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ABSTRACT: Adrenomedullin (AM) is a 52 amino acid peptide that plays a
regulatory role in the vasculature. Receptors for AM comprise the class B G protein-
coupled receptor, the calcitonin-like receptor (CLR), in complex with one of three
receptor activity-modifying proteins (RAMPs). The C-terminus of AM is involved in
binding to the extracellular domain of the receptor, while the N-terminus is proposed
to interact with the juxtamembranous portion of the receptor to activate signaling.
There is currently limited information on the molecular determinants involved in AM
signaling, thus we set out to define the importance of the AM N-terminus through
five signaling pathways (cAMP production, ERK phosphorylation, CREB
phosphorylation, Akt phosphorylation, and IP1 production). We characterized the
three CLR:RAMP complexes through the five pathways, finding that each had a distinct repertoire of intracellular signaling
pathways that it is able to regulate. We then performed an alanine scan of AM from residues 15−31 and found that most
residues could be substituted with only small effects on signaling, and that most substitutions affected signaling through all
receptors and pathways in a similar manner. We identify F18, T20, L26, and I30 as being critical for AM function, while also
identifying an analogue (AM15−52 G19A) which has unique signaling properties relative to the unmodified AM. We interpret our
findings in the context of new structural information, highlighting the complementary nature of structural biology and functional
assays.

KEYWORDS: calcitonin-like receptor, adrenomedullin, adrenomedullin 2/intermedin, receptor activity-modifying protein,
signaling bias/functional selectivity, G protein-coupled receptor

Adrenomedullin (AM) is a 52 amino acid peptide hormone
belonging to the structurally related calcitonin (CT)

family of peptides (Figure 1).1 AM was originally isolated from
human pheochromocytoma but is widely distributed across a
range of tissues. AM has regulatory and protective effects in the
cardiovascular system, while also being involved in a number of
other physiological processes such as lymphatic regulation,
tumor progression, and sepsis.2−7

AM has been suggested as a target for the treatment of
various diseases; AM administration has been linked to positive
outcomes in cases of myocardial infarction, pulmonary and
systemic hypertension, and wound healing.2 Conversely, the
administration of AM receptor antagonists has been linked to
reduced tumor growth and invasion, indicating that antagoniz-
ing the activity of AM may be a route for developing antitumor
agents.2 While AM and its receptors hold promise as
therapeutic targets, this has yet to be realized. AM is rapidly
metabolized in vivo and has poor bioavailability.8 Additionally,

the on-target side effect of excessive vasodilation restricts its
use in a clinical setting.9 Detailed examinations of AM
structure−function relationships and signaling bias are
important steps in the development of drugs that target the
AM system.10

AM activates receptors that comprise the core class B G
protein-coupled receptor (GPCR), the calcitonin-like receptor
(CLR), in complex with one of three receptor activity-
modifying proteins (RAMPs).1 Class B GPCRs comprise seven
transmembrane (TM) domains, a large extracellular N-
terminus, and an intracellular C-terminal tail. Similarly,
RAMPs comprise a single TM pass domain, a large
extracellular N-terminus, and a short intracellular tail. These
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CLR:RAMP interactions give rise to three distinct receptors:
CLR:RAMP1 is known as the calcitonin gene-related peptide
(CGRP) receptor, while CLR complexed with RAMP2 or
RAMP3 creates the AM1 or AM2 receptors, respectively.1

RAMPs regulate all aspects of the CLR lifespan, exerting effects
on ligand binding, G protein interactions, and receptor fate
following agonist stimulation.1,11,12 RAMPs drive CLR
pharmacology by allosterically modulating the receptor, while
also providing direct ligand contact points.13−17

When activating class B GPCRs, the C-terminus of the
peptide ligand interacts with the extracellular domain of the
receptor, allowing the N-terminus of the peptide to adopt an α-
helical conformation, burying itself into the TM domain. This

stabilizes a conformation of the receptor that promotes
receptor activity. This is known as the two-domain model of
activation.18 Recent structures of several class B GPCRs in
complex with their ligands support this broad mechanism;
however, unlike other class B GPCRs, structures of CTR and
CLR:RAMP complexes suggest that peptides of the CT family
are not entirely α-helical when bound to these receptors.19−26

This indicates that these peptides may activate receptors
through an alternative mechanism.
There have been extensive structure−function investigations

exploring how the C-terminus of AM interacts with the
extracellular domains of CLR:RAMP complexes.27,28 In
contrast, we have much less information about how the N-

Figure 1. (A) Amino acid sequence alignment of AM and related peptides from humans. (B) Amino acid sequences of peptide fragments used
during this study. (C) Amino acid sequences of alanine-substituted analogues used in this study, substitutions are highlighted in orange. All
sequence alignments performed in Geneious 11, using in-built ClustalW alignment and amino acid comparison. Unless otherwise noted elsewhere,
there is a disulfide bond between C16 and C21 of the AM peptides (or the corresponding conserved cysteines in other peptides), and all the
peptides are amidated at the C-terminus.
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terminus of AM is involved in receptor activation, which limits
the development of novel agonists. Interestingly, sequence
alignments of AM and related peptides indicate that AM has an
unusual extended N-terminus containing residues 1−14,
followed by the N-terminal region that we predict is important
for receptor activation spanning residues ∼15−31 (Figure 1A).
In an effort to characterize the peptide molecular signature that
is necessary for receptor activation in CLR:RAMP complexes,
we undertook an extensive analysis of AM, including an alanine
scan to investigate the function of individual amino acids in
activating a number of different signaling pathways. To
increase the translational relevance of our work, we then

profile our analogues in cells which endogenously express an
AM-responsive receptor. We last move to interpret our results
in light of the publication of AM receptor structures.

■ RESULTS AND DISCUSSION

RAMPs Dictate the Signaling Pathways Regulated by
CLR. To understand the mechanisms through which AM
drives signaling, we first needed to define which pathways were
regulated by CLR-based receptors in our cell models to
establish a pharmacological framework for these receptors and
pathways. Previous work has reported that the three
CLR:RAMP complexes can couple to Gs, Gi, and Gq;

