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KEY WORDS Abstract Receptor activity-modulating proteins (RAMPs) are accessory molecules that form com-
plexes with specific G protein-coupled receptors (GPCRs) and modulate their functions. It is established
that RAMP interacts with the glucagon receptor family of GPCRs but the underlying mechanism is
poorly understood. In this study, we used a bioluminescence resonance energy transfer (BRET) approach
to comprehensively investigate such interactions. In conjunction with cAMP accumulation, Ge activa-
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modulating protein; tion and B-arrestinl/2 recruitment assays, we not only verified the GPCR—RAMP pairs previously re-
Signaling; ported, but also identified new patterns of GPCR—RAMP interaction. While RAMP1 was able to
Allosteric modulation; modify the three signaling events elicited by both glucagon receptor (GCGR) and glucagon-like pep-
GPCR—RAMP tide-1 receptor (GLP-1R), and RAMP2 mainly affected §-arrestinl/2 recruitment by GCGR, GLP-1R
interaction; and glucagon-like peptide-2 receptor, RAMP3 showed a widespread negative impact on all the family

Abbreviations: AMY, amylin; Bj,,x, maximum measured BRET value; BRET, bioluminescence resonance energy transfer; 6,-AR, $,-adrenergic re-
ceptor; cCAMP, cyclic adenosine monophosphate; CGRP, calcitonin gene-related peptide; CLR, calcitonin-like receptor; ECsg, half maximal effective
concentration; ECD, extracellular domain; E,,,x, maximal response; GCGR, glucagon receptor; GHRHR, hormone-releasing hormone receptor; GIPR,
gastric inhibitory polypeptide receptor or glucose-dependent insulinotropic polypeptide; GLP-1R, glucagon-like peptide-1 receptor; GLP-2R, glucagon-like
peptide-2 receptor; GPCRs, G protein-coupled receptors; pECsp, negative logarithm of ECsp; RAMP, receptor activity-modulating protein; Rluc, Renilla
luciferase; SBA, suspension bead array; SCTR, secretin receptor; SV, splice variant; TMD, transmembrane domain; VPAC2R, vasoactive intestinal
polypeptide 2 receptor.
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members except for growth hormone-releasing hormone receptor covering the three pathways. Our re-
sults suggest that RAMP modulates both G protein dependent and independent signal transduction among

the glucagon receptor family members in a receptor-specific manner. Mapping such interactions provides
new insights into the role of RAMP in ligand recognition and receptor activation.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Receptor activity-modulating proteins (RAMPs) are a family of
single transmembrane protein represented by three subtypes,
RAMPI, 2 and 3. It has a conserved transmembrane domain, one
large extracellular N terminus (~150 amino acids) and a short
intracellular C terminus (~9 amino acids). RAMP was first found
to bind with calcitonin-like receptor (CLR) and is required for CLR
translocation from the endoplasmic reticulum to the cell membrane.
Combination of CLR with RAMPI1 forms the calcitonin gene-
related peptide (CGRP) receptor complex, and that with RAMP2
and RAMP3 constitutes adrenomedullin receptors 1 and 2,
respectively”’. RAMP, as a member of accessory proteins, interacts
with G protein-coupled receptor (GPCR) and displays receptor-
dependent functional modulation of trafficking, selectivity and
signaling®. For instance, association of the calcitonin receptor with
RAMPs 1—3 yields three amylin (AMY) receptors: AMYIR,
AMY2R and AMY3R, respectively”°. Using different methods that
monitor receptor trafficking subsequently identified interactions
between other GPCRs and RAMPs, including glucagon receptor
(GCGR), parathyroid hormone 1 and 2 receptors, vasoactive in-
testinal polypeptide 1 and 2 receptors (VPAC2R), corticotropin-
releasing factor receptor 1 and secretin receptor (SCTR)" .
Recently established suspension bead array immunoassay (SBA)
for  protein—protein  interaction  significantly = expanded
GPCR—RAMP pairs to cover all of the class B1 receptors'™'".

