22 6 0.19 0.16 6
V357A -0.95 0.23 6 -1.06 0.31 6 -0.84 0.22 6 -0.82 0.22 6 -0.51 0.23 6
V358A -0.77 0.22 6 -1.22 0.27 4 -2.09 0.38 4 -1.62 0.39 4 -1.79 0.46 4
F359A -0.34 0.20 6 -1.26 0.26 4 -1.79 0.29 4 -1.42 0.31 4 -2.05 0.50 4
P360A -0.42 0.24 6 -1.56 0.35 5 -1.29 0.28 5 -1.09 0.26 6 ND

W361A 0.09 0.23 4 -0.09 0.30 3 -0.14 0.29 3 -0.24 0.36 3 -1.48 0.35 3
R362A -2.59 0.61 3 -2.09 0.91 3 -2.71 0.73 3 ND 3 ND

P363A -1.11 0.30 5 -1.49 0.44 5 -1.73 0.35 5 ND 5 ND

S364A 0.38 0.30 6 1.62 0.34 5 -0.27 0.24 3 0.22 0.22 4 0.39 0.18 5
N365A 0.51 0.25 6 1.20 0.33 5 0.03 0.26 3 0.45 0.20 4 1.04 0.31 5
K366A -1.26 0.32 3 -1.15 0.28 3 -1.86 0.35 3 -1.80 0.38 3 -0.96 0.30 3
M367A -1.12 0.49 3 -1.17 0.37 3 -1.26 0.35 3 -1.61 0.44 3 -1.37 0.31 3
L368A 0.30 0.21 6 -0.60 0.21 4 -0.23 0.17 5 -0.18 0.24 5 -0.65 0.26 5
G369A -1.39 0.36 3 -1.62 0.34 3 -1.81 0.38 3 -1.85 0.55 3 -1.53 0.46 3
K370A -0.55 0.23 6 0.59 0.37 5 -0.43 0.23 4 -0.65 0.75 3 -0.87 0.25 3
1371A -2.03 0.46 3 ND -2.27 0.56 3 -2.69 0.67 3 ND

Y372A -0.03 0.29 6 -1.33 0.54 6 -2.53 0.53 5 -2.26 0.42 5 -0.55 0.18 5
D373A -0.58 0.27 6 -0.65 0.37 6 -1.30 0.70 5 ND 0.25 0.05 5
Y374A 0.36 0.25 6 0.54 0.26 5 0.96 0.33 4 0.88 0.38 5 0.23 0.07 5
V375A -1.20 0.30 6 -2.64 0.46 5 -2.38 0.46 4 -2.26 0.83 4 ND

M376A -1.90 0.35 6 -2.62 0.78 4 -2.78 0.65 4 -2.50 1.02 4 ND

3For each receptor mutant and ligand, concenSegiponse data for each pathway wevith the Black and Leperational model to derive

an a nity-independent measure otacy (log ) and functional anity. These data were corrected for changes in cell surface expression from
FACS to yield log.. Mean, S.E.M., and the individual experimiehtahlues are reported. Sigance of changes in leef each ligand was
determined by comparison of mutant receptors to WT values by a one-way ANOVA aisddostitest (p < 0.05 denoted by bold coloured
entries. Red, sigoant decrease > 10-fold). ND, data were not able to be reliably determined.

RAMP3 in directing the conformation change required fo(Figure 1ESJ). In contrast, there was broad loss of pERK
activation of the Gs pathway for this peptide. For hCTe cacy for mutation of AMR across both ECL2 and ECL3
RAMP3 in AMYR appeared to shift the path of change from e 123E), supporting a model in which RAMP3 causes