Figure 2. (A) activation of signaling pathways at the corresponding receptor by full-length AM, (B) Summary pEC50 values for the activation of
signaling pathways at the corresponding receptor by AM, AM2, αCGRP, and βCGRP, (C) Δτ/KA values for pathway activation at the
corresponding receptor, (D) ΔΔτ/KA values for pathway activation at the corresponding receptor. This figure shows results from transfected Cos7
cells. Results in panel A represent the mean ± s.e.m. of three or five independent experiments (flat-lines or curves, respectively). Results in panels B,
C, D show the mean of at least five independent experiments for which a pathway could be measured. Results in panels C and D are presented as
fold change relative to a reference ligand (αCGRP at the CGRP receptor, or AM at the AM1 and AM2 receptors). Results in panel D are normalized
to a reference pathway (cAMP in all cases); in panel D, a value >1 indicates bias toward the named pathway over cAMP production. See Tables S2
to S6 and Figures S6 to S10 for all curves and values. Results in panels B and C analyzed by paired Student’s t tests (IP1 production at the CGRP
receptor, Akt phosphorylation at the AM2 receptor), or repeated measures ANOVA with posthoc Tukey’s test (all other pathways). Results in panel
D analyzed by one-way ANOVA with posthoc Dunnett’s test, comparing the ability of a peptide to activate a pathway relative to cAMP. A
superscript letter above a pathway represents a significant (p < 0.05) difference between reference ligand and named ligand (panels B and C), or a
significant difference between the named pathway and cAMP production (panel D). Superscript “w” indicates a significant difference for AM, “x”
indicates a significant difference for AM2, “y” indicates a significant difference for αCGRP, and “z” indicates a significant difference for βCGRP.
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however, there has been less characterization of pathway
activation downstream of this G protein coupling.11 We
therefore measured a number of signaling pathways selected
based on their proposed importance for AM physiology (Table
S1).29−31

This work was performed in Cos7 cells. For all signaling
pathways, time-course experiments were first conducted using
a saturating concentration of the cognate ligand to determine
the optimal duration for subsequent concentration−response
experiments (Figures S1 to S5). Taking into account the peak
response relative to media controls, assay reproducibility, and
the ability to compare the results derived from different
pathways,32,33 the stimulation durations selected for concen-
tration−response experiments were 15 min (cAMP produc-
tion), 10 min (extracellular signal-regulated kinase 1/2 [ERK
1/2] phosphorylation, cAMP response element-binding
protein [CREB] phosphorylation, Akt phosphorylation), and
120 min (inositol phosphate 1 [IP1]) production. For the
concentration−response experiments we used the four
peptides that are most commonly reported to activate CLR-
based receptors: AM, AM2, αCGRP, and βCGRP (Figure 2).
There was a distinct pattern of pathway activation for each

CLR:RAMP complex. The CGRP receptor was able to activate
all five tested signaling pathways, although AM and AM2 were
not able to stimulate IP1 production in the tested
concentration range. The AM2 receptor was unable to
stimulate IP1 production in response to endogenous ligands,
and the AM1 receptor was unable to stimulate IP1 production
or Akt phosphorylation in response to endogenous ligands
(Figure 2; Figures S6 to S10, Tables S2 to S6). For all three
receptors, CLR was expressed on the cell surface to similar
levels, suggesting that there was no difference in complex
expression (Figure S11). This suggests that differences in
receptor activity were not due to differences in cell surface
expression levels, and were more likely due to differences in the
ability of different CLR:RAMP complexes to couple to
signaling pathways. Although these signaling profiles seem
absolute, it is unlikely that these receptors display “perfect bias”
in which certain receptors are unable to activate certain
signaling pathways. Instead, it is more likely pathways such as
Akt phosphorylation and IP1 production are coupled with
different strengths to the different CLR:RAMP complexes, and
the functional response seen with these weakly coupled
pathways is too small to be detected with current assays.30

These different signaling profiles could arise, at least in part,
due to differences in the behavior of RAMP C-termini;
molecular dynamics simulations report that RAMP3 is able to
make transient interactions with the Gs αN helix, while
RAMP2 cannot, which could manifest as differences in
activation of signaling.34 Alternatively this could reflect a
broader allosteric contribution of the RAMP on the CLR
conformation.15,16,35 In our companion paper, coordinated,
receptor-specific, motions of AM1 and AM2 receptors are
observed in cryo-electron microscopy (cryo-EM) structures of
these receptors that have been analyzed for conformation
dynamics, supporting this latter hypothesis.34

The relative rank order of potency at the AM1 receptor for
all pathways was AM ≥ AM2 > βCGRP ≥ αCGRP (Figure
2B). AM2 was a partial agonist of cAMP production at the
AM1 receptor, this effect was less obvious for other pathways;
αCGRP trended toward being a partial agonist for all tested
pathways (Figures S6 to S8, Tables S2 to S4). The relative
rank order of potency at the AM2 receptor for all pathways was

AM = AM2 > βCGRP ≥ αCGRP (Figure 2B). AM2 was a full
agonist for all pathways (Figures S6 to S8, Tables S2 to S4)
except for Akt phosphorylation where it was a partial agonist
with an Emax ∼ 50% of the AM Emax (Figure S9, Table S5). In
most cases the relative rank order of potency at the CGRP
receptor was βCGRP ≥ αCGRP > AM2 ≥ AM (Figure 2B,
Figures S6, S8, S10, Tables S2, S4, S6); the exceptions to this
were ERK phosphorylation, where all tested peptides were
equipotent (Figure S7, Table S3), Akt phosphorylation, where
αCGRP and βCGRP were equipotent (Figure S9, Table S5),
and IP1 production, where AM and AM2 were unable to
stimulate a measurable response (Figure 2, Figure S10, Table
S6).
The apparent inability of the AM receptors to stimulate IP1

production (considered downstream of Gq activation) is in
contrast with previous literature that suggests that all three
CLR:RAMP complexes can couple to Gq in response to AM,
AM2, and αCGRP.11 This previous study was performed in
HEK293 cells. It is possible that there is a difference in relative
abundance and/or distribution of Gq between HEK293 and
Cos7 cells that could lead to this discrepancy in findings.36−38

Alternatively, this may reflect a difference in the assays used;
the previous investigation measured Ca2+ influx as a proxy for
Gq activation, while we measured IP1 production. Recent
reports have highlighted that these two pathways, while both
being used to measure Gq activation, can have discordant
outcomes. This is thought to arise due to the Ca2+

measurement occurring before an equilibrium is reached,
compared to the IP1 which is performed at equilibrium.33

Additionally, ERK phosphorylation appeared to differ from
the currently understood paradigm of CGRP receptor
activation defined by cAMP production and ligand binding,
in that all tested peptides appeared to be equipotent through
this receptor/pathway combination (Figure 2, Figure S7).39,40

