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ABSTRACT: Adrenomedullin (AM) and calcitonin gene-related Ve
peptide (CGRP) receptors are critically important for metabolism,
vascular tone, and inflammatory response. AM receptors are also
required for normal lymphatic and blood vascular development and
angiogenesis. They play a pivotal role in embryo implantation and
fertility and can provide protection against hypoxic and oxidative
stress. CGRP and AM receptors are heterodimers of the calcitonin
receptor-like receptor (CLR) and receptor activity-modifying &S S SN,
protein 1 (RAMP1) (CGRPR), as well as RAMP2 or RAMP3 N o
(AM;R and AM,R, respectively). However, the mechanistic basis \ 1
for RAMP modulation of CLR phenotype is unclear. In this study,
we report the cryo-EM structure of the AM R in complex with AM
and Gs at a global resolution of 3.0 A, and structures of the AM,R
in complex with either AM or intermedin/adrenomedullin 2 (AM2) and Gs at 2.4 and 2.3 A, respectively. The structures reveal
distinctions in the primary orientation of the extracellular domains (ECDs) relative to the receptor core and distinct positioning of
extracellular loop 3 (ECL3) that are receptor-dependent. Analysis of dynamic data present in the cryo-EM micrographs revealed
additional distinctions in the extent of mobility of the ECDs. Chimeric exchange of the linker region of the RAMPs connecting the
TM helix and the ECD supports a role for this segment in controlling receptor phenotype. Moreover, a subset of the motions of the
ECD appeared coordinated with motions of the G protein relative to the receptor core, suggesting that receptor ECD dynamics
could influence G protein interactions. This work provides fundamental advances in our understanding of GPCR function and how
this can be allosterically modulated by accessory proteins.

RAMPs alter GPCR
dynamics

| CGRPR, AMIR, AMR |

KEYWORDS: cryo-electron microscopy, adrenomedullin, calcitonin gene-related peptide, G protein-coupled receptor,
receptor activity-modifying protein, allosteric modulation, receptor structure—function

protein-coupled receptors (GPCRs) comprise the adrenomedullin (AM) receptors with CLR.*> The CGRP

largest superfamily of cell surface receptors, and they receptor (CGRPR) is a heterodimer of CLR and RAMPI,
are ubiquitously important for normal physiology, aslgvell as while AM, and AM, receptors are heterodimers of CLR and
key mediators of disease and disease resolution.”” The RAMP2 or RAMP3, respectively.”’
complexity of GPCR function is further increased through
interaction with accessory proteins that can modulate receptor
phenotype. Prototypical of these accessory proteins is the
receptor activity-modifying protein (RAMP) family of 3 single
transmembrane spanning proteins, RAMP1-3, respectively.3
There is increasing evidence that RAMPs can interact broadly Special Issue: Advances in GPCR Signal Transduction
with GPCRs,”* but they are best studied for their interaction Received: October 8, 2019
with the calcitonin (CT) family Class B GPCRs, the CT Published: March 20, 2020
receptor (CTR), and CT receptor-like receptor (CLR), where
they are responsible for formation of amylin receptors with
CTR and the CT gene-related peptide (CGRP) and

CGRP is a commonly expressed neuropeptide that performs
a key role in sensory neurotransmission. It has wide-ranging
physiological functions that include roles in metabolism, blood
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Figure 1. Refined EM maps of the AM receptor complexes. (A—C) AM:CLR:RAMP2:GsDN:Nb35 complex. (D—F) AM:CLR:-
RAMP3:GsDN:Nb35S complex. (G—I) AM2:CLR:RAMP3:GsDN:Nb3S complex. (A, D, G) Full maps and receptor only maps (D, G)
containing the backbone model of the complexes in ribbon format; CLR (blue), RAMP2 (green), RAMP3 (coral), AM (red), AM2 (dark pink),
G protein a-subunit (gold), f-subunit (cyan), y-subunit (dark purple), and Nb35 (white). (B, E, H) Local-resolution-filtered EM maps displaying
local resolution (A) colored from highest (dark blue) to lowest resolution (red). (C, F, I) Gold standard Fourier shell correlation (FSC) curves
for the final maps and map validation from half maps, showing overall nominal resolutions of 3.0, 2.4, and 2.3 A for the AM:AM,R (C),
AM:AM,R (F), and AM2:AM,R (1), respectively, and 2.6 A for the receptor only maps (F, I). (J—L) 3D histogram representations of the Euler
angle distribution of all the particles used in the reconstruction overlaid on the density map drawn on the same coordinate axis for complexes of
the AM:AM|R (J), AM:AM,R (K), and AM2:AM,R (L), respectively.

pressure regulation, inflammatory response, and auditory released during neurogenic inflammation. CGRP contributes
nerve development and function.’”® It is a potent vasodilator to the pathology of migraine, with multiple antibody
264 https://dx.doi.org/10.1021/acsptsci.9b00080
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therapeutics approved that either reduce levels of the peptide
or inhibit its target receptor.9 In contrast, CGRP is protective
in experimental models of inflammatory bowel disease and
hypertension, and it is a critical neuropeptide for development
and modulation of auditory responses. Moreover, CGRP is
reported to protect against HIV infection.'”"!

AM, a potent vasodilator peptide hormone, is essential for
normal physiology and development, with transgenic knock-
out of the peptide causing embryologic lethality."” It is
required for normal lym}phatic and blood vascular develop-
ment and angiogenesis.~ It plays a pivotal role in embryo
implantation and fertility' "> and provides protection against
hypoxic and oxidative stress.'® Experimental manipulation of
AM levels or AM receptor activity is indicative of protective
roles in hypertension, myocardial infarction, and inflammatory
disease, while AM peptides can also promote cancer growth
and metastasis. A related peptide, intermedin/adrenomedullin
2 (AM2), also has a number of im7p0rtant regulatory functions
and binds to the AM receptors.”'” Modulation of AM peptide
signaling has significant therapeutic potentia1,17_19 and an
understanding of the structural basis for AM and AM2
binding to AM, and AM, receptors is required for rational
exploitation of these targets.

We recently reported the structure of the CGRPR, and this
revealed an unexpected interface for RAMP1 interaction with
CLR and that the only direct interaction of RAMPI1 with
CGRP is limited to the peptide C-terminal residue,” first
reported in isolated extracellular domains (ECDs) of
CLR:RAMP1.>' As such, the effect of RAMP1 on CLR
pharmacology is predominantly allosteric. Mechanistic under-
standing of the allosteric control of CLR phenotype by
different RAMPs requires structures of CLR with RAMP2 and
RAMP3.

In this study, we report the cryo-EM structure of the AM,R
in complex with AM and Gs and structures of the AM,R in
complex with either AM or intermedin/adrenomedullin 2
(AM2) and Gs. The structures reveal distinctions in the
primary orientation of the ECDs relative to the receptor core
and distinctions in the position of extracellular loop 3 (ECL3)
that are receptor-dependent. Analysis of dynamic data present
in the micrographs revealed additional distinctions in the
extent of mobility of the ECDs, and chimeric exchange of the
linker region of the RAMPs connecting the transmembrane
(TM) helix and the ECD supports a role for this segment in
controlling receptor phenotype. Moreover, a subset of the
motions of the ECD appeared coordinated with motions of
the G protein relative to the receptor core, suggesting that
receptor ECD dynamics could influence G protein inter-
actions (and thus efficacy), which has been previously
postulated but as-yet not demonstrated.”>*

B RESULTS AND DISCUSSION

Structure Determination. The CLR expression construct
previously used for determination of the CGRPR structure™
was used to form complexes with RAMP2 (AM,R) or RAMP3
(AM,R). This construct had the native signal peptide
substituted with that of hemagglutinin (HA) and affinity
tags bracketed by 3C cleavage sites at the N- and C-terminus
(FLAG and His, respectively). RAMP2 and RAMP3 were
modified to include a HA signal sequence, followed by a
FLAG epitope without a 3C cleavage site (Figure S1). These
modifications did not alter receptor pharmacology (Figure
S2A,B).
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Active complexes of AM R or AM,R with heterotrimeric Gs
were formed following coexpression of CLR and RAMP2, or
of CLR and RAMP3, with a stabilized form of Gas, His-Gf1,
and Gy2 in Tni insect cells.””**** Complex formation was
initiated by addition of excess AM(13—52) (AM;R and
AM,R) or AM2 (47 amino acid peptide) (AM,R) and
stabilized by removal of nucleotide with apyrase and addition
of nanobody 35 (Nb3$S) that binds across the Gas—Gpl1
interface.”>”” The CLR affinity tags were cleaved with 3C
enzyme, and the complex was solubilized in lauryl maltose
neopentyl glycol (LMNG)/cholesteryl and then purified by
nickel and anti-FLAG chromatography, followed by size-
exclusion chromatography (SEC) to yield monodisperse peaks
that contained each of the components of the complex with
each of the peptide ligands (Figure S2C—H), with good 2D
classes in negative stain transmission electron microscopy
(TEM). Vitrified samples for each receptor complex were
imaged by conventional cryo-TEM on a Titan Krios to yield
consensus maps at gold standard FSC 0.143 of 3.0, 2.4, and
23 A for the AM_AMR, AM_AM,R, and AM2_AM,R
complexes, respectively (Figures 1A—I and S3A—C), despite
varying levels of preferred orientation within the vitrified
samples (Figure 1J—L). Focused refinement of the AM,Rs
using a mask around the receptor generated maps of 2.6 A
global resolution, with improved local resolution of the
receptor ECD that allowed this domain to be directly
modeled (Figures 1D—I and S3B,C).