ECL2 to ECL3, based on the shift in mutational sensmvmé switch in the intracellular transducers engaged by CTR that

between the two receptorSigqure 1B,G), while, in 3D . )
representation, theeet of mutation of pCT cAMP response '€ linked to the pERK pathway. While there has not been

was similar across AjRYand CTR Figure 1C,H). much investigation intohé pathways linked to pERK
The largest divergence between tleeteof mutation for ~ downstream of AMR and CTR, the use of pathway
AMY;R and CTR, on peptide-mediated cAMPcaey, inhibitors has implicated PKC, PI3K, and PLC in the
occurred for rAmy, in which, outside of deep pocket residugsosphorylation of ERKWhile those studies suggested
described above, mutation in ECL3 was generically associaleflia gierences in the ect of inhibitors between ANRY

with loss of ecacy for AMYR but had limited ect on CTR . i .
(Figure 1D,l). This is consistent with the selective enhance‘:’lnd CTR, the mechanistic basis for the major changes to

ment of rAmy anity and potency seen at the ARYWhile ~ Sensitivity of mutants for AN/ versus CTR remains to be
hCGRP potency is also enhanced at the;RMNis eect is elucidated. Nonetheless, they suggest that RAMP3 alters
less prominent than that induced by RAMRL such, itis  conformational propagation at least through ECL2 and ECL3.
perhaps unsurprising that thee of mutation on hCGRP  The exception to this was hCGRP that exhibited a similar
CAMP e cacy at the AMR was generally similar to that patern of mutational ect for both receptor phenotypes

observed for CTR(gure 1E,J). . . o
Among the most profound drences in the ect of (Figure 1E,J). This lack of ect may reect the limited

mutation on AMYR versus CTR was theeet on pERK induction of hCGRP binding and signaling that occurs with
e cacy Figure 1P For the CTR, there was minimal observed RAMP3, relative to CTR alone, when compared to the
e ect of ECL2 and ECL3 mutation on CTR-mediated pERKphenotypic induction by RAM®L.
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Figure 5.Alanine mutation of ECL2 and ECL3 of ARIMlters Figure 6.Alanine mutation of ECL2 and ECL3 has distiretite on
functional anity (logK,) in a peptide- and pathway-speaianner. AMY;R and CTR cAMP functional aity (log K,). Functional
Functional anities derived from operationating of concen- a nities derived from operationtting of concentrati@response
tratiorSresponse curves in CAMP accumulati@EjAand pERK curves in cAMP accumulation are displayedog, from wild-

(FSJ) are displayed adog K, from wild-type. lllustrated is a top type for AMYR (ASE) and CTR (J). lllustrated are top views of
view of the AM¥R model with the extracellular surface subject tothe receptors with the extracellular surface subject to alanine scanning
alanine scanning depicted (combined surface/cpk representatiodppicted (combined surface/cpk representation). Mutations that
Mutations that sigréantly alter peptide functional Kygare colored signi cantly alter peptide functional Kgare colored according to
according to the magnitude ofeet, with mutated amino acids the magnitude of ect, with mutated amino acids without sogmi
without signicant alteration to lo&, colored gray. Amino acid alteration to logl, colored gray. Amino acid mutations where there
mutations for which there was an irgently robust functionalect was an insuciently robust functionalect to quantify by operational

to quantify by operational modeling are depicted in black. Thenodeling are depicted in black. The receptor ECD and peptide are
receptor ECD and peptide are not shown for clarity, with the CTRiot shown for clarity, with the CTR TM bundle in blue ribbon and
TM bundle in blue ribbon and RAMP3 in green ribbon. Red arrowRAMP3 in green ribbon in pane®& and CTR TM bunding in red

in panels | and J indicate residues at the apex of ECL3 that afiebon in panels$J. Data for CTR functional mity are from Dal

a ected for Amy and CGRP but not CT peptides. Maso et al., 2018

CONCLUSION

Biased agonism is a key pharmacological behavior of bsignaling and the molecular basis for RAMP modulation of
endogenous GPCR ligands and drugs that target thekgceptor function.