This receptor profile caused AM to be biased toward ERK
phosphorylation over cAMP production at this receptor; AM2
trended toward being biased toward ERK phosphorylation
over cAMP production, and βCGRP trended toward being
biased toward cAMP production over ERK phosphorylation
(Figure 2D). To ensure that this was not an artifact of either
the assay used to measure phosphorylation, or of the cell-line,
both a second detection assay (CisBio homogeneous time-
resolved fluorescence) and a second cell-line (HEK293S) were
employed (Figures S12 and S13). In both cases, the pattern of
ERK phosphorylation seen with the AlphaLISA kit in Cos7
cells was replicated in our other experimental paradigms, in
that all peptides appeared to have similar potencies through
this pathway:receptor combination. There was a slight
difference in signaling profile obtained in HEK293S cells
relative to the profile in Cos7 cells; however, the differences
were small and the overall trend for a compression of potencies
was retained. A similar compression of potencies is noted for
ERK phosphorylation at CTR:RAMP complexes; amylin is
more potent than CT when measuring cAMP production at
CTR:RAMP complexes, but the two peptides are equipotent
when measuring ERK phosphorylation at the same receptors.36

Similarly, αCGRP, amylin, pramlintide, and CT are equipotent
when measuring ERK phosphorylation at the CTR:RAMP1
complex, while displaying a larger separation of potencies
through other measured signaling pathways.41 Similar, but less
pronounced effects are noted in investigations of the
CTR:RAMP3 complex when compared to CTR on its
own.41−43 ERK phosphorylation by CLR/CTR:RAMP com-
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plexes is known to be controlled by diverse signaling events,
with Gq, Gs, β-arrestin recruitment, and receptor internal-
ization all being at least partially involved in the measured
response.36,44,45 Additionally, recent evidence suggests that
GPCRs can rapidly transactivate the epidermal growth factor
receptor to stimulate ERK phosphorylation; this could have an
influence on our obtained signaling profile.46

The Extended N-Terminus of AM Is Dispensable for
Receptor Activation. Compared to most of its family

members, AM has an unusual extension N-terminal to the
disulfide loop (residues 1−15, Figure 1A), CGRP and amylin
have a single amino acid N-terminal to the disulfide loop, and
CT has no additional residue. More similar in length to AM is
AM2 but this is reported to have several molecular forms
(AM2-53, AM2-47, and AM2-40) which have extensions to
their N-termini of varying lengths.47 The importance of the
extended AM N-terminus is unclear. Although the N-terminal
extension is conserved across multiple species, an AM-like

Figure 3. Signaling of AM and AM15−52 at the three CLR:RAMP complexes in transfected Cos7 cells. All data are the mean ± s.e.m. of at least five
or three independent experiments (curves or flat-lines, respectively) (see Table S7). Data are normalized to the maximum response observed for
AM. The asterisk (∗) indicates that pathways that lacked an AM response are shown as fold-basal signaling.
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peptide in Ornithodoros ticks, which is thought to have arisen
by horizontal gene transfer, lacks the N-terminal extension
(Figure S14).48 There are previous reports that the extended
N-terminus of AM is dispensable for peptide function;
however, there is at least one instance where full length AM
can exert an effect that an N-terminally truncated analogue
cannot, namely, AM can exert dilation of precontracted aortic
vessels, whereas an N-terminally truncated analogue (AM13−52)
could not.49−55 In vitro characterization of N-terminally
truncated analogues had previously only been performed for
cAMP production; thus, in order to more completely profile
the role of the extension, we characterized AM15−52 at all three
receptors through all five signaling pathways explored in Figure
2. AM15−52 was chosen because this fragment length is most
similar to CGRP and amylin, having one amino acid prior to

the disulfide loop structure (Figure 1A). AM and AM15−52
were functionally equivalent in Cos7 cells (Figure 3, Table S7),
HEK293S cells (Figure S15, Table S8), and CHO-K1 cells
(Figure S16). We also conducted competition binding assays
to compare these peptides. Both peptides displaced 125I-
AM13−52 with high affinity, although the AM data best fit a two-
site model (Figure S17A). Circular dichroism (CD) spectros-
copy showed no apparent differences in secondary structure
(Figure S17B). A more limited characterization of AM16−52 was
also conducted (Figure S18), which demonstrated similar
potency to AM15−52 in cAMP production assays.
A previous report suggested that the N-terminal disulfide

loop structure alone was sufficient for receptor activation.56 We
therefore synthesized and screened a series of N-terminal
fragments containing this sequence (AM1−21, linear

Figure 4. (A) Relative effectiveness (Δτ/KA) values for pathway activation by alanine-substituted analogues of AM15−52; all values are presented as
a fold change relative to unmodified AM15−52 and are derived from experiments performed in transfected Cos7 cells. (B) Bias factors (ΔΔτ/KA
values) for pathway activation by alanine-substituted analogues of AM15−52, all values are presented relative to cAMP, with a positive value
representing a bias toward the named pathway over cAMP. There was no IP1 production in response to unmodified AM15−52 at the CGRP or AM2
receptors, as such the values presented for AM15−52 G19A are estimates, and have not been used in statistical tests. Values in panel A were analyzed
using paired Student’s t tests comparing the log(τ/KA) values of analogues to unmodified AM15−52. Values in panel B were analyzed using a one-
way ANOVA with posthoc Dunnett’s test, comparing the activity of an analogue through the cAMP pathway to its activity at each other pathway.
In both cases, the asterisk (∗) indicates a significant (p < 0.05) difference.
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AM1−21[nonoxidized, lacking the disulfide bond between C16
and C21], and AM16−21); however, none of these fragments
appeared to be able to stimulate cAMP production (Figure
S19). To expand upon these results we sought to identify a
minimal sequence required for receptor activation. We found
that AM15−30 was a partial agonist and that AM15−34 was a full
agonist, albeit with drastically reduced potency (Figure 1B,
Figure S20). Adjacent to position 34, AM contains a
succession of charged amino acids (DKDKD), which act as a
linker between our active fragment AM15−34 and the
extracellular domain binding C-terminus of the peptide.27 To
determine the importance of the DKDKD region we then
generated a peptide with these residues removed (AM15−52
Δ35−39), that directly joins the 15−34 and 40−52 fragments
together, after first confirming that the C-terminal AM
fragment AM40−52 could indeed bind to the receptors to act
as a competitive antagonist (Figure S21). The AM15−52 Δ35−
39 peptide had increased Emax compared to AM15−52 (∼170%)
but reduced potency (∼100-fold) (Figure S20, Table S9).
Collectively, our work using AM fragments showed that the

sequence required for full activation of the AM1 receptor is
found between residues 15 and 34 of AM, with subsequent
residues being more important for driving affinity than efficacy.
This is relatively consistent with the proposed two-domain
model of class B GPCR activation, in that our data shows the
AM C-terminus is involved in receptor binding, and the N-
terminus is involved in receptor activation.57