High-resolution features were observed for each of the maps
with local resolution ranging from 2.6 A to >6 A
(AM_AMR), 2.0 A to >4 A (AM_AM,R), and 22 A to
>4 A (AM2_AM,R) (Figures 1B,E;H and S4—S6), with
highest resolution in the G protein, the G protein—CLR
interface, and TM core for each of the receptors. Lower
resolution was observed for the RAMP:CLR ECDs and
associated peptide C-termini, with low resolution for the
RAMP TM-ECD linker region and parts of ICL3 and ECL3
for each of the receptors (Figures S4—S6). No density was
observed for most of the C-terminus of CLR, with limited
density for C-terminal residues of the RAMPs (summarized in
Figure S7). No clear density was observed for the N-terminal
AM residue (S13) or for the N-terminal AM2 residues (T1-
V8). The C-terminus of AM in the AM;R ECD was poorly
resolved. For this receptor, the backbone structure of the
peptide in the ECD X-ray crystal structure (4RWF)*' was
used to assist in assigning the peptide density. In the case of
the AM,Rs, the maps from focused refinement allowed ab
initio modeling of most of the ECD and peptide C-terminus.
The C-terminal peptide backbones of AM and AM2 in the
AM,Rs were similar to those observed in related ECD X-ray
crystal structures (4RWF”' and 6D1U).”® There was very
limited density for the Gas a-helical domain, and this was
masked out in final refinements. Density for the C-terminal
ends of Gf1 and Gy2 were variable across the receptors
(Figures S4—S6). For the rest of the receptor and G protein
the map density allowed robust assignment of side-chain
rotamers using either the full map, or receptor focused maps
(Figures S4—S6).

Global Structural Features of AM Receptors. While
the ECDs of the complexes exhibited lower resolution in the
consensus maps, the resolution did allow fitting of backbone
models of the ECD of CLR and each of the RAMPs into the
density to identify the primary metastable positions of these
domains (Figure 2A,B). The AM and AM2 co-complexes of

https://dx.doi.org/10.1021/acsptsci.9b00080
ACS Pharmacol. Transl. Sci. 2020, 3, 263—284


http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.9b00080/suppl_file/pt9b00080_si_001.pdf
pubs.acs.org/ptsci?ref=pdf
https://dx.doi.org/10.1021/acsptsci.9b00080?ref=pdf

ACS Pharmacology & Translational Science pubs.acs.org/ptsci

O
CLR:R2:AM €7
CLR:R3:AM D>

CLR:R3:AM
CLR:R3:AM2

Figure 2. Overlay of the backbone structures in protein worm format of (A) the AM:AM|R (CLR:R2:AM) and AM:AM,R (CLR:R3:AM)
complexes and (B) the AM:AM,R and AM2:AM,R (CLR:R3:AM2) complexes. The peptide and G proteins have been omitted for clarity. (A)
RAMP2 and RAMP3 ECDs have different orientations relative to the CLR ECD, whereas (B) the difference in positioning of the ECD between
the two AM,Rs is due to a rigid body lateral movement. Distances in the TM domain in (A) are between the Car of TM6 L3514% (~5 A) and
ICL2 F246""* (~3 A) and in (B) are ECL1 V2055°" (2.6 A) and TM7 V36477 (2.6 A). The CLR in the RAMP3 (R3) complexes is colored
blue, and it is gray in the RAMP2 complex. RAMP?2 is green, and RAMP3 is coral.

the AM,R exhibited very similar backbone conformation for ECD that propagated from a minor difference in the position
the transmembrane core of both CLR and RAMP3, with an of the extended TMI helix (Figure 2B). Within the receptor
~3.5—6 A lateral rigid body displacement of the CLR:RAMP3 core, there was a 2.6 A shift in the position of ECL1

266 https://dx.doi.org/10.1021/acsptsci.9b00080
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CLR:RAMP1

CLR:RAMP2

CLR:RAMP3

AM:CLR:RAMP2

AM:CLR: (4RWF)

Figure 3. (A) Overlay of the backbone structures in ribbon format of the CGRP bound CGRPR (CLR:R1:CGRP), AM-bound AMR
(CLR:R2:AM), and AM-bound AM,R (CLR:R3:AM) complexes. CLR is colored as follows: in the CGRPR, dark pink, in the AM|R, gray, and in
the AM,R, blue. RAMP1 is colored dark red, and RAMP2 is shown as green. RAMP3 is shown as coral. (B) Backbone (ribbon format) overlay of
the AM:CLR:RAMP2 structure with the X-ray crystal structure of the ECDs of AM:CLR:RAMP2 (4RWF). Colors are as follows: cryo-EM
structure: AM (red), CLR (blue), RAMP2 (green); 4RWF: AM (orange), CLR (light blue), RAMP2 (aquamarine).

(measured from the Ca of V2055°!), and distinctions in the
location of the tops of TM6 and TM7, and by implication to
the conformation of ECL3, although this was not resolved in
the maps (Figure 2B). In contrast, there were greater
differences in the receptor conformations of AM bound to
the AM, and AM, receptors, respectively (Figure 2A). The
most striking of these was in the orientation of the CLR ECD
relative to either RAMP2 or RAMP3. In addition, there was a
marked difference in the conformation of TM6 that was more
kinked in the AM;R (outwardly displaced by ~5 A, measured
from the Car of L351%%; superscript corresponds to receptor
amino acids are the conserved class B GPCR numbers; Figure
2A).*° Prior mutagenesis studies have shown that there are
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differential impacts of several residues in this region on AM
activity between the two receptors.””

At the intracellular face of the receptor, the largest
difference observed was for ICL2 with a 3.4 A displacement
measured at the Ca of F2465¢? (Figure 2A). The
conformation of the transmembrane bundle of CLR in the
CGRPR* most closely resembles that seen in the AM;R,
including the conformation of ICL2 and the angle of TM6
and TM7 at the extracellular face (Figure 3); however, the
CLR:RAMP1 ECDs are more dramatically rotated compared
to both AM receptors (Figure 3). This may contribute to the
distinct peptide binding specificity of the CGRP receptor,
although it is evident that the dynamic motion of the RAMPs
and CLR play a key role in the allosteric modulation of

https://dx.doi.org/10.1021/acsptsci.9b00080
ACS Pharmacol. Transl. Sci. 2020, 3, 263—284
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Figure 4. CLR-RAMP interface for the AM_AM,R (A), AM_AM,R (B), and AM2_AM,R (C). Map to model figures illustrating tightness of
TM packing (left panels), and extent of engagement of the proximal RAMP linker with ECL2 (right panel). Map density for the RAMP is shown
as mesh. Map density for CLR is shown as a transparent surface. RAMP2 (green), RAMP3 (coral), and CLR (blue).

receptor phenotype by RAMPs (see below). We also
compared the ECD of the AM-bound AM|R to that of the
equivalent structure of the isolated ECD domain solved by X-
ray crystallography’’ (Figure 3B). While there was high
similarity in the overall backbone conformation, when aligned
to the CLR ECD, the RAMP2 ECD occupied a distinct
position in the two structures. This is similar to the

268

observation made for the CGRPR* and may reflect
distinctions associated with the additional interactions that
occur in the full-length, active receptor. Nonetheless, as noted
below, the ECD is a highly dynamic domain in the cryo-EM
structures.