receptors. Class B GPCRs are important physiological targets

that display biased signaling in response to both endogenous METHODS

and exogenous agonists, although the mechanistic basis fdReagents. All peptides were purchased from Mimotopes.
these dierential eects is unclear. In this study, we Dulbeccts Modi ed Eagle Medium (DMEM) was purchased
demonstrate that the dynamic nature of CTR ECL2 androm Invitrogen. Fetal bovine serum (FBS) was purchased
ECL3 in propagation of signaling is fundamentally altereflom ThermoFisher Sciemti AlphaScreen reagents, Lance
when complexed with RAMP3 to form the AR)¥lespite  cAMP kit, and 384-well Optiplates were purchased from
only having predicted direct interactions with ECL2. MorePerkinElmer. SureFire ERK1/2 reagents were obtained from
over, the work shows that the role of these loops in recept®GR Biosciences and PerkinElmer. Antibodies were purchased
signaling is highly peptide dependent, illustrating that evdrom R&D Systems and ThermoFisher. All other reagents were
subtle changes to peptide sequence may change signapingchased from Sigma-Aldrich or BDH Merck and were of an
output downstream of the receptor. The work further suppor@nalytical grade.

the allosteric role proposed for RAMPs in altering GPCR Mutagenesis. Desired mutations were introduced to N-
functiorf’>?° with these changes, as assessed in the curreerminally c-Myc tagged human CTR in pENTER11
study, extending well beyond the RAMP-CTR interface. Whilgnvitrogen) as previously describetien LR recombination

full understanding of thesedings will likely require solution reactions were conducted to transfer mutated and wild-type
of structures of CTR:RAMP3 along with individual agonisfWT) receptor into the pEF5/FRT/RIluc-8/IRES/RAMP3/
peptides and transducer proteins, the current work advandésnus destination vector using Gateway Technology (In-
our understanding of peptide control of class B GPCRitrogen), similar to our previously reported design of
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Figure 7. Alanine mutation of ECL2 and ECL3 has distiretite on

AMY;R and CTR pERK functional rity (log K,). Functional

a nities derived from operationtting of concentrati@response

curves in pERK are displayed lag K, from wild-type for AMBR

(ASE) and CTR (/5J). lllustrated are top views of the receptors with

the extracellular surface subjec alanine scanning depicted

(combined surface/cpk representation). Mutations thatcsigthy

alter peptid_e functional IKg_are co_Iored_accordi_ng_to the m_agnitude Figure 8.Alanine mutation of ECL2 and ECL3 of ARMlters
of e ect, with mutated amino ac.lds W|thqut sigmit alteration to cAMP e cacy (log ) in a peptide-sped manner. Peptide eacy
log K, colored gray. Amino acid mutations where there was afloq ) was derived from operationating of concentrati¢h
insu ciently robust functional ect to quantify by operational yegnonse curves in cAMP accumulation for alanine mutation of ECL2

modeling are depicted in black. The receptor ECD and peptide fR5E) and ECL3 (BJ), and corrected for cell surface receptor
not shown for clarity, with the CTR TM bundle in blue ribbon and expression to yield Log taSignicance of mutation ect was

RAMP3 in green ribbon in A-E, and CTR TM bunding in red ribbonggiaplished by comparison of the WT to the other receptor mutants

in F-J7. Data for CTR functional rity are from Dal Maso et al., following one-way ANOVA and Dunisefiost-test wit® < 0.05

2018: accepted as sigoant. Mutants that signantly reduced log are

colored orange (LO-fold change), or red (>10-fold change). Mutants

bicistronic constructs. Mutants were conmed by auto-  that signicantly increased logare colored green {0-fold change,

mated-sequencing. light green; >10-fold, dark green). Where data wereciestly
Stable Cell Line Generation and Cell Culture.The robust to derive a reliable value for fow symbol is shown (ND).

mutant or WT receptor genes were integrated into Flpln-CVv@uantitative data are reportedrable 4

cells using Flp-In system (Invitrogen). Stable Flp-In expression

cell lines were generated through polyclonal selection aReérkinElmer, 78% counteragency). Values were normalized

screening and maintained in DMEM supplemented with 5%gainst nonspecibinding, dened by the presence of M of

(viv) FBS, 300 g/mL hygromycin B (Invitrogen) at 3C in unlabeled rAmy, and total ligand bound radioligand.