The glucagon receptor family includes GCGR, growth
hormone-releasing hormone receptor (GHRHR), gastric inhibitory
polypeptide receptor (GIPR), glucagon-like peptide-1 and -2 re-
ceptors (GLP-1R and GLP-2R) and secretin receptor (SCTR)D.
They regulate a variety of physiological functions in response to
external stimuli via classical signaling pathways such as Gayg-
mediated cyclic adenosine monophosphate (cAMP) accumulation,
Gag-mediated intracellular Ca®*" mobilization and G protein-
independent $-arrestin1/2 recruitment'> "%,

Studies of GPCR—RAMP interactions will deepen our
knowledge of receptor pharmacology that is valuable for the
design of better therapeutics'>'. Thus, we investigated the effects
of RAMP on signaling profiles (¢(AMP accumulation, Ge, acti-
vation and (-arrestinl/2 recruitment) mediated by the six mem-
bers of this receptor family upon stimulation by endogenous
ligands (glucagon, oxyntomodulin, GHRH, GIP, GLP-1, GLP-2
and secretin)'®. A bioluminescence resonance energy transfer
(BRET) assay was employed, instead of SBA'”'" described in the
literature, to measure the GPCR—RAMP interaction. Besides,
SV1, a splice variant (SV) of GHRHR”, was examined for
comparison with the full-length receptor. Our results demonstrate
that the association of the glucagon receptor family and RAMPs
are broad and RAMPs specifically modulate their signaling pro-
files except for GHRHR.

2. Material and methods
2.1.  Constructs

Full-length cDNA of the human CLR, vectors of the human RAMP1
and RAMP2, vectors of the human FLAG-RAMPI1 and FLAG-
RAMP2, as well as plasmids for the BRET assay were provided by
Dr. Patrick M. Sexton. Plasmids used in the NanoBiT assay were
gifts from Dr. Asuka Inoue. Full-length cDNA of the human RAMP3
was obtained from BGI (Beijing, China). Addition of FLAG- and
HA-tags to receptors or RAMP3 was carried out by site-directed
mutagenesis. All receptors were cloned to pcDNA3.1 vector and to
the backbone of Renilla luciferase 8 (Rluc8) at the C terminus.
RAMPs 1, 2 and 3 were ligated into both Ypet-N1 vector and
pcDNA3 expression plasmid, respectively. All constructs were
confirmed by DNA sequencing (GENEWIZ, Suzhou, China).

2.2.  Cell culture

COS-7 cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM, Gibco, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (Gibco) and 100 mmol/L sodium pyruvate
(Gibco). HEK293A cell line was provided by Dr. Patrick M. Sexton
and maintained in DMEM supplemented with 10% fetal bovine
serum and nonessential amino acids (Gibco). All cell lines were
incubated in a humidified environment at 37 °C in 5% CO,.

For transient transfection, cells were seeded in either 6-well or
96-well plates. After 24 h incubation, cells were transfected using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) in a 2:5
(mol/v) DNA:lipo2000 ratio. Following 24 h culturing, the
transfected cells were ready for use.

2.3.  BRET assay

To assess GPCR—RAMP interaction, receptor-Rluc8 was trans-
fected at a constant concentration with increasing ratio of RAMP-
Ypet from 1:0.25 to 1:16 to COS-7 cells. After transfection, cells
were washed and incubated with 80 L. BRET buffer [calcium and
magnesium free HBSS buffer (Gibco) supplemented with
10 mmol/L HEPES (Gibco) and 0.1% bovine serum albumin
(BSA; Abcone, Shanghai, China), pH 7.4] in a 37 °C incubator for
30 min. Then Rluc8 specific substrate, coelenterazine H (Yeasen
Biotech, Shanghai, China), was added to the incubation system
with a final concentration of 5 pmol/L. The plates were read after
5 min using an EnVision multilabel instrument (PerkinElmer,
Waltham, MA, USA). For titration assay, the signal ratio at 535
nm/470 nm was normalized and the curves were fitted for simple
linear regression vs. one-site binding.

For (-arrestinl/2 recruitment, COS-7 cells were transfected
with a receptor-Rluc8:RAMP: Venus-G-arrestin1/2 ratio of 1:1:2.
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The next day, cells were washed and incubated with 80 pL BRET
buffer. Then 10 pL coelenterazine H was added to each well with
low light. Measurement was started 5 min thereafter. The initial
15-cycle reads were normalized as baseline and signals of ligand-
induced responses were recorded for a total of 70 cycles.