RAMP—CLR Interface in AM Receptors. The surface
charge of RAMP2 was predicted to be more acidic than that

https://dx.doi.org/10.1021/acsptsci.9b00080
ACS Pharmacol. Transl. Sci. 2020, 3, 263—284
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Figure S. AM and AM?2 peptide binding to AM receptors. (A) Electrostatic surface potential for CLR for each of the receptor complexes (AM;R
ECD is from PDB: 4WRF), with the peptides and RAMPs shown as ribbon representation. Colors are as follows: in the AM;R: AM (red) and
RAMP2 (green); in the AM,R: AM (dark red) and RAMP3 (light red); in the AM,R: AM2 (dark pink) and RAMP3 (light pink). The
electrostatic potential ranges from —5 (red) to +5 (blue) kT e™'. (B) CLR residues selectively engaged (left panels) or differentially engaged
(right panels) by equivalent amino acids of AM with the AM R and AM,R, with common residues shown as gray surface representation and
distinct interactions mapped in red (AM_AM,R) or dark red (AM_AM,R); specific interacting residues are detailed below. (C) CLR residues
selectively engaged (left panels) or differentially engaged by (right panels) positionally equivalent amino acids of AM or AM2 with the AM,R,
with common residues shown as gray surface representation and distinct interactions mapped in red (AM_AM,R) or dark pink (AM2_AM,R);
specific interacting residues are detailed below. The location of the deepest peptide residue in the binding pocket is highlighted (G19*M™;
G13*M2). For clarity in (B) and (C), CLR is colored differently; other colors are as follows: light gray, AM_AM,R; blue, AM_AM,R; light blue,
AM2_AM,R.

of RAMP3 (Figure S8A versus 8B,C), and the RAMPs formed X-ray crystallography structures of the isolated ECDs of CLR
extensive interactions with CLR between both the ECDs and and RAMPs.”*®*! Moreover, as observed in the full-length
TM domains. The former has previously been described for CGRPR,” interactions between RAMP and the peptide
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Figure 6. N-terminal peptide interactions with the TM core of CLR for the AM-bound AM,R (A), AM-bound AM,R (B), and AM2-bound
AM,R (C) calculated with using LigPlot+. Peptide residues are colored dark red (AM at AM;R), red (AM at AM,R), and dark pink (AM2 at
AM,R), and receptor residues are colored blue. Hydrophobic interactions are illustrated by red (AM) or pink (AM2) arcs with CLR in the
reverse color, and interacting residues are joined by a red line. Amino acids involved in H-bonds are shown in atomic detail and H-bonds are
shown as dashed green lines. (D) Structure models of N-terminal peptide binding to the AM R (left panel; AM, dark red; RAMP2, green; CLR,
gray) or the AM,R (middle panel: AM, red; RAMP3, coral; CLR, blue; right panel: AM2, dark pink; RAMP3, coral; CLR, light blue). The
protein backbone is shown in a ribbon format, and side chains are shown in the x-stick format.

agonists were restricted to the far C-terminus of the peptides
(Figure S8A—C).

Unsurprisingly, RAMP2 and RAMP3 interact with the
equivalent transmembrane segments of CLR as observed for
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RAMP1,* forming an interface with TM3—5 (Figures 4A—C
and S8A—F) and looping over ECL2 of CLR before forming a
relatively disordered linker that connects the TMD to the
RAMP ECD. Overall, RAMP3 exhibited tighter packing with
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the CLR TMD compared with RAMP2 (Figure 4B,C versus
4A). While both RAMP2 and RAMP3 formed interactions
with ECL2, the organization of the membrane proximal
RAMP linker was distinct between the two RAMPs. In both
AM and AM2 occupied structures, RAMP3 formed a H-bond
between D113 and both T288%“"* and H289*“"* (Figures
4B,C and SS8E,F). The interaction with T288%¢™? is also
observed for RAMP1 and CLR in the CGRPR,** however,
this was absent from RAMP2 despite conservation of the Asp
residue, with no interaction of the positionally equivalent
D140"* with ECL2 of CLR (Figures 4A and S8D). However,
a potential H-bond occurring between S139"* and T288"¢"
may also limit productive engagement with ECL2 (Figures 4A
and S8D).

Peptide Binding to AM Receptors. Density for AM
peptide and receptor in the ECD in AM|R, and the overall
density of both RAMP2 and RAMP3 ECD in all structures
was limited. As such, we concentrated our analysis on the
engagement of the peptide N-terminus with the receptor core
that drives receptor activation. AM and AM2 have extended
N-termini, relative to CGRP, but these residues are not
required for functional activity of the peptides.””>**

Similar to the CGRPR,*® there were no direct interactions
between the peptide N-termini and the RAMPs (Figures $
and 6). All peptides adopted a similar conformation consisting
of an N-terminal loop formed by a conserved disulfide bridge
(C16*M-C21*™; C10*™*—C15*™*) followed by a short
amphipathic a-helix that terminated where the peptides exited
the TM core of the receptors (C21*M-F33*; C154">—
Q26*2) (Figures 5B,C and 6D). The structure of the loop
was further reinforced by likely H-bonds between backbone of
C10*™2/C16™ and the side chain of N19*™* or K25*.
Substitution of K25*™ with Ala results in modest effects on
signaling.” The far N-terminus of the peptides exited away
from the surface of the receptor, providing a structural
explanation for the lack of functional importance of the
extended N-termini of AM and AM2.

The deepest residue in the receptor core was the conserved
Gly, G13*2/G19*™ (Figure SB,C). Substitution of G19*™
with Ala has profound effects on activity in a pathway-specific
manner,”” while substitution of G132M? with Ala has marked
effects on peptide potency.’” In all cases, the peptides bind
into an open cavity that is enabled by the splayed outward
movement of TM6/TM7/ECL3, and there are limited
interactions between the peptides and this segment of the
receptors (Figure SA). Despite all interactions between the
peptide and receptors in the receptor core occurring with the
common CLR subunit, the binding pocket for the AM,R
presented a more acidic environment than that of the AM|R,
albeit that this was partially influenced by the bound peptide
(Figure SA).

Unsurprisingly, the overall pattern of peptide interaction for
the two AM receptors was similar, with interactions principally
with TM3, TMS, and ECL2, with additional interactions
toward the top of TM2 and TM1 (Figures SB,C and 6).
These included key conserved interactions observed across
other class B GPCRs,”® such as with positions 1.33, 1.36, 2.64,
2.68, 3.36, 3.37, 3.44, and 5.40. For the latter, H295°* in
CLR, this formed a H-bond with T14*™? in the AM, receptor,
while it likely forms transient H-bonds with T20*™ at AM;R
and AM,R. CLR mutagenesis studies support this role of
H295°%, and substitution of T20*™ with Ala substantially
reduces peptide activity.”® Similarly, a loss of peptide potency
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has been observed in prior investigation’” of T14*M2 As
previously noted,” mutation of 5.40 in class B GPCRs leads
to attenuation of signaling, indicative of a key role in driving
G protein coupling.26’33_37 Interestingly, for AM binding to
the AM,R there are more selective interaction or distinct
types of interactions with the distal segment of ECL2
compared with AM,R interactions, where there were more
selective interactions with the middle region of ECL2 and
adjacent residues that line the binding site as the peptide exits
the TM core (Figure SB). Comparison of the interactions
between AM and AM2 with the AM,R revealed that AM2
made more extensive interactions than AM, with positionally
equivalent amino acids, perhaps not surprisingly, forming
distinct interaction patterns with residues in TM1, TM7, and
ECL2 (Figures SC, right panels, and 6B,C), although there
were more selective residue interactions observed for AM
(Figure SC, left panels). N19*"* forms a H-bond with
$286""* and this may increase stability of AM2 binding in
the AM,R, despite generally greater specific interactions
between AM and ECL2 in this receptor (Figures SC and
6B,C). Interestingly, the interactions of AM, AM2, and
CGRP?’ with ECL2 occur principally at the mid-distal (TMS5)
end of the helix, similar to what is also observed for the
related CTR but distinct from other class B GPCRs that bind
peptides with extended helices. In those receptors, the
interactions are greater with more proximal ECL2 residues,
and this distinction may, in part, explain the large differences
in the effect of Ala mutations of ECL2 on peptide eflicacy
seen between GLP-1R and CTR,*®*7*° which can be further
modified by RAMP interaction.*'

The lateral displacement of TMI1 and the ECD in the
AM2:AM,R leads to the fourth loop of the CLR ECD being
located closer to the AM2 peptide as it exits the receptor,
compared with AM at either the AM;R or AM,R (Figure 6D).
In the AM2:AM,R complex, there is extensive H-bonding
between R23*™? and D965 and the potential for additional
transient H-bonds with S98¥P (Figure 6D), and this may
influence the relative positioning of the ECDs relative to the
receptor core.