An Alanine Scan of the AM N-Terminus Highlights
Residues Critical for Peptide Activity. Having profiled
signaling across receptors, and determined the importance of
different parts of the AM sequence, we proceeded to explore
the contribution that each amino acid makes to the overall
signaling profile of AM. This was achieved through alanine
scanning in the AM15−52 sequence (Figure 1C), which was
selected because of its functional similarity to full length AM
(Figure 3) and its similarity in length to αCGRP and amylin
(Figure 1A). We had a specific focus on the sequence from
positions 15 to 31, guided by the recently published αCGRP-
bound CGRP receptor structure.19 In this structure, residues
1−17 of αCGRP (corresponding to AM residues 15−31) were
in close proximity to the juxtamembranous region of the
receptor, and thus likely to drive differential signaling
events;19,30 interactions of AM15−31 with the receptor TM
core were confirmed in the structures of the AM1 and AM2
receptors described in our companion paper.34 We omitted
substituting the cysteines in position 16 and 21 (as these are
critically involved in forming the disulfide bond required for
AM activity) and the alanine in position 28.
The majority of alanine-substituted AM15−52 analogues

displayed conserved effects across all examined signaling
pathways at all three CLR-based receptors (Figure 4, Figures
S22 to S34, Tables S10 to S14). Most positions could tolerate
alanine substitution with only a small effect on signaling (∼10-
fold decrease); however, F18A, T20A, L26A, and I30A
generally had large decreases in signaling at all tested pathways
and receptors (30−600 fold; Figure 4, Figures S24, S25, S30,
and S33). To confirm the results, we performed further
characterization of analogues in a second cell-line (HEK293S)
with consistent results (Figures S35 to S38, Table S5). We also
extended our scan to residue 39 of AM to explore the
importance of residues further along the peptide. We found
that alanine substitution of residues past I30 did not decrease
the Emax, but reduced peptide potency, indicating that these

residues played a role in driving affinity for the receptor but
not in driving peptide efficacy (Figure S39), a finding in line
with the phenotype of the AM15−52 Δ35−39 peptide (Figure
S20).
Our results showed that many of the residues most

important for AM function were located within the disulfide
loop structure. Thus, we examined the importance of this
region through additional techniques. CD spectroscopy of
analogues showed that AM15−52 F18A, G19A, and T20A had
spectra associated with slight reductions in α-helical content
(Figure S40); however, as these analogues have opposing
effects on signaling (G19A increases signaling, while F18A and
T20A reduce signaling), the α-helical content of the peptide
does not seem to be a determinant of peptide function.
We also examined the pharmacology of these analogues

through an additional cellular assay measuring β-arrestin
recruitment. β-Arrestin recruitment is commonly measured
in the context of biased signaling, as it is thought to be distinct
from G protein signaling; β-arrestin recruitment is also linked
to physiological outcomes distinct from physiological out-
comes linked to G protein signaling.42,58,59 In this assay,
AM15−52 G19A had improved recruitment at both the CGRP
and AM1 receptors, while the other tested analogues had
reduced activity at both tested receptors; the magnitude of this
reduction was comparable to other signaling pathways, with
R17A being best tolerated, F18A having a substantial decrease
in potency and Emax at both receptors, and T20A being a weak
partial agonist at the CGRP receptor, and unable to stimulate
β-arrestin recruitment at the AM1 receptor (Figure S41, Table
S16).

Position 19/5 is a Key Residue in AM/CGRP
Pharmacology. Interestingly, AM15−52 G19A increased
signaling through essentially all tested pathways and receptors
(Figure 5, Figures S35, S38, S41). The increase was typically
largest at the CGRP receptor. AM15−52G19A was also unique
among AM based peptides for its ability to stimulate IP1
production, which was otherwise restricted to CGRP (Figure
2B, Figure S10). These findings are interesting because the
residue in this position in αCGRP and βCGRP is natively
alanine, therefore AM15−52 G19A could be thought of as a
more “CGRP-like” AM. Adding to the “CGRP-like”
pharmacology, AM15−52 G19A was a full agonist at stimulating
β-arrestin recruitment at the CGRP receptor, as opposed to
AM15−52 which was a partial agonist (Figure S41, Table S16),
and trended toward being more potent than unmodified
AM15−52 at the CTR:RAMP1 complex that can act as a second
receptor for CGRP (Figure S42, Table S17). AM15−52 G19A
was also interesting because it was the only analogue that
appeared to be a biased agonist relative to the parent peptide,
displaying a 13-fold preference for cAMP production over ERK
phosphorylation at the CGRP receptor. This agonist profile
arose because AM15−52 G19A was more potent than AM15−52
for cAMP production, but the two peptides were equipotent
for ERK phosphorylation (Figure 5). This profile is likely to be
driven by the bias intrinsic to the CGRP receptor, at which all
endogenous peptides were equipotent for ERK phosphor-
ylation, even when displaying differences in signaling profiles
for other pathways (Figure 2).
To further explore the importance of this position for

peptide function, we synthesized αCGRP A5G, which is the
reciprocal amino acid exchange between AM and αCGRP. We
tested this peptide at the three CLR based receptors through
cAMP production, ERK phosphorylation, and IP1 production,
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as these were the pathways displaying AM15−52 G19A activity
which differed from established AM signaling norms. αCGRP
A5G was a weaker agonist than αCGRP through all tested
pathways and receptors, indicating that making αCGRP more
“AM-like” did not confer AM pharmacology at the AM1 and
AM2 receptors. However, αCGRP A5G was more “AM-like” at
the CGRP receptor, in that it was a weaker agonist than
αCGRP through all tested pathways (Figure 5, Table S18). It
is worth noting that the shifts in signaling ability were opposite

to the effects noted with AM15−52 G19A. Specifically, while
AM15−52 G19A had increased potency through cAMP
production (but little change in Emax), and increased Emax for
ERK phosphorylation (but little change in potency) at the
CGRP receptor, αCGRP A5G had decreased potency for
cAMP production (but no change in Emax), and a decreased
Emax (with little change in potency) for ERK phosphorylation
at the CGRP receptor. Similarly, while AM15−52 G19A gained
the ability to stimulate IP1 production at the CGRP receptor,
αCGRP A5G had a drastically reduced ability to stimulate IP1
production at this receptor.