2.4.  Immunofluorescence staining

HEK293A cells were seeded in 6-well plates and transfected with
4 ng plasmid containing GPCR-HA and FLAG-RAMP at a ratio
of 1:1. After 24 h, cells were collected and reseeded in 96-well
plates until the cells reached 50%—70% confluences. They were
washed with PBS before fixation with 4% paraformaldehyde for
15 min. Then they were washed three more times and blocked
with 5% BSA plus 0.1% Triton X-100 for 1 h at room temperature
(RT). Rabbit anti-HA primary antibody (Cell Signaling Technol-
ogy, Danvers, MA, USA; 1:500) and mouse anti-FLAG primary
antibody (Sigma—Aldrich, St. Louis, MO, USA; 1:300) were
diluted with incubation buffer (PBS supplemented with 5% BSA)
for 1 h followed by 3-time wash. Cells were reacted with 100 puL
interaction buffer containing donkey anti-rabbit Alexa 488-
conjugated secondary antibody and donkey anti-mouse Alexa
647-conjugated secondary antibody (Invitrogen; diluted 1:1000) at
RT for 1 h in the dark. After final washing, nuclei were stained
with Hoechst 33,258 for 5 min. Cells were imaged using high-
resolution microscope DeltaVision™ Ultra (GE Healthcare, Bos-
ton, USA).

2.5.  cAMP accumulation

COS-7 cells were seeded in 6-well plates and transfected with 4 pg
plasmid containing receptor and RAMP at a ratio of 1:1. After 24 h,
cells were collected and reseeded in 384-well plates at a density of
3000 cells/well. Following overnight incubation, cells were washed
and incubated with stimulation buffer (calcium and magnesium
free HBSS buffer, 5 mmol/LL HEPES, 0.1% BSA, 0.5 mmol/L
3-isobutylene-1-methylxanthine). They were then treated with
different concentrations of endogenous ligands for 40 min at RT.
Detection reagent mixture was added to each well followed by 1 h
additional incubation. The plates were read according to the
LANCE protocol using an EnVision multilabel reader with the
emission window ratio of 665 nm over 620 nm.

2.6.  Gay activation

HEK?293A cells were seeded in 6-well plates and transfected with
a  plasmid mixture  containing  receptor:RAMP:Go,-
LgBiT:GB:SmBiT-Gy:Ric-8A at a ratio of 1:1:1:3:3:4. Cells were
transferred to 96-well plates at a density of 50,000 cells/well the
next day. After 24 h, they were washed and incubated with 80 uL
NanoBiT buffer (calcium and magnesium free HBSS buffer,
supplemented with 10 mmol/L. HEPES and 0.1% BSA, pH 7.4) in
37 °C for 30 min. Then 10 pL coelenterazine H was added to each
well at a working concentration of 5 umol/L followed by 2 h
incubation. The plates were read at 30 s interval for 4 min as
baseline, then read for 10 min after addition of ligand.

2.7.  Data analysis
Data were analyzed using Prism 8 (GraphPad, San Diego, CA,

USA). For signaling assays, data of individual experiments were
normalized to the maximum responses in cells expressing only the

receptor. Non-linear curve fit was performed using a three-
parameter logistic equation [log (agonist vs. response)]. For
time—course kinetic traces, the BRET ratio or luciferase value was
corrected with post-stimulation basal reading and then normalized
to the kinetic traces of each receptor—RAMP pair in the absence
of ligand. All data are presented as mean =+ standard error of mean
(SEM). Significant differences were determined by one-way
ANOVA with Dunnett’s test.