In general, there were more differential interactions between
AM binding to the AM,R rather than at the AM;R and for
AM2 compared with AM binding to the AM,R (Figure 5B,C).
The latter differences are likely due to the divergence in more
C-terminal residues of the peptide helices between AM and
AM?2, leading to distinct interactions of AM2 with TM1 and
the ECD as the peptide exits the receptor core (Figures SB,C
and 6). This may, in part, contribute to the greater potency of
AM2 at the AM,R relative to AM;R.° Collectively, the
observed interactions in the structures are generally consistent
with the known structure—function relationships for AM
peptides binding to AM receptors,””*>*>*”** with exceptions
likely related to dynamics of binding to the receptor, including
entry to and egress from the receptor core.

Unlike other active-class B GPCR structures, including the
CGRPR,””*’ there is very limited interaction between the
peptides and TM7 of the AM receptors. In other class B
GPCRs, it has been postulated that peptide-specific
interactions with TM7/ECL3/TM6 may be involved in
biased agonism that has been described at these receptors.”
The functional significance of the current observations is
unclear; however, little biased agonism is seen at the AM
receptors,33 consistent with interactions with TM7/ECL3/
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TM6 being drivers for biased agonism, at least for class B
GPCRs.

Receptor—G Protein Interface. The conformation of the
receptor at the interface with the G protein was very similar
for all three structures, with the exception of ICL2 that
adopted a distinct conformation in a RAMP-dependent
manner (Figure 7A—C). Not surprisingly, the overall interface
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Figure 7. Comparison of the receptor:G protein interface across
CLR:RAMP receptor heterodimers. (A) Overlay of the intracellular
face of the CGRP and AM, receptors, highlighting the common
positioning of most side chains. The largest exception was in the
position of F246 in ICL2 that occupied a common position between
the CGRPR and AM|R (upper panel), as well as between the
different peptide-bound AM,R (middle panel), but was distinct
between AM,R and the other receptors (lower panel). (B) The G
protein occupies a common global interaction position that is highly
similar in conformation across receptors. (C) Close up of panel B,
boxed area, focusing on the interaction with ICL2. (D) The bound
Gs heterotrimer has a similar surface electrostatic potential when
binding to AM receptors. The protein backbone is shown in a ribbon
format, and side chains are shown in the x-stick format. RAMP1 is
colored dark red, RAMP2, green, RAMP3, coral. CLR in the CGRPR
is colored dark pink, in the AM-bound AM|R, gray, in the AM-bound
AM,R, blue, in the AM2-bound AM,R, light blue. G proteins are
colored equivalent to CLR for each receptor.

of the G protein with the receptor was nearly identical (Figure
7D), with the G proteins virtually overlaid across both the AM
receptors and the previously published CGRPR*® (Figure 7B).
Within ICL2, the largest difference was in the location of
F246"°"? that was deeper in the groove between the Gas aN
and aHS helices for the AM|R, compared to the AM,R,
regardless of bound peptide. Interestingly, the position of
F246'“"* in the CGRPR was equivalent to that of the AM R
(Figure 7A,C). The specific interactions of the C-terminal end
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of the Gs aHS that extends into the receptor cavity were
highly conserved across the three structures, particularly for
the last S amino acids (Figures 7C and 8C). However, there
were differences in engagement of the Gs aN arising from the
distinct ICL2 conformation (Figures 7 and 8). In the
complexes, the G protein—receptor interaction is stabilized
by mutations to the @-subunit”””*** and Nb3$, a prerequisite
to stable complex formation and structure determination.
Nonetheless, this may contribute to the similarity in observed
interactions in the current structures. The CLR-based
receptors also interact with an additional, intracellular
accessory protein, CGRP Receptor Component Protein
(RCP), and this interaction is important for efficiency of Gs
signaling by CGRP and AM receptors.”* The site of RCP
interaction with CLR is reported to be ICL2."> As such,
RAMP-dependent differences in the conformation of CLR
ICL2 could influence RCP engagement and Gs signaling.

RAMPs Allosterically Alter CLR Conformational
Dynamics to Engender CGRP and AM Receptor
Phenotype. One of the most fundamental questions for
RAMP-complexed GPCRs is what is the mechanistic basis for
RAMP modulation of receptor phenotype? This has been
particularly puzzling as the RAMPs form only very limited
direct interaction with the far C-terminus of the peptides, and
substitution of the C-terminal peptide residues does not lead
to substantially altered receptor specificity.”’ Likewise,
structural and biochemical studies of the isolated ECDs of
CGRP and AM, and AM, receptors have not provided clues
as to the major determinant(s) for the altered receptor
phenotypes, despite identification of important ECD residues
for peptide interactions.””***"***® The current AM receptor
structures, together with our previously published structure of
the CGRPR, has enabled consideration of the differences that
occur across the three RAMP modulated receptors in their
peptide-bound activated states. Somewhat surprisingly, with
the exception of TM7/ECL3/TM6 that do not directly
contact the peptides, the packing of the transmembrane core
and the interactions made by the peptide N-terminal domain
with the core were remarkably similar in the consensus
structures. This suggests that conformational dynamics of the
RAMP—CLR complexes, rather than the consensus metastable
interactions, may be the principal drivers of distinct receptor
phenotypes. The largest difference in the structures was in the
location of the ECDs, relative to the receptor core (Figures 2
and 3), with the location of the ECDs in the CGRPR more
distinct from the AM receptors than the differential location
of the ECDs between AM R and AM,R. Previous molecular
dynamics (MD) simulations of the CGRPR in the presence
and absence of RAMP1 indicated that the presence of the
RAMP limits the dynamic motion of the CLR ECD,”
consistent with the notion that the RAMP influence on
receptor dynamics could underpin differences in observed
functional phenotype.

Unlike X-ray crystallography, a potential advantage of cryo-
EM is the ability to observe dynamics of the protein
complexes as distinct conformations captured during sample
vitrification.*”** The lower resolution of the ECDs in the
consensus maps suggested that such dynamic information was
present in the current cryo-EM data, and the large number of
particles and high relative resolution of the data provided a
potential opportunity to understand relative motions of the
different AM receptor complexes. 3D multivariate analysis in
cryoSPARC was applied to the AM receptor data, as outlined
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Figure 8. CLR—Gas interface for AM_ AM|R (A), AM_AM,R (B), and AM2_AM,R (C). Interactions were determined using LigPlot+. Gas
residues are gold, and receptor residues are blue. Hydrophobic interactions are illustrated by red or pink arcs adjacent to residue labels, and
interacting residues are joined by a red line. Amino acids involved in H-bonds are shown in atomic detail with H-bonds shown as dashed green
lines. (D) Summary of the specific interactions. Interactions common to all 3 receptor complexes are shown in bold and are shaded light green.
Residues involved in H-bond interactions are shown in green type. Interactions common to AM bound to AM;R and AM,R only are shaded light
orange. Interactions common to complexes of the AM,R only are shaded yellow. Interactions common to AM bound to AM,R and AM2 bound
to AM,R only are shaded blue.

in Figure S9. This analysis has the potential to separate global
motions that can be grouped via principal components. As
such, this can provide insight into the coordinated motion of
the complexes. For all receptors data was partitioned into 3
normal modes (Movies S1—S3, S6—S8, and S11—S13), and
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this analysis indicated that a component of the motions of the
ECDs and G protein occur in a coordinated manner,
suggesting that the breadth of ECD motion may be partially
linked to conformational dynamics of the receptor-G protein
interface (and vice versa). While the quality of the data for the
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AM R complex with AM created additional noise relative to
the AM,R complexes, the analysis revealed that the AM;R had
greater overall motion (Movies S1—S3) than the correspond-
ing AM,Rs (Movies S6—S8 and S11—S13), and this was
particularly reflected in the dynamics of the ECD, and is
consistent with the lower resolution of this domain for AM R
in the consensus map (Figure 1B). As noted above for the
consensus map, the RAMP3 TM has tighter packing
interactions with the receptor TM and stronger interactions
between the proximal linker domain and the receptor ECL2.
This limits the motion of the RAMP3 and maintains
interactions with ECL2 across the observed sub conforma-
tions (Figure 9B,C; Movies S9 and S14). In contrast, the

Figure 9. cryoSPARC multivariate analysis of the AM-bound AM,R
(A), AM-bound AM,R (B), and AM2-bound AM,R (C) focusing on
the interface of the RAMP and ECL2. Three normal modes were
captured as 20 map files for each receptor complex and snapshots of
the first and last frame (F1 and F19, respectively) are displayed for
the AM,R complexes (B, C). For AM|R, due to the greater noise in
the data, the early and late frames primarily reflected loss of signal; as
such, F6 and F16, which represent the ends of the motion, are
displayed (A). Map density is displayed as a gray surface.

weaker interactions of RAMP2 appear to lead to almost
complete disengagement of the proximal linker with ECL2
and the much broader motions of the ECD noted above
(Figure 9A; Movie S4), with the AM peptide also appearing
to make more transient interactions with the receptor core
than either of the peptides with the AM,R, although the
resolution of the AM;R complex does not allow for this to be
analyzed at a molecular level.