5% CQ. Independent WT controls were established for each Cell Surface Expression Assessment by FACSurface

of the ECL2 and ECL3 mutants, as these were created etpression of AMR mutants stably expressed in CV-1 cells

di erent times. was quanted by ow cytometry of antibody binding to the c-
Whole Cell Competition Binding Assay. Radioligand  Myc tagged CTR subunit of the receptor using standard

competition binding was performed as previously deScribednethods. Cells were grown in 6-well plate$ at 10 cells

on whole cells seeded into 96-well plates and culturgeer well the day before assay. Cells were harvested in the

overnight, except th&fl-rAmy was used as the radioligand. presence of versene. All staining steps were conducted in ice

For homologous competition binding experiments, cells weceld Hanks Balanced Salt Solution (HBSS) with 0.1% bovine

incubated overnight af@ with 100 pM!23-rAmy (specic serum albumin (BSA) and 20 mM HEPES (4-(2-hydrox-

activity, 2000 Ci/mmol) and serial dilutions of non-iodinatedyethyl)-1-piperazineethanesulfonic acid, pH 7.4). Blocking was

rAmy, while heterologous competition was in the presence ofnducted in 5% BSA. Primary antibody staining was

increasing concentrations of unlabeled peptide. Non-boumerformed with 5g/mL 9E10 (anti-c-Myc) antibody. The

ligand was removed and bound ligand activity was measussgtondary antibody was @/mL goat antimouse AF647

using a counter (Wallac Wizard 1470 Gamma Counter,(ThermoFisher). Sytox blue was used for live/dead discrim-
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Figure 10.Alanine mutation of ECL2 and ECL3 of ARIMlters
peptide e cacy (log o) in a pathway-specimanner. Ecacy values
derived from operationating of concentrati@response curves in
cAMP accumulation 8E) and pERK (BJ) are displayed atog
from wild-type. lllustrated is a top view of the Avtivodel with the
extracellular surface subject to alanine scanning depicted (combined
surface/cpk representation). Mutations that seymily alter peptide
i . i log . are colored according to the magnitude exdftewith mutated
Figure 9.Alanine mutation of ECL2 and ECL3 of ARINlters  aming acids without sigoant alteration to log, colored gray.
PERK e cacy (log ) in a peptide-sped manner. Peptide eacy Amino acid mutations for which there was an aisatly robust
(log ) was derived from operationating of concentratiéh functional eect to quantify by operational modeling are depicted in
response curves in pERK for alanine mutation of EGE) ghd black. The receptor ECD and peptide are not shown for clarity, with

ECL3 (F5J), and corrected for cell surface receptor expression e CTR TM bundle in blue ribbon and RAMP3 in green ribbon.
yield log .. Signicance of mutation ect was established by

comparison of the wild-type to the other receptor mutants following

one-way ANOVA and Dunristpost-test witP < 0.05 accepted as  perkinElmer Lance kit as previously descfilizata were

signi cant. Mutants that sigoantly reduced log, are colored normalized to the maximal response of each peptide.

B sy oo hamve o ol e o g % ERKI2 Phosphonlation.Cells (25 10' calshel)

symbol is shown (ND). Quantitative data are reportédtle 5 were .Seedeq into 96-well C.UIture plates an.d incubated

overnight. Initially, pERK1/2 time-course experiments were
performed over 30 min to identify the time point when the

ination. Data were collected on a FACS Cantosll (BDPERK1/2 response is maximag§amin). Subsequently, this

Biosciences) with at least 20000 live cells collected p#me point was selected to generate concentration response

sample. WT stained CTR sample and stained parental C\tlirves for dierent agonists with ligand addition performed

cells were collected at the beginning and the end of each rafter overnight serum starvation with DMEM. FBS was used as

Data were analyzed using FlowJo. The mean AF64¥ positive control. pERK1/2 was detected using an
uorescence intensity from each sample for a particulAiphaScreen assay as previously describeda were

experiment was normalized against parental (0%) and Wibrmalized to the maximal response elicited by each peptide.