Signaling Profiles of Peptide Analogues Are Similar
in Cells That Endogenously Express AM-Responsive
Receptors. To increase the translational relevance of this
work, we investigated the alanine-substituted AM analogues in
cells that endogenously express AM responsive receptors,
reflecting the cellular context that AM may encounter in vivo.
AM exerts its effects on the vasculature at least partially
through activity on endothelial cells.6,60−63 HMEC-1 cells are
an immortalized cell-line derived from human microvascular
endothelial cells of dermal origin, and have been used to model
various vascular processes including wound healing, angio-
genesis, and vascular regulation.4,64−68 These are processes
that AM regulates in vivo, indicating that HMEC-1 cells are an
appropriate cell-line to model AM activity in the vascula-
ture.69−72

HMEC-1 cells have variously been reported to express
mRNA for CLR, CTR, and all three RAMPs; however, there is
no consensus within the literature on which receptor
components are expressed in these cells, or the relative
expression levels.73−75 AM and αCGRP are both reported to
exert functional effects in HMEC-1 cells; however, in these
studies only a single peptide was tested, and often only at a
single high concentration, meaning we have no information on
which receptor is functionally expressed by this cell-
line.4,74,76,77 Therefore, before profiling alanine-substituted
analogues, we first characterized cAMP production using
endogenous ligands. We first performed time-course experi-
ments with AM to determine the optimal stimulation duration
(7 min, Figure S43), before characterizing AM, AM2, αCGRP,
and βCGRP in concentration−response experiments (Figure
6A, Table S19). Interestingly, the results from this pharmaco-
logical characterization did not exactly match the profiles
obtained in transfected cells (Figure S6 and S44, Tables S2,
S19, S20), or results from previous literature.1,11,78 The most
noticeable difference between transfected cells and HMEC-1
cells was the extent to which AM2 and αCGRP were partial
agonists; these were weaker agonists in HMEC-1 cells (Tables
S2, S19, S20). This difference may be due to lower cell surface
expression of receptors in HMEC-1 cells relative to cells
transfected with receptor components, and aligns with previous
reports that suggest that AM2 is a high affinity, low efficacy
agonist of the AM1 receptor.79−81 Overall the profile of the
HMEC-1 cells is most consistent with expression of an AM1
receptor, based on the cAMP signaling profile. This conclusion
is based on the relative rank order of potency for cAMP
production, being AM > AM2 > βCGRP ≥ αCGRP in both
HMEC-1 cells (Figure 6A) and cells transfected with the AM1
receptor (Figure 2, Figure S6B, and Table S2 [Cos7], Figure
S44B and Table S20 [HEK293S]). This profile is not
consistent with an AM2 receptor, at which AM2 is consistently
reported to be a full agonist that is equipotent to AM (Figure
S6C and Table S2 [Cos7], Figure S44C and Table S20

Figure 5. (A) Signaling of AM15−52 and AM15−52 G19A at the three
CLR:RAMP complexes in transfected Cos7 cells. (B) Signaling of
αCGRP A5G at the three CLR based receptors through select
signaling pathways. All data are the mean ± s.e.m. of at least five or
three independent experiments (curves or flat-lines, respectively) (see
Tables S10 to S14 and S18). The asterisk (∗) denotes a pathway
shown as fold-basal signaling as there was no measurable response to
the control peptide.
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[HEK293S]).1,11,82 Additionally, this profile is not consistent
with expression of RAMP1, as αCGRP was a very weak agonist
in HMEC-1 cells, while commonly reported to be a full agonist
at CLR:RAMP1 and CTR:RAMP1 complexes.1 Preliminary
experiments performed during initial characterization showed
that expression of CTR in our HMEC-1 cells is unlikely, as
neither amylin nor salmon CT elicited measurable cAMP
production (data not shown).
We also tested whether AM15−52 was equivalent to full-

length AM in these HMEC-1 cells. AM15−52 was 2-fold weaker
than full-length AM in these cells (Figure 6A); this difference
was statistically significant; however, this reduction was very
small (Table S21, Figure S45). Pharmacological character-
ization through other pathways was attempted (ERK
phosphorylation, CREB phosphorylation, Akt phosphorylation,
and IP1 production); however, we were unable to robustly
measure the activation of any of these pathways (data not
shown).
We then characterized the alanine-substituted AM15−52

analogues in the HMEC-1 cells (Figure 6B, Figure S46).
Trends were generally conserved between transfected cells and

the HMEC-1 cells, though effects of substitutions were often
exaggerated in the HMEC-1 cells. For example, AM15−52 T20A
was a partial agonist of cAMP production at the AM1 receptor
in transfected Cos7 cells, but unable to stimulate cAMP
production in HMEC-1 cells (Figures 4 and 6B). Likewise, the
increase in potency for cAMP production associated with
AM15−52 G19A was greater in HMEC-1 cells than in
transfected cells (Figures 4 and 6B). This may be due to
HMEC-1 cells expressing a lower density of receptors on the
cell surface.79,83 Therefore, while there may be differences
between transfected cell models and cells which endogenously
express receptors, performing screening in transfected cell
systems still holds utility as a tool.

Analysis of Our Results in Light of New Structures:
Complementary Outcomes of Structural Biology and
Functional Biology. The current renaissance of cryo-EM is
providing unprecedented insights into the structures of class B
GPCRs.19,21−26,84 The cryo-EM structure of αCGRP bound to
the CGRP receptor, combined with the new cryo-EM
structures of AM bound to AM1 and AM2 receptor, and
AM2 bound to the AM2 receptor allow insight into how
ligands interact with this family of receptors.34 Combining
these structures with structure−function studies allows a
complementary approach to understand the dynamic molec-
ular mechanisms of receptor engagement and activation.
Functional data would suggest that the important residues in
peptide function are conserved between αCGRP, AM, and
AM2, even when these peptides are bound to different CLR
based receptors; this functional data aligns well with new
structural information that shows that these three peptides
adopt a conserved N-terminal conformation on receptor
interaction, though CGRP extends further toward CLR TMs
6/7 and makes more contact with this region of the receptor
than AM (Figure 7). Additionally, it appears that the majority
of residues which were important for stimulating signaling tend
to project down into the binding pocket, generally in the
direction of TM1, TM5, and to a lesser extent, TM6/ECL3/
TM7 (Figure 7).
These structures also allow insight into mechanisms of

residue importance. L26 and I30 were critical for AM function,
as substitution of either of these residues resulted in a large
decrease in peptide activity. These residues are conserved as
leucine or isoleucine in AM, AM2, αCGRP, βCGRP, amylin,
and salmon CT (Figure 1A), and in human CT these residues
are similarly bulky hydrophobic amino acids (tyrosine and
phenylalanine). Structures of peptides bound to CLR/CTR
based receptors show that the residues in this position sit at
either side of TM1, essentially sandwiching CLR A138 (CTR
A145) between two large hydrophobic residues on the peptide.
Previous investigations into αCGRP signaling highlighted that
alanine substitution of either L12 or L16 reduced the potency
and affinity of the peptide, while mutational analysis of CLR
suggests that this region of TM1 can be important for
stimulating cAMP production.13,85 It is possible that the
interaction of L26, I30, and CLR A138 plays an important role
in maintaining a peptide conformation that allows for receptor
activation, or in anchoring the peptide to the receptor.
AM15−52 F18A was interesting in that there was a large

decrease in Emax with this peptide at the AM1 receptor, and a
smaller decrease at the other CLR-based receptors. This
finding is in line with other reports on the activity of this
peptide, which have shown that substituting this residue with
alanine reduces Emax at the AM1 receptor but not the AM2