A second interesting observation from the dynamic
conformational analysis was revelation that the RAMP3 C-
terminus made transient interactions with the G protein aN
helix for both AM2 and AM-bound complexes (Figure 10B,C;

Figure 10. cryoSPARC multivariate analysis of the AM-bound AM,R
(A), AM-bound AM,R (B), and AM2-bound AM,R (C) focusing on
the interface of Gas and the receptors, particularly the RAMP C-
terminus and ICL2. Three normal modes were captured as 20 map
files for each receptor complex and snapshots of the first and last
frame (F1 and F19, respectively) are displayed for the AM,R
complexes (B, C). For the AM|R, due to the greater noise in the
data, the early and late frames primarily reflected loss of signal; as
such, F6 and F16, which represent the ends of the motion, are
displayed (A). Map density is displayed as a gray surface. Color key:
CLR, blue; RAMP2, green; RAMP3, coral; Gas, gold. The end of the
resolved density for each of the RAMPs is illustrated with a dashed
line labeled with R2b (RAMP2) or R3b (RAMP3).

Movies S10 and S15), although this was more evident in the
AM2:AM,R data. However, this was not observed for the
RAMP2 complex (Figure 10A; Movie SS) and may contribute
to the differences in the metastable ICL2 conformation noted
in the consensus structures, although the functional
importance of this is currently unclear. This may be linked
to the conformational sampling of ICL2 as the extension to
the base of RAMP3 appeared to be correlated with strength of
the density for F246'“" in the consensus map position for the
AM,R structures (Figure 10B,C; Movies S10 and S15).

As the multivariate analysis could not be applied to the
CGRPR (RAMP1) data, we performed MD simulations on
the CGRPR complex in comparison to equivalent simulations
on the AMR complex (Movie S16). Consistent with the
observations in analysis of the cryo-EM data, in the
simulations RAMP2 formed transient interactions with
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Figure 11. Pharmacological analysis of RAMP1 linker chimeras with RAMP2 or RAMP3. (A) Amino acid sequence of the linker regions
(numbered using the RAMP1 sequence for simplicity), with the different length chimeras denoted by colored boxes: red, whole linker (102—
118); blue, N-terminal linker region (102—112); green, mid-linker region (108—112); purple, C-terminal linker region (116—118). Conserved
residues are in gray, and divergent residues are in black. (B, C) Peptide concentration—response was measured in cAMP accumulation assay,
following transient expression of constructs into COS-7 cells, for full linker exchange (B, upper panel) or exchange of the 108—112 segment (B,
lower panel), the 116—118 segment (C, upper panel), or the 102—112 segment (C, lower panel).

ECL2, and this was paralleled by relatively transient
interactions of the more distal segment of the linker with
the CLR ECD, giving rise to broad motions of the ECD
relative to the receptor core. In contrast, the proximal RAMP1
linker formed much more stable interaction with ECL2, and
this was also true of the distal linker with the CLR ECD,
giving rise to both the distinct orientation seen in the cryo-
EM structure and much more limited mobility of the ECD
domain. We also extended the analysis of the AM;R using
principal component analysis (Movies S17 and S18—S22),
and this revealed similar patterns of coordinated motions
between the receptor and G protein to those observed in the
different normal modes of the 3D multivariate analysis of the
cryo-EM data, providing additional support for the notion of
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coordinated motion between the receptor ECD and G protein
(Movies S17 and S20—S22).

Membrane-Proximal RAMP Linker Region Is Critical
in AM Receptor Dynamics and Functional Phenotype.
The multivariate analysis described above revealed greater
dynamic motion of the AM;R relative to the AM,Rs, including
movement of the membrane proximal RAMP2 linker away
from ECL2 and destabilization of the AM binding pose that is
likely associated with the weaker interactions observed in the
static structure. As such, we postulated that this domain may
be a key contributor to the allosteric regulation of CLR
phenotype by RAMPs and consequently generated a series of
chimeras between the three RAMPs, exchanging different
segments of the linkers (summarized in Figure 11A; Table 1).
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Table 1. Summary of pEC;, and E,,, Values for cAMP Production at CLR + RAMPs or RAMP Chimera Constructs in Cos7

Cells Stimulated with CGRP, AM, or AM2“

CGRP AM AM2
PECso Eiax PECso e PECso Eiax
RAMP1 Whole Linker
RAMP1 9.96 + 0.42 (3) 190 + 21 7.48 + 0.11 (S) 239 + 12 8.72 + 0.13 (5) 203 + 6
RAMP1/2 8.84 + 037 (3)° 157 + 20 7.86 + 0.20 (S) 197 + 18 8.86 + 0.24 (S) 184 + 14
RAMP1/3 N.D. N.D. N.D. N.D. N.D. N.D.
RAMPI 102—112
RAMP1 8.95 + 0.40 (3) 256 + 33 7.45 + 0.30 (4) 199 + 28 8.62 + 0.28 (4) 248 + 23
RAMP1/2 847 + 0.17 (3) 304 + 18 7.46 + 023 (4) 321 + 34" 8.92 + 0.17 (4) 308 + 17
RAMP1/3 8.49 + 0.48 (3) 294 + S1 7.50 + 0.21 (4) 217 + 21 9.13 + 0.14 (4) 241 + 11
RAMPI1 108—112
RAMP1 9.40 + 0.35 (5) 141 + 13 7.57 + 0.12 (5) 241 + 13 8.72 + 027 (5) 162 + 14
RAMP1/2 8.38 + 0.19 (4)° 265 + 18” 7.45 + 0.16 (4) 230 + 17 8.73 + 0.14 (4) 232 + 11°
RAMP1/3 N.D. N.D. N.D. N.D. N.D. N.D.
RAMPI 116-118
RAMP1 9.46 + 0.31 (4) 181 + 15 7.58 + 0.31 (4) 213 + 29 8.52 + 0.23 (4) 183 + 14
RAMP1/2 8.94 + 0.38 (4) 185 + 22 7.78 + 022 (4) 175 + 16 8.60 + 0.22 (4) 195 + 15
RAMP1/3 9.32 + 0.45 (4) 228 + 30 7.97 + 0.17 (4) 227 + 16 8.79 + 0.25 (4) 229 + 19
RAMP2 Whole Linker
RAMP2 7.06 + 0.13 (3) 101 + 7 9.59 + 0.36 (5) 78 + 8 8.50 + 0.20 (5) 97 +7
RAMP2/1 6.93 + 0.25 (3) 205 + 317 9.77 + 0.49 (S) 162 + 20° 8.16 + 0.30 (S) 163 + 20”
RAMP2/3 720 + 0.07 (3) 142 + 5 9.12 + 035 (5) 202 + 23" 9.05 + 023 (5) 162 + 12°
RAMP2 Shorter Chimera
RAMP2 N.D. N.D. 9.51 + 0.18 (8) 97 + 5 8.73 + 0.17 (8) 9 +6
RAMP2/3 102—112 N.D. N.D. 9.81 + 0.28 (4) 75+ 6 9.00 + 0.31 (4) 83+ 8
RAMP2/3 108—112 N.D. N.D. 9.77 + 0.54 (3) 82 + 12 8.20 + 0.30 (3) 92 + 11
RAMP2/3 116—118 N.D. N.D. 9.70 + 0.28 (4) 92 +7 8.82 + 0.30 (4) 109 + 11
RAMP3 Whole Linker
RAMP3 6.96 + 0.20 (4) 159 + 19 9.38 + 0.37 (S) 107 + 12 9.34 + 0.16 () 120 + 6
RAMP3/1 7.08 + 0.19 (4) 177 + 18 9.17 + 0.18 (5) 160 + 9° 9.33 + 0.16 (5) 159 + 8°
RAMP3/2 7.16 + 031 (4) 93 + 15 10.46 + 0.74 (5) 98 + 17 8.96 + 0.32 (5) 101 + 11
RAMP3 Shorter Chimera
RAMP3 N.D. N.D. 9.61 + 0.38 (8) 138 + 13 9.59 + 0.30 (8) 149 + 12
RAMP3/2 102—112 N.D. N.D. 9.10 + 0.26 (4) 138 + 10 9.00 + 0.44 (4) 128 + 18
RAMP3/2 108—112 N.D. N.D. 9.36 + 0.17 (4) 146 + 7 941 + 0.13 (4) 165 + 6
RAMP3/2 116—118 N.D. N.D. 9.60 + 0.27 (4) 136 + 10 9.50 + 0.35 (4) 115 + 11

“Values are mean + SEM from 3 to 8 individual experiments performed in triplicate. Numbers of individual experiments are in brackets. E,,,, values
are normalized to the response with 100 M forskolin. N.D. is used when no curve could be fit to the data. Separate control (wild-type) RAMPs
were used for each batch of chimeric RAMPs. “Significantly different from parental construct at 95% confidence intervals. “Significantly different

from parental construct by F-test of fitted value at P < 0.0S.