CTR (100%) controls. Pharmacological Data Analysis.ICsy and B,,,, values
cAMP Accumulation Assay.Cells (2.5x 10 cells/well) were estimated from competitive inhibition'‘dfrAmy

were seeded into 96-well plates and incubated overnighinding using a three-parameter logistic equation [Log-

Complete media was replaced with phenol red-free DMEMnNhibitor versus response)] in Prism (v7 or v8; GraphPad).

containing 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) andThe concentration of the radioligand wa8% of theKp

0.1% BSA and preincubated for 30 min. Cells were stimulatealues. Under these conditions, thg d@proximatels;, and

with increasing concentrations of ligands for 30 min in theuch data are reported as Kg The Black and Le

presence of 0.5 mM 3-isobutyl-1-methylxanthine (IBMX). Theperational model of partial agonisthwas applied to

media was discarded, changed to absolute ethanol asebarate ects on pathway-spexie cacy (dened by the

volatilized to dryness at room temperature. Samples weralue tau,) from those that modify ligand functionahiy

then lysed and intracellular cAMP was detected using tlflog K,). Derived values were normalized to experimentally
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Figure 11.Alanine mutation of ECL2 and ECL3 has distirette

on cAMP peptide ecacy for AMMR and CTR. Peptide eacy, . .
derived from operationating of concentratidresponse curves in ©" PERK peptide eacy for AMYR and CTR. Peptide eacy,

cAMP accumulation, are displayed lag . from wild-type for derived from operationdting of concentrati@response curves in
1 c

AMY.R (ASE TR (. il ; f the PERK, are displayed dsg . from wi_Id-type for AMJR (ASE) an_d
R (ASE) and C (8J). lllustrated are top views of the HER (FSJ). lllustrated are top views of the receptors with the

receptors with the extracellular surface subject to alanine scann . - : ) -
depicted (combined surface/cpk representation). Mutations thft racellular surface subject to alanine scanning depicted (combined

. : : : surface/cpk representation). Mutations that samtly alter peptide
signi cantly alter peptide functional Iqaare colored according to A ” p p
the magnitude of ect, with mutated amino acids without Sogmit functional log are colored according to the magnitudeaaftewith

alteration to log, colored gray. Amino acid mutations for which mutateAd amino %mds ;N'tt.hO“t :lgan:].alr:etrﬁtlon to log. cqlorgd
there was an insagiently robust functional ect to quantify by ~ 9'@y: AMiNo acid mutations tor which there was anciestly

operational modeling are depicted in black. The receptor ECD af@Pust functional ect to quantify by operational modeling are
peptide are not shown for clarity, with the CTR TM bundle in blug epicted in black. The receptor ECD and peptide are not shown for

: : ; o : larity, with the CTR TM bundle in blue ribbon and RAMP3 in green
ribbon and RAMP3 in green ribbon 8 and CTR TM bundin ¢ A L : =
in red ribbon in BJ. Dgta for CTR peptide eacy are from ngl ribbon in AE, and CTR TM bundling in red ribbon i8F Data for

Maso et al.. 2018 CTR peptide ecacy are from Dal Maso et al., 2018.

Figure 12.Alanine mutation of ECL2 and ECL3 has distirette

determined levels of cell surface expression to provideirspection. The systems were embedded in a pre-existing 1-
measure of ecacy (c) that is independent of aity and palmitoyl-2-oleydrglycerol-3-phospho-choline (POPC) hi-
altered cell surface receptor expresspi,. pk,, and log layer using an insertion metfiddyith overlapping lipids
values for mutant receptors were statistically compared temoved. The receptor orientation was determined from the
those of the respective WT receptor using a one-way analySalcitonin receptor-Gs complex (PDB ID: 5UZ7) entry in the

of variance (ANOVA) and Dunristipost-test. Sigiciance OPM databas€.TIP3P water molecufésvere added to the

was accepted Bt< 0.05. 106 Ax 106 Ax 141 A simulation box using the VMD Solvate
Computational Methods. System PreparationThe plugin version 1.5h{tp://www.ks.uiuc.edu/Research/vmd/

CTR:RAMP3 complex was built using the Modeler complugins/solvatg/ Sodium and chloride ions were added to

parative modeling program from the full CGR&mI CTR® mimic an ionic strength of 0.150 M and to obtain overall