Figure 6. (A) cAMP production stimulated by endogenous peptides
in HMEC-1 cells. Data points are the mean ± s.e.m. of seven
independent experiments for all peptides except for AM2, which is n =
6, and AM15−52 which is n = 5. There was one other experiment where
AM2 was unable to elicit a measurable response, and this experiment
has been excluded from the current data set. For values derived from
these curves, see Tables S19 and S21 and Figure S45. (B) relative
effectiveness (Δτ/KA values) for alanine-substituted analogues of
AM15−52 stimulating cAMP production in HMEC-1 cells. Values are
presented as fold-change relative to AM15−52. Analogues were
compared to AM15−52 using paired Student’s t-tests; this analysis
was used because the experimental design created a paradigm in
which the results from an individual analogue were linked to only the
AM15−52 included on each plate, and not to the values of other
peptides. The asterisk (∗) indicates a significant (p < 0.05) difference.
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receptor, and that interfering with this residue by olefin
stapling F18 to T22 reduces the Emax at the AM1 receptor but
not at the CGRP receptor.15,49 This residue sits in a similar
environment in both the AM1 and AM2 receptors, projecting
toward the extracellular face of CLR TM5/ECL2, suggesting
that the relative importance of F18 is not because this residue
makes differential contacts between receptors. Differences in
relative importance between receptors are therefore most likely
to arise from the extent of conformational ranges sampled by

the AM1 receptor compared to the CGRP and AM2

receptors.34

Our results also showed that T20 plays a critical role in the
activity of AM. T20 is conserved as a threonine both across
species (Figure S14), and across other peptides in this family
(Figure 1A).1,2 Previous investigations into related peptides
have shown that this residue plays a critical role in activating
receptors, as substitution of this residue consistently causes a
large decrease in the ability of the peptide to stimulate a

Figure 7. Structural models showing the impact of individual amino acid substitutions across αCGRP, AM, and AM2. (A) αCGRP at the CGRP
receptor,19 (B) AM at the AM1 receptor, (C) AM at the AM2 receptor, and (D) AM2 at the AM2 receptor.

34 Results for AM are cAMP results from
this paper at the AM1 receptor (Cos7 and HEK293S) and AM2 receptor (Cos7), results for AM2 and αCGRP are derived from previous
publications (Tables S23 and S24). In this image CLR is gray, RAMP1 is pink, RAMP2 is light blue, RAMP3 is gold, and peptides are blue. Effects
of substitutions are colored according to the legend.
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signaling response, while only having a small effect on
affinity.41,82,86 Structures of peptides bound to their receptors
show that this residue sits deep in the binding pocket,
interacting with residues on TMs 4, 5, and 6.19,25 On the basis
of MD simulations, the −OH group on αCGRP T6 forms
persistent hydrogen bonds with CLR H295; similar hydrogen
bonds are predicted between salmon CT T6 and CTR H302
(equivalent to CLR H295).19,25 The methyl group on this
threonine also contributes to peptide function; αCGRP T6S,
which retains the −OH group of threonine but lacks a methyl
group, is a weaker agonist than unmodified αCGRP, but more
potent than αCGRP T6A, which lacks both the methyl group
and the hydrogen bond forming −OH group of threonine.86

New cryo-EM structures can also offer insight into why G19
plays such a critical role in peptide function. This residue is
conserved as a small amino acid across the peptide family,
being glycine in AM and AM2, serine in CT, and alanine in
CGRP and amylin (Figure 1). Likewise, this position is well
conserved as glycine across species of AM (Figure S14).2 On
the basis of structural information, this residue binds deep in
the receptor pocket projecting toward the juxtamembranous
tips of CTR/CLR TM6 and TM7.19,25,34 Previous inves-
tigation into this position has shown that it can, to some
extent, direct peptide specificity. Amylin A5S (a more “CT-
like” amylin) was more potent than unmodified amylin at all
CTR based receptors; however, the largest increase was noted
at CTR alone (the receptor at which CT is most potent).41

The region of TM6/ECL3/TM7 has the largest differences
in conformation between the currently reported CLR:RAMP
complexes.19,25,34 Residues in CLR TM6/ECL3 can generally
tolerate mutation to alanine with little-to-no effect on αCGRP
signaling at the CGRP receptor, with the exception of E357
and I360, which both cause large decreases in αCGRP potency
when mutated to alanine. In contrast, alanine mutation of
residues in TM6/ECL3 negatively impacts the ability of AM to
signal at the AM1 and AM2 receptors, though alanine mutation
of I360 does not affect AM signaling at these receptors.15,87 At
present, we do not know whether this is a ligand-specific effect,
or a RAMP-specific effect. It is possible that ECL3 of the AM1
and AM2 receptors makes contacts with the lipid bilayer, while
the CGRP receptor ECL3 does not, thus explaining the
discrepancy between receptors. Alternatively, this effect could
arise from differential interactions between the peptides and
this region of CLR. An alanine in this position on the peptide
is likely to make more contacts with the receptor than a
glycine, and thus peptides incorporating an alanine may better
tolerate receptor mutations as they can still contact the
receptor. It is possible that this idea underlies the difference in
pharmacology noted with AM15−52 G19Athe introduction of
a methyl group (glycine to alanine) may allow for additional
contacts to be made between the peptide and TM6/ECL3/
TM7. Alternatively, it is possible that the effect noted with
G19A results from an alteration to the flexibility of the
disulfide loop. The native glycine found in AM is likely to
provide conformational flexibility to the region.88 As such,
replacing this glycine with an alanine could constrain the loop
in a way that improves receptor activation by promoting a
peptide conformation which makes more/stronger interactions
with CLR, though given that most of the residues in the loop
occupy similar positions when comparing between peptides,
this may be unlikely.19,25,34 Regardless of the mechanism, this
position seems to be a powerful determinant of peptide

activity, and should be investigated further for developing
novel agonists.
Our finding that substitutions affected signaling in a

balanced way is at odds with literature on class B GPCR
ligands. Previous investigations have shown that modifications
(such as alanine substitutions) can have drastic and differential
effects on signaling.89−94 A possible mechanistic explanation
for this difference is that the peptides in the AM/CT peptide
family make only limited contact with the receptor regions of
TM6/ECL3/TM7, which have been highlighted as key areas
for directing biased signaling in other class B GPCRs.34,95

Thus, this lack of interaction with the bias-directing portion of
the receptor could account for the relatively balanced profile of
our analogues.