These were studied in assays of receptor expression and
cAMP accumulation (Figures 11, 12, and S10). Most of the
chimeras retained the ability to traffic with CLR to the cell
surface, with the exceptions being exchange of RAMP1 for the
full linker (102—118) or mid-linker region (108—112) of
RAMP3 that were poorly expressed and could not be
characterized (Figure S10). For simplicity, the numbering
for all exchanges is that of the linker in the RAMPI1 peptide
(Figure 11A).

RAMP1 Linker Exchange. Exchange of the RAMP1 linker
with the whole RAMP2 linker, or the shorter 108—112 in
each case led to loss of CGRP potency, while there was a
smaller attenuation of potency for the 116—118 fragment that
did not achieve significance (Figures 11B,C, Table 1).
Intriguingly, for the 108—112 chimera, this was also
accompanied by enhanced E_ . This latter observation may
be consistent with the correlated dynamics of the ECDs and
G protein observed in the analysis of conformational dynamics
described above whereby changes to mobility of the RAMP1
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ECD with the chimeras may also alter efficiency of G protein
turnover, which is linked to ligand efficacy.*” There was only
relatively limited impact of the exchanges on AM potency but
enhanced E_, of AM2 was observed for the 108—112
RAMP1/2 chimera (Figure 11B, Table 1).

RAMP2 Linker Exchange. Full RAMP2 linker exchange
with either that of either RAMP1 or RAMP3 had substantive
effects on AM and AM?2 responses. For AM or AM2, the
response E_.. was increased with either exchange (Figure
12A; Table 1), and potency was also increased for AM2 with
the RAMP3 exchange, albeit that this did not achieve
statistical significance (Figure 12A; Table 1). For CGRP, an
increased response was observed with both chimeras but the
potency was too low to robustly quantify (Figure 12A).
Shorter chimeras with RAMP3 had minimal effect on AM or
AM2 responses (Figure 12A; Table 1).

RAMP3 Linker Exchange. Full linker exchange with
RAMP1 induced only small increases in both AM and AM2
peptide E_.. The exchange with RAMP2 also led to an
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Figure 12. Pharmacological analysis of RAMP2 linker chimeras with RAMP1 or RAMP3 (A) or RAMP3 chimeras with RAMP1 or RAMP2 (B).
Peptide concentration—response was measured in cAMP accumulation assay, following transient expression of constructs into COS-7 cells, for full
linker exchange (A, B, upper panels) or exchange of the RAMP2 108—112 segment, the 116—118 segment, or the 102—112 segment with that of
RAMP3 (A, lower panel), or exchange of the RAMP3 108—112 segment, the 116—118 segment, or the 102—112 segment with that of RAMP2

(B, lower panel).

increase in AM potency, with an apparent small decrease in
AM?2 potency; however, neither of these was statistically
significant. Shorter exchanges of RAMP2 did not modify AM
responses and had relatively minor effects on AM2 potency or
E,.x (Figure 12B; Table 1).

Overall, the pharmacological analysis of the RAMP linker
chimeras provides strong evidence of involvement of this
domain in the allosteric modulation of CLR phenotype, most
likely due to changes to the dynamics of the RAMP—CLR
interaction and subsequently the dynamics of the receptor
ECDs. This is consistent with the observed distinctions in the
dynamics of each of the CGRP and AM, and AM, receptors.
The coordinated motions of the ECD and G protein are also
indicative of a role of the ECD dynamics in G protein
coupling efficiency and of an allosteric link between G protein
coupling, ECD dynamics, and receptor phenotype. While this
has not been studied for CLR, overexpression of different G
proteins can influence binding of amylin to CTR—RAMP
heterodimers.>® As such, the current observations could
provide a mechanism for how chimeric exchange of the C-
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terminus of RAMP1 and RAMP2 alters selective responsive-
ness to CGRP.>' Moreover, biased agonism has been observed
at the CLR:RAMP family of receptors, with relative potency
of the peptides varying in a receptor- and pathway-dependent
manner” suggesting that the dynamics found for Gs coupled
receptors could also influence the spectrum of signaling
response. Our observations are also consistent with known
behavior of enzymes that exhibit dynamic allostery, whereby
long—range binding information is transmitted to control
catalysis.”

B CONCLUSION

In this study, we have generated novel structures of AM
receptor complexes that have provided details of the
consensus modes of peptide interaction at AM; and AM,
receptors. This is supported by an Ala scan of AM in our
companion paper.”> Moreover, we have used the power of
cryo-EM to derive information on the dynamics of RAMP—-
CLR complexes demonstrating that cryo-EM can resolve
aspects of the motions of highly dynamic proteins, including
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GPCRs. Importantly, it was this dynamic conformational
information that provided key insight into the molecular
mechanism for RAMP modulation of CLR phenotypes that
was subsequently experimentally verified. Thus, this work
provides fundamental advances in our understanding of
GPCR function and of allosteric regulation of GPCRs by
large accessory proteins.

B METHODS

Constructs. Expression Constructs. CLR was modified as
previously described,”® with replacement of the native signal
peptide with that of hemagglutinin to improve expression, and
inclusion of an N-terminal FLAG tag epitope and a C-terminal
8% histidine tag, each flanked by 3C protease cleavage sites
(Figure S1). RAMP2 and RAMP3 were modified to replace
the native signal peptide and inclusion of an N-terminal FLAG
tag epitope (Figure S1). The constructs were generated in
both mammalian and insect cell expression vectors as
previously described.””*’

Constructs for Pharmacological Analyses. C-myc-tagged
CLR was a gift from Dr. Steve Foord.”* Chimeras of the
RAMPs were generated by substituting different segments of
the linker, between the RAMP transmembrane domain and
ECD, into CD33-FLAG-tagged RAMPs in pcDNA 3.1. Short
chimeras (less than S amino acids) were generated using
single oligo mutagenesis by Q5 DNA polymerase. PCR was
performed using a sense mutant oligo coding the chimeric
amino acids flanked by 15 homologous nucleotides on either
side. According to the protocol, 2X QS High Fidelity master
mix (New England Biolabs) was used with 0.5 yL of 10 mM
dNTPs. Reactions were treated overnight with Dpnl to digest
the parental WT DNA template. The long chimeras (10—16
amino acids) were generated using a nonoverlap double oligo
mutagenesis method to insert the chimeric amino acids. Sense
and antisense oligos were created and 5’ phosphorylated at
synthesis. The sense oligos had the second half of the
chimeric amino acids coded at the 5’ end, followed by the
homologous sequence, and the antisense oligos had the first
half of the chimeric amino acids coded at the 3’ end preceded
by homologous sequence. Both oligos were added into a PCR
reaction using Phusion High-Fidelity DNA polymerase and
Phusion High Fidelity buffer (New England Biolabs), with the
following PCR cycling protocol: 1 cycle: 2 min at 98 °C; 35
cycles: 98 °C 10's, 55 °C 30's, 72 °C 4 min; 1 cycle: 72 °C §
min. The PCR reaction was treated with Dpnl for 3 h to
digest the parental template DNA. The blunt ends were
annealed together in a 10 uL of ligation reaction (1 uL of T4
DNA ligase buffer, 1 uL of PCR reaction, 8 uL of water, 1 uL
of T4 DNA ligase) for 1 h at room temperature and then at 4
°C overnight. Samples (3 uL) of all reactions were
transformed in DHSa cells, and DNA was isolated from
colonies through the Qiagen Miniprep kit (Venlo, Nether-
lands). Constructs confirmed by sequencing.