3.3 A cryo-EM receptor structures, which included the missimfparge neutrality, using the VMD Autoionize plugin 1.3
loops, and the 1.76 A CLR:RAMP2 X-ray crystal structure ¢Autoionize Plugin, Version 1.3. attsp://www.ks.uiuc.edu/

the extracellular domain of the adrenomedullin reCeptor Research/vmd/plugins/autoionige/

(PDB codes 6E3Y, 6NIY, and 4RWF, respectively). The Systems Equilibration and MD Settingfie MD engine

disul de bond between RAMP3 residues Cys 28 and Cys 7RCEMD’’ was employed for both the equilibration and
was included. The structure with the best discrete optimizemoductive simulations, which employed the CHARMMS36
protein energy (DOPE) scdteut of 1000 generated models force eld>® Equilibration was achieved in isothéisabaric

was prepared for molecular dynamics simulation using canditions (NPT) using the Langevin thermdsi@arget:
combination of python htfidand tcl (Tool Command 300 K) with a low damping of 15psand the Berendsen
Language) scripts. Hydrogen atoms were added using pdarostdf (target: 1 atm) over a three-stage procedure using
2pqr?? the protonation state of titratable side chains wasn integration time step of 2 fs. First, clashes between protein
determined using propKRdrun at pH 7) coupled with visual ~and lipid atoms were reduced through 2500 conjugate-gradient

M DOI:10.1021/acsptsci.9b00010
ACS Pharmacol. Transl. S€KXX, XXX, XXXXX


http://www.ks.uiuc.edu/Research/vmd/plugins/solvate/
http://www.ks.uiuc.edu/Research/vmd/plugins/solvate/
http://www.ks.uiuc.edu/Research/vmd/plugins/autoionize/
http://www.ks.uiuc.edu/Research/vmd/plugins/autoionize/
http://dx.doi.org/10.1021/acsptsci.9b00010

ACS Pharmacology & Translational Science

minimization steps followed by a 2 ns long MD simulatiorof China grants (81573479 and 81773792), Shanghai Science
with a positional constraint of 1 kcal¥h8F? on protein and  and Technology Development Fund grant (15022291600 and
lipid phosphorus atoms. Second, 33 ns of MD simulation wA$ZR1407100), Novo Nordisk-CAS Research Fund grant
performed with only the protein atoms constrained. Third(NNCAS-2017-1-CC), and the Biotechnology and Biological
positional constraints were applied only to the proteirBciences Research Council (BBSRC; BB/M006883/1).
backbone alpha carbons for a further 35 ns. S.G.B.F. is an ARC Future Fellow. D.W. is a Senior Research
A1 ssimulation was run in the canonical ensemble (NVTJellow, and A.C. and P.M.S. are Senior Principal Research
at 300 K, using a thermostat damping of G4 pee M- Fellows, of the NHMRC. D.L.H. is a James Cook Research
SHAKE algorithfit was used to constrain the covalent bondsFellow of the Royal Society of New Zealand. C.A.R. is a Royal
involving hydrogen atoms, enabling a time step of 4 fs. A 9%ociety Industrial Fellow. S.A. is supported by the Peter
cuto distance was used for the electrostatic interactions, wilticholls bequest.
a switching function applied beyond 7.5 A; long-range
Coulomb interactions were handled using the particle mesh REFERENCES
Ewald summation method (PM&ith a mesh spacing to 1.0 (1) Alexander, S. P., Christopoulos, A., Davenport, A. P., Kelly, E.,
A. The mutagenesis results were plotted on the 200 ngarrion, N. V., Peters, J. A., Faccenda, E., Harding, S. D., Pawson, A.
structure, since this was deemedaismt to remove any strain  J., Sharman, J. L., Southan, C., and Davies, J. A. (2017) CGTP

within the initial structure. Collaborators. The concise guide to pharmacology 2017/18: G
protein-coupled receptoBx. J. Pharmacol. 1{8uppl. 1), SIF
ASSOCIATED CONTENT S129.
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