Structures Provide Insight into the Role of Residues
within the Disulfide Loop. Our findings highlighted
interesting effects of residues within the disulfide loop
structure. This is consistent with other studies on peptides
from this family, and with the knowledge that truncated
peptides which lack the disulfide loop structure act as
competitive antagonists of these receptors.41,81,82,86,96,97 With-
in the loop, the residue immediately following the first cysteine
(AM R17, AM2 V12, αCGRP D3) can tolerate modification
with only small effects on signaling (Figure 4);86,98,99 this is
explained by the residue in this position projecting into free
space, thus having few structural constraints (as evidenced by
the multiple conformations residues in this position can adopt
between structures and the low densities reported in cryo-EM
maps).19,25,34 Substitution of T20 (or the equivalent residue in
other peptides) has a substantial effect in all peptides, this
consistency is most likely due to it occupying a common
position between peptides and receptors. Substitution of F18
and G19 had more differential effects, which given their
constrained environments and adoption of similar positions
between structures, may be due to differences in receptor
dynamics.34

Likewise, structures provide an understanding as to the lack
of importance of the extended N-terminus of AM. The N-
termini of AM, AM2, and αCGRP all project up and out of the
binding pocket, explaining why the N-terminal extensions
associated with AM and AM2 are not required for signaling
(Figure 3), and why lipidation of position 1 in αCGRP is
tolerated with only minor effects on signaling.82,100 In contrast,
the N-terminus of sCT projects back into the binding pocket
in the region of ECL2, this effect is caused by CT having a
larger loop (seven amino acids) than AM, AM2, and CGRP
(six amino acids).25

■ CONCLUSION
We have characterized the three CLR:RAMP complexes,
showing that each CLR:RAMP complex can regulate a
different suite of intracellular proteins. This exploratory work
lays the foundation for understanding how each signaling
pathway contributes to the diverse roles associated with CLR-
based receptors. Through our alanine scan we have
emphasized the importance of the disulfide loop as a key
determinant in peptide activity within this family, but also
show that residues through to the midregion of AM are
important for stimulating signaling. Our findings also highlight
the importance of G19 in the pharmacology of AM, and the
importance of this position across the entire peptide family; it
is possible that this residue could be modified to alter
selectivity. We have also highlighted that substitutions affected
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signaling in balanced ways, indicating that there may be less
scope to design biased analogues for this family of receptors
than for other class B GPCRs, although modifications that
enhance engagement with TM6/ECL3/TM7 may provide an
avenue to promote alternative signaling profiles. Although
there were differences in the signaling profiles between
transfected cells and those which endogenously express
receptors of interest, we highlighted that the effects of
substitutions were generally retained between the two cell-
types, indicating that transfected cells still hold an important
place in the screening process. We also highlighted the
complementary nature of cryo-EM structures and structure−
function investigations as two methods which, when combined,
offer deep insights into the dynamic molecular mechanisms for
receptor engagement, and subsequent activation.

■ METHODS
Peptide Chemistry. Unmodified peptides were either

bought commercially or synthesized in-house. AM and
αCGRP were bought from American Peptide (Sunnyvale,
CA, U.S.A.), Bachem (Bubendorf, Switzerland), or synthesized
in-house, AM2-47 was bought from Bachem or synthesized in-
house, and βCGRP was synthesized in-house. Synthesis of
unmodified peptides has been described previously.13,41,82 All
analogues and fragments were synthesized in-house.
Peptide synthesis was performed using an Fmoc solid phase

peptide synthesis approach. A detailed description of the
methodology is available in Supporting Information.
Cell Culture and Transfection. Multiple mammalian cell-

lines were used in this study. For experiments involving
transient expression of receptor constructs, Cos7 and
HEK293S cells were used. The cell-lines used in this study
have previously been characterized by our lab to show they
lack endogenous expression of CLR, CTR, and RAMPs,
thereby allowing us careful control of receptor expression.101

Both cell-lines were cultured as previously described.101,102

Briefly, cells were maintained in Dulbecco’s modified Eagle
medium (DMEM; ThermoFisher, New Zealand) supple-
mented with 8% heat-inactivated fetal bovine serum (FBS)
in a 37 °C/5% CO2 humidified incubator. Cells were seeded at
a density of 20 000 cells per well (determined using a Countess
Counter, ThermoFisher, New Zealand) into 96-well Spec-
traplates (Cos7 [all assays] and CHO-K1 [cAMP assays];
PerkinElmer, Waltham, MA, U.S.A), CellBind multiwell plates
(HEK293S; Corning, NY, U.S.A), or white-walled clear
bottomed 384-well microplates (CHO-K1 [β-arrestin assays]).
Cos7 and HEK293S cells were transfected using polyethyle-
nimine as previously described.101 All DNA constructs were
encoded in pcDNA3.1. Receptor constructs used in this study
were human. CTR(a), CLR, RAMP1, and RAMP2 were N-
terminally tagged with HA (CTR and CLR), myc (RAMP1),
and FLAG (RAMP2); these tags have been shown to not affect
signaling.101−103 The RAMP3 construct used in this study was
not tagged.
HMEC-1 Cell Culture. The HMEC-1 cell-line was also

investigated during this study. HMEC-1 cells were grown in
complete MCDB-131 comprising MCDB-131, no glutamine
(Life Technologies, New Zealand), supplemented with 10%
heat-inactivated FBS, 1 μg/mL hydrocortisone (Sigma-Alrich),
50 μg/mL endothelial cell growth supplement (Abacus Dx
Limited, New Zealand), and 5% penicillin/streptomycin/
glutamine (Gibco). For regular passaging, cells were grown
in T-75 or T-175 flasks until 90% confluent. For T-75 flasks,

upon reaching 90% confluency, the growth media was removed
and cells were washed once with 5 mL of Dulbecco’s
phosphate-buffered saline (DPBS). The DPBS was removed
and replaced with 5 mL of TrypLE, cells were then incubated
at 37 °C for 5 min. The flask was then agitated to suspend
cells, and 5 mL of complete MCDB-131 was added to the flask.
Cells were then transferred to a new flask containing fresh
complete MCDB-131. Cells were then grown in a 37 °C/5%
CO2 humidified incubator.
Cell seeding was performed essentially as described above

for Cos7 and HEK293S cells. Cells were seeded at a density of
20 000 cells per well into 96-well Spectraplates. Cells were
grown for 2 days before being used in experiments.

Experimental Design. For all signaling pathways, time-
course experiments were first performed using a saturating
concentration of peptide to determine the optimal duration for
subsequent concentration−response experiments. There were
two experimental designs used throughout this study. For
characterization of endogenous peptides, all four peptides
(AM, AM2, αCGRP, and βCGRP) were always included on
each plate. This created a paradigm in which the results for a
single peptide were directly related to the results of every other
peptide. For characterization of analogues and fragments,
peptides were randomly assigned to experimental plates; each
experimental plate also contained a control peptide. This
resulted in a paradigm where the response of each analogue/
fragment was linked to the control peptide included on the
same plate, but not to the results of other analogues/fragments.
In all cases, duplicate, triplicate, or quadruplicate technical
replicates were included for each independent experiment.
Independent experiments involve plating cells from a distinct
passage, separate transient transfections (where applicable),
and separate peptide dilutions for stimulations.