Protein Expression and Purification. CLR, RAMP2 or
RAMP3, human DNG,,**** His6-tagged human Gp1 and
Gy2 were expressed in Thi insect cells (Expression systems)
using baculovirus. For the AM,R complexes, the DNGs
contained an additional mutation, Gas A366S. Cell cultures
were grown in ESF 921 serum-free media (Expression
Systems) to a density of 4 million cells per mL and then
infected with four separate baculoviruses for 48 h. Cell pellets
were frozen at —80 °C until use. The cell pellet was thawed in
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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(HEPES) pH 7.4, 50 mM NaCl, and 2 mM MgCl,
supplemented with cOmplete Protease Inhibitor Cocktail
tablets (Roche). Complex formation was initiated by addition
of 10 uM AM or AM2 peptide (Chinapeptides), Nb3S-His
(10 pug/mL), 3C protease (10 ug/mL; to cleave tags from
CLR), and Apyrase (25 mU/mL, NEB); the suspension was
incubated for 1 h at room temperature. Membranes were
collected by centrifugation at 30 000g for 30 min; complex
from the membrane was solubilized using 0.5% (w/v) lauryl
maltose neopentyl glycol (LMNG, Anatrace) supplemented
with 0.03% (w/v) cholesteryl hemisuccinate (CHS, Anatrace)
for 2 h at 4 °C in the presence of 1 uM of AM or AM2
peptide and Apyrase (25 mU/mL, NEB). Insoluble material
was removed by centrifugation at 30 000g for 30 min, and the
solubilized complex was immobilized by batch binding to
NiNTA resin. The resin was packed into a glass column and
washed with 20 column volumes of 20 mM HEPES pH 7.4,
100 mM NaCl, 2 mM MgCl,, 0.01% (w/v) MNG, 0.0006%
(w/v) CHS, and 1 uM AM or AM2 peptide before bound
material was eluted in buffer containing 250 mM imidazole.
The NiNTA purified fraction was immobilized by batch
binding to M1 anti-FLAG affinity resin in the presence of 3
mM CaCl,. The resin was packed into a glass column and
washed with 20 column volumes of 20 mM HEPES pH 7.4,
100 mM NaCl, 2 mM MgCl,, 3 mM CaCl,, 1 yuM AM or
AM2 peptide, 0.01% (w/v) MNG, and 0.0006% (w/v) CHS
before bound material was eluted in buffer containing 5 mM
EGTA and 0.1 mg/mL FLAG peptide. The complex was then
concentrated using an Amicon Ultra Centrifugal Filter
(MWCO 100 kDa) and subjected to SEC on either a
Superose 6 Increase 10/300 column (GE Healthcare)
(AM:AM,R, AM2:AM,R), or a Superdex 200 Increase 10/
300 column (GE Healthcare) (AM:AM,R) that was pre-
equilibrated with 20 mM HEPES pH 7.4, 100 mM NaCl, 2
mM MgCl, 1 uM AM or AM2 peptide, 0.01% (w/v) MNG,
and 0.0006% (w/v) CHS. Eluted fractions consisting of
receptor and G protein complex were pooled and concen-
trated.

SDS—PAGE and Western Blot Analysis. Samples
collected from SEC were analyzed by SDS—PAGE and
Western blot as previously described.”® For SDS—PAGE,
precast gradient TGX gels (Bio-Rad) were used. The final
SEC elution peak was stained by Instant Blue (Expedeon).

Electron Microscopy. Samples (3 uL) were applied to
acetone-prewashed, glow-discharged Quantifoil R1.2/1.3
CuRh 200 mesh holey carbon grids (Quantifoil GmbH,
Groflobichau, Germany) for AM:CLR:RAMP2:-
GasDN:Gf1:Gy2:Nb35 and Ultrafoil R1.2/1.3 Au 300
mesh for AM2:CLR:RAMP3:GasDN:Gf1:Gy2:Nb3S) and
AM:CLR:RAMP3:GasDN:Gf1:Gy2:Nb3S. Samples were
flash frozen in liquid ethane using a Vitrobot Mark IV
(Thermo Fisher Scientific, Waltham, MA, USA). Data were
collected on a Titan Krios microscope (Thermo Fisher
Scientific, Waltham, MA, USA) operated at an accelerating
voltage of 300 kV with a 50 ym C2 aperture at an indicated
magnification of 105 000X in nanoprobe EFTEM mode and a
spot size of 4. A Gatan K3 direct electron detector positioned
post a Gatan Quantum energy filter (Gatan, Pleasanton, CA,
USA), operated in a zero-energy-loss mode with a slit width of
25 eV was used to acquire dose-fractionated images of the
AMR and AM,R samples. Movies were recorded as
compressed TIFFs in normal-resolution mode yielding a
physical pixel size of 0.83 A/pixel with an exposure time of 3.5
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s amounting to a total exposure of 60—68 e /A’ for at an
exposure rate of 13.5-20.0 e /pixel/second that was
fractionated into 70 subframes. Defocus was varied in the
range between —0.7 to —1.5 pm. Beam-image shift was used
to acquire data from 9 surrounding holes after which the stage
was moved to the next collection area using a custom script
for the SerialEM software package.”*° This allowed for a
higher throughput data collection, corresponding to an
acquisition rate of more than 200 micrographs/hour.””

Data Processing. Movies were motion-corrected, dose-
weighted, and integrated using UCSF MotionCor2.°** This
was followed by CTF estimation using the GCTF® software
package. Particles were picked from the micrographs using the
automated procedure in the crYOLO software package.”'
Particle extraction and reference-free 2D classification was
carried out in RELION (version 3.0.7 for RAMP2:AM and
version 3.1 for RAMP3:AM and RAMP3:AM2).°>~¢°
CryoSPARC (version 2.7) was used to generate an ab initio
model of the AM:CLR:RAMP2:GasDN:G/1:Gy2:Nb35,%
which was used in RELION for 3D classification, as well as
the other two GPCR complexes. A homogeneous subset of
particles was then subjected to cycles of Bayesian particle
polishing and CTF refinement as implemented in RELION
(See Figure S3 for cryoEM workflow on each complex). This
homogeneous subset of polished particles was used for a 3D
refinement in RELION and was further classified into 3D
classes without angular and translational alignments, or with a
fine grain angular sampling only allowing for local Euler angle
searches. Particles belonging to the 3D class that yielded the
best resolved map were then subjected to further 3D
refinements where the a-helical domain of the Gas protein
and the detergent micelle were masked and a final 3D
refinement was carried out in RELION with a mask that
included the detergent micelle but not the poorly resolved a-
helical domain of the G-a subunit, yielding consensus maps of
the complexes with global resolutions (FSC = 0.143) of 3.0 A
(AM:CLR:RAMP2:GasDN:Gf1:Gy2:Nb35), 2.3 A
(AM2:CLR:RAMP3:GasDN:GfA1:Gy2:Nb35), and 2.4 A
(AM:CLR:RAMP3:GasDN:Gf1:Gy2:Nb35), respectively.
Local resolution estimations were performed using RELION.
Additional focused refinements of the AM,R complexes were
performed throu_gh separate masking of the receptor domain
using RELION®” to yield “receptor-only” maps with global
resolution of 2.6 A for both AM,Rs that had markedly
improved local resolution of the receptor ECD.

Atomic Model Refinement. Initial models for each of the
AM receptor complexes were made with the Rosetta software
package using the structure threadin§/ comparative modeling
and model relaxation protocols.”” Fitting the Rosetta
generated models in the cryo-EM density maps was performed
with the MDFF routine in namd2.” The fitted models were
further refined by rounds of manual model building in coot”’
and real-space refinement, as implemented in the Phenix
software package.”' The crystal structure of the CLR:RAMP1
extracellular domain heterodimer in complex with adrenome-
dullin 2 (PDB: 6D1U)*® was used as a guide for the C-
terminal portion of the AM and AM2 peptides for the AM,R
models. The density around the N-terminal extracellular
domains was poorly resolved for the AM;R and was only
modeled at a backbone level. Map and model statistics are
detailed in Table SI.

CryoEM Dynamics Analysis. cryoSPARC 3D Variability.
The final Polished and CTFRefined particle stacks from
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RELION consensus refinements were imported into the
cryoSPARC environment. To ensure only highly resolved
particles were analyzed, 2D classification and selection as well
as a multiple volume 3D refinements were carried out. Only
particles that contributed to a high-resolution refinement were
further analyzed. These particles then underwent a consensus
high-resolution 3D refinement, using a low-pass-filtered
RELION consensus model as a starting model. A generous
mask that included the detergent micelle, which had a $ pixel
map expansion and 10 pixel soft edge, was built in RELION,
so any possible motions could be accounted for during the 3D
variability analysis. 3D variability was then calculated as
implemented in cryoSPARC (v2.9). During the variability
analysis, data was considered to a resolution of 3.2 A. The
volume frame data was then generated in cryoSPARC and
examined in UCSF Chimera. Output files were visualized in
Chimera using the Volume Series command and captured as
movies.

Interaction surfaces between peptide ligands and receptors,
or those between receptors and G protein, were analyzed
using the “Dimplot” module within the Ligplot+ program
(v2.1).”” Additional analyses and production of images were
performed using either Molsoft ICM (v3.8—7) or the UCSF
Chimera package (v1.14) from the Computer Graphics
Laboratory, University of California, San Francisco (supported
by NIH P41 RR-01081). Electrostatic potential calculations
were performed separately on the individual proteins.
Calculations were performed using the EP function, calculated
by the REBEL boundary element solution of the Poisson
equation, in ICMPro using default settings.”> The scale is —5
to +5 kT e

Modeling. The CLR ICL3 loop was generated using
PLOP’* and minimized in the presence of Ga to eliminate
steric clashes. The Ga loop between A249-N264 was modeled
using the shorter loop from the adenosine A,, receptor:G
protein complex (PDB code 5G53).”° Other missing loops in
the G protein were added by molecular superposition from
the f,-adrenergic receptor:G protein complex (PDB code
3SN6).”” The joining point was taken as the closest atom
pairs (usually ~0.2 A) that maintained an appropriate Ca—Ca
distance (3.7-3.9 A) across the join; selected residues
spanning the join were minimized using PLOP as necessary.
The helical domain between Ga residues G47 and G207, not
visible in the cryo-EM structure, was omitted.

Molecular Dynamics (MD) Simulations. The
CLR:RAMP1:CGRP:Gs complex MD trajectories were
produced for our previous work.”” The CLR:RAMP2:AM:Gs
complex was prepared with the CHARMMS36 force field”®
using in-house scripts that combine python HTMD’ and tcl
(Tool Command Language) languages. Briefly, the PDB
2pqr’® and propka’ software were employed to add hydrogen
atoms (considering a simulated pH of 7.0); the protonation of
titratable side chains was checked by visual inspection. The
resulting system was first opportunely oriented according to
the CGRPR structure retrieved from the OPM database™ and
then embedded in a square 120 A X 120 A 1-palmitoyl-2-
oleyl-sn-glycerol-3-phosphocholine (POPC) bilayer (previ-
ously built by using the VMD Membrane Builder plugin
1.1, Membrane Plugin, version 1.1. at http://www.ks.uiuc.
edu/Research/vmd/plugins/membrane/) through an inser-
tion method. Lipids overlapping the receptor TM bundle and
the RAMP were removed and TIP3P water molecules®" were
added to the simulation box (120 A x 120 A x 175 A)
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utilizing the VMD Solvate plugin 1.5 (Solvate Plugin, Version
1.5. at http://www.ks.uiuc.edu/Research/vmd/plugins/
solvate/). Finally, the system charge neutrality was reached
by adding Na*/Cl™ counterions (final ionic strength of 0.150
M), using the VMD Autoionize plugin 1.3 (Autoionize Plugin,
Version 1.3. at http://www.ks.uiuc.edu/Research/vmd/
plugins/autoionize/ ).

Systems Equilibration and MD Settings. ACEMD®
was employed for both the equilibration and productive MD
simulations. The equilibration steps were performed in
isothermal—isobaric conditions (NPT) using the Berendsen
barostat® (target pressure 1 atm) and the Langevin
thermostat®™ (target temperature 300 K) with low damping
of 1 ps™!, using an integration time step of 2 fs. Clashes
between protein and lipid atoms were first reduced through
2500 conjugate—gradient minimization steps, then a 2 ns long
MD simulation was run with a positional restraint of 1 kcal
mol™" A7 on protein and lipid phosphorus atoms. During a
further 20 ns of MD simulation, restraints were applied only
to the protein atoms, while in the last equilibration stage,
positional restraints were applied only to the protein backbone
alpha carbons, for a further 80 ns. Productive trajectories (12
replicas of 500 ns each, for a total simulation time of 6 us)
were computed with an integration time step of 4 fs (through
hydrogen mass repartitioning)® in the canonical ensemble
(NVT) at 300 K, using a thermostat damping of 0.1 ps™* and
the M-SHAKE algorithm®® to constrain the bond lengths
involving hydrogen atoms. The cutoff distance for electrostatic
interactions was set at 9 A, with a switching function applied
beyond 7.5 A. Long-range Coulomb interactions were handled
using the particle mesh Ewald summation method (PME)®’
by setting the mesh spacing to 1.0 A.

Mammalian Cell cAMP Assays. Cos7 cells, confirmed to
be mycoplasma-free, were transfected in suspension in 96-well
plates. The transfection was performed in 5% FBS DMEM
(200 uL total volume per well) and cells were incubated for
48 h at 37 °C and 5% CO,. For expression constructs, 10 000
cells/well were transfected with SO ng of CLR + 50 ng of
human RAMP2 or RAMP3 using 600 ng of PEL For analysis
of chimeric RAMP constructs, 15000 cells/well were
transfected with 32.5 ng of CLR + 32.5 ng of RAMP
construct using 390 ng of PEL Different chimeras were
assessed as distinct batches, with a separate control wild-type
RAMP included for each, due to the expression variance
inherent in transient transfection. cAMP detection was
performed as previously described.*® Peptides for concen-
tration response curves were from China Peptides. All values
were converted to cAMP concentration using a cAMP
standard curve performed in parallel, and data were
subsequently normalized to the response of 100 uM forskolin.
Data were analyzed using a 3-parameter logistic fit in Prism
v8.2 (GraphPad) and assessed for differences in fitted
parameters from the parental construct at 95% confidence
intervals. Differences in globally fitted curves were also
assessed using an extra sum of squares F-test at P < 0.05,
with posthoc assessment of individual fitted parameters where
curves were statistically different. All statistical analysis was
performed in Prism v8.2.

Cell Surface Expression of Proteins: Assessment by
FACS. Surface expression of c-Myc CLR or RAMP/RAMP
chimeric constructs was quantified by flow cytometry analysis
of antibody binding to the cMyc-tagged CLR or FLAG-tagged
RAMP, respectively, using standard methods. Cos7 cells,

confirmed to be mycoplasma-free, were transfected in
suspension in 6-well plates. Into 450,000 cells/well was
transfected 975 ng of CLR + 975 ng of RAMP construct using
11.7 mg of PEL The transfection was performed in 5% FBS
DMEM, and cells were incubated for 48 h at 37 °C and 5%
CO,. All staining steps were conducted in ice-cold Hank’s
Balanced Salt Solution (HBSS) with 0.1% bovine serum
albumin (BSA) and 20 mM HEPES pH 7.4. Blocking was
conducted in 5% BSA. Primary antibody staining was
performed with 3 ug/mL 9E10 (anti-c-Myc) antibody or 1
ug/mL M2 (anti-FLAG) antibody. The secondary antibody
was 1 ug/mL goat anti-mouse AF647 (ThermoFisher). Sytox
blue was used for live/dead discrimination. Data were
collected on a FACS CantosII (BD Biosciences). Data were
analyzed using FlowJo. The mean AF647 fluorescence
intensity is of live cells, and the percentage of live cells
gated as positive for AF647 was against the pcDNA control.
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Movies S1—S15: CryoSPARC 3D multivariate analyses
S1-S3 (AM_AM|R, full complex, normal modes 1-3),
S4 (AM_AM,R, ECL2 zoom, normal mode 1), SS
(AM_AM,R, ICL2 zoom, normal mode 1). S6—S8
(AM_AM,R, full complex, normal modes 1-3), S9
(AM_AM,R, ECL2 zoom, normal mode 2), S10
(AM_AM,R, ICL2 zoom, normal mode 3). S11—-S13
(AM2_AM,R, full complex, normal modes 1-3), S14
(AM2_AM,R, ECL2 zoom, normal mode 1), SIS
(AM2_AM,R, ICL2 zoom, normal mode 1) (ZIP)
Movie S16: Comparative MD simulations of the
CGRPR complex™ (left panel) and the AM-bound
AMR complex (right panel). The AM_AM R has
greater relative motion of the ECD and the RAMP2
linker forms more transient interactions with both the
receptor ECL2 and ECD than the corresponding
CGRPR complex. Movie S17: Long time-scale simu-
lation of the AM-bound AM,R complex illustrating
mobility of the full complex at 2 angles (ZIP)

Movies S18—S22: Principal component analysis of the
MD simulation of the AM-bound AM;R complex
shown in Movie S17, showing the S main principal
components in each of Movies S18—S22. The arrows
track the motions in each principal component and
illustrate coordinated motions between the receptor and
G protein (ZIP)
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