Cellular Assays−cAMP Detection in Transfected Cos7
and HEK293S Cells. cAMP assays were performed using the
LANCE cAMP detection kit (PerkinElmer) or the Al-
phaScreen cAMP assay kit (PerkinElmer) as described
previously.13,104 Unless otherwise noted, cAMP detection in
Cos7 cells was performed using the LANCE cAMP detection
kit, and cAMP detection in HEK293S cells was performed
using the AlphaScreen cAMP assay.

Cellular Assays−cAMP Detection in HMEC-1 Cells.
cAMP assays were performed in accordance with previous
literature with minor modifications.41 Two days after seeding,
HMEC-1 cells were used in experiments. Briefly, on the day of
the experiment growth media was aspirated from the cells and
replaced with 50 μL of stimulation media (comprising MCDB-
131 supplemented with 0.1% bovine serum albumin and 1 mM
IBMX). Plates were then incubated at 37 °C for 30 min before
being stimulated with peptides. Peptides were serially diluted
in stimulation media. Cells were stimulated with peptide for 7
min. Wells were then thoroughly aspirated and replaced with
50 μL ice-cold ethanol. Plates were then placed at −20 °C for a
minimum of 15 min and a maximum of 7 days.
Ethanol was evaporated from the wells by placing the plate

in a fume hood. Cells were lysed by adding 25 μL of LANCE
Ultra lysis buffer (provided with the kit) then shaken at room
temperature for 10−15 min. A cAMP standard curve was
created in kit lysis buffer by serially diluting a stock cAMP in
kit lysis buffer. Cell lysate or standard curve was transferred to
a 384-well OptiPlate (both 10 μL); standards were transferred
in duplicate. Eu-cAMP (5 μL diluted 1:50 in LANCE Ultra
lysis buffer) and Ulight reagent (5 μL diluted 1:150 in LANCE
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Ultra lysis buffer) were added to each well, and the plate was
then sealed and centrifuged for 10 s at 400g. The plate was left
to incubate for 1 h before being read on an EnVision plate
reader with excitation at 340 nm and emissions detected at 620
and 665 nm.
Cellular AssaysIP1 Production. IP1 assays were

performed as described previously with minor modifications.41

The stimulation duration was extended from 90 to 120 min,
and other than that the protocol remained unchanged.
Cellular AssaysERK Phosphorylation, CREB Phos-

phorylation, and Akt Phosphorylation. AlphaLISA Sure-
Fire Ultra kits were used to measure ERK phosphorylation on
residues T202/Y204, CREB phosphorylation on S133, and Akt
phosphorylation on S473. Assays were performed in
accordance with previous literature.41 Stimulation durations
for concentration−response experiments were 10 min in all
instances, otherwise the protocol remained unchanged. For Akt
phosphorylation, 50% FBS, and 200 nU insulin were used as
positive controls.
Data AnalysisConcentrationResponse Assays.

Data were analyzed using GraphPad PRISM versions 6, 7,
and 8. For each individual experiment, concentration response
curves were fit using three-parameter nonlinear regression. A
response was only deemed a curve when at least two data-
points were above the response to media control, otherwise the
response was deemed unquantifiable and referred to as a flat-
line. If a response was deemed a curve, but did not appear to
reach its maximal response within the tested concentration
range, the curve-fit was constrained using the mean response at
the highest concentration of peptide as the Emax for the
peptide.
In the case of weak agonists or weakly coupled pathways,

there were some instances in which a peptide could stimulate a
measurable response during some experiments and not in
others. In these cases the outcome from the majority of
independent experiments has been reported. When reporting
these results, the experiments from the minority are excluded
from the reported n numbers, and a note is included in the
legend to indicate this.
From curve fits we obtained the pEC50 and Emax. Individual

pEC50 and Emax values were combined to generate mean data.
pEC50 data were analyzed using either repeated measures one-
way analysis of variance (ANOVA) with posthoc Tukey’s test
(endogenous ligand characterization), or paired Student’s t-
tests (characterization of analogues/fragments). These differ-
ent approaches are justified in the above section “Experimental
design”. To analyze the differences in Emax between
endogenous ligands, the raw Emax values were log-transformed,
then the resultant values were compared using a repeated
measures one-way ANOVA with posthoc Tukey’s test.105 Raw
Emax values for analogues and fragments were compared to the
relevant control using a paired ratio Student’s t-test.
For ease of comparison, and to take into account day-to-day

variability associated with transient transfections, data were
normalized for presentation in the manuscript. This involved
normalizing each experiment to the fitted maximum and
minimum of the relevant control included on each plate.
Normalized curves were then generated by combining the
mean of data points from individual experiments.
Data analysisOperational Model of Agonism.

Transduction ratios and bias factors were quantified using
the operational model of agonism as described previously.106

This analysis was only applied to results from Cos7 cells and

HMEC-1 cells. Transduction ratios (log(τ/KA) values) were
derived from individual experiments by fitting the operational
model as described by van der Westhuizen et al., to normalized
individual experiments.106 The maximal response window of
the system was defined as the largest normalized Emax recorded
across the entire data set. All curves were constrained by
setting n to 1, and the Emax as the maximal response window of
the system. All curves were then fit as “partial agonists” relative
to this Emax. The derived log(τ/KA) values were then compared
to a reference ligand to obtain Δ(τ/KA) values. When the
ability of endogenous agonists to simulate a signaling pathway
was compared, the reference ligand was αCGRP at the CGRP
receptor and AM at the AM1 and AM2 receptors; data were
analyzed using repeated measures one-way ANOVA with
posthoc Tukey’s test, comparing each peptide to each other
peptide. When the ability of analogues or fragments to
stimulate signaling was compared, the reference ligand was
unmodified AM15−52; data were analyzed using paired
Student’s t-tests. In both cases, statistical significance was
accepted at p < 0.05.
To obtain bias factors (ΔΔ(τ/KA) values), we normalized

the Δ(τ/KA) values to a chosen reference pathway, in this case
cAMP production. This allowed us to investigate whether
peptides had a “biased” signaling profile, that is, a preference
for activating one signaling pathway over another. ΔΔ(τ/KA)
values were analyzed using a one-way ANOVA with posthoc
Dunnett’s test, comparing the ability of each peptide to activate
a signaling pathway relative to its ability to stimulate cAMP
production. Statistical significance was accepted at p < 0.05.
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