3. Results

3.1. GPCR—RAMP interaction

A BRET assay was used to identify the association patterns be-
tween the glucagon receptor family members and RAMPs. This
technique has been widely applied to study protein—protein
interaction through detecting Rluc8 and Ypet attached to indi-
vidual protein C terminus. We transfected a constant amount
of receptor-Rluc8 with an increasing ratio of RAMP-Ypet into
COS-7 cells and measured the signal ratio at 535 nm/470 nm. -
Adrenergic receptor (8,-AR) was employed as negative control to
set up the threshold'®. CLR, a typical RAMP-interacting GPCR,
was utilized as positive control'. All interaction curves reflect the
best fit of a comparison between linear and hyperbolic fittings
(Fig. 1). The fitting result inclined to the linear relationship was
considered negative. For §,-AR, the interaction with RAMPs 1
and 2 showed higher linear fitting which was hyperbolic in the
case of RAMP3. Previous reports demonstrated that RAMP3
could translocate to the cell membrane when expressed alone.
Higher surface expression of RAMP3 provided more random in-
teractions with membrane receptors than that of RAMP1 and
RAMP2, thereby deviating the fitting from linearity”'®'".
Therefore, we set up a threshold of B,x > 0.35 for RAMP3
interaction: below this value would be regarded negative. Of the
protein pairs investigated, GLP-2R and RAMP1 exhibited a poor
interaction compared to other pairs (Fig. 1A). It was noted that the
interaction ability was negatively correlated with the value of
BRETsy (Table 1) which can be rank-ordered as weak
(BRET50>5), normal (1<BRETsy<5) and strong (BRETs¢<1).
GLP-1R/RAMP1, GLP-2R/RAMP2 and SV1/RAMP3 displayed
weak interactions while that of GHRHR/RAMP2 and GIPR/
RAMP3 were strong. This observation is supported by subsequent
immunostaining studies showing the co-localization of members
of the glucagon receptor family and RAMPs (Fig. 2). Quantitative
analysis of RAMP surface expression suggests that co-transfection
of CLR with RAMPs significantly improved the presence of the
latter on the cell membrane (Supporting Information Fig. S6). For
RAMPI, only co-expression with SCTR promoted cell surface
translocation (Fig. S6A). The effect on RAMP2 co-expression is
negligible whereas that of GCGR, SV1 and SCTR on RAMP3
expression was negative (Fig. S6B and S6C).

3.2.  cAMP accumulation

The glucagon receptor family preferentially activates Ge, which
subsequently activates adenylyl cyclase to generate cAMP'*. To
investigate the effect of RAMPs on this parameter, we transiently
co-transfected individual receptors and each of the RAMP sub-
types to COS-7 cells. As shown in Fig. 3 and Table 2, RAMP3
reduced GIP-elicited cAMP response by ~40-fold while the E,,x
value remained the same (Fig. 3H). It also decreased GLP-1 and
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Figure 1  Screening of the interaction between the glucagon receptor family members and RAMPs. ABRET for each receptor—RAMP pair was

observed in COS-7 cells. Curves were plotted as the level of increased RAMP:receptor signal ratio and calculated using the best-fit comparison for
linearity vs. hyperbolic curve fitting (nonlinear fit of one site-binding). Curves are representative for each interaction between receptor and
RAMPI (A), RAMP2 (B) and RAMP3 (C), respectively. CLR was served as positive control (red) and 3,-AR was the negative control (blue).
Average B.x and BRET5, (Ky) values are provided in Table 1. Data shown are mean £+ SEM from at least four independent experiments.
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Table 1 Interaction of GPCR—RAMP pairs.

Receptor RAMPI RAMP2 RAMP3
Biax BRETs5, Biax BRETs), Biax BRETs,

CLR 0.460 + 0.017 0.077 £ 0.016 0.468 + 0.042 0.114 £ 0.019 0.511 £ 0.058 0.087 £ 0.037
62-AR Linear fit Linear fit Linear fit Linear fit <0.35 1.865 + 0.562
GCGR 1.149 £ 0.109 1.551 £ 0.362 0.578 £ 0.072 1.654 £ 0.496 1.102 £ 0.165 2.340 + 0.716
GHRHR 1.122 + 0.193 2.426 + 0.837 0.393 + 0.025 0.893 + 0.165 0.948 + 0.139 2.090 + 0.661
SV1 1.364 £ 0.244 4.398 £ 1.155 0.843 + 0.102 2.356 + 0.581 1.842 + 0.754 5.979 + 3.064
GIPR 1.316 + 0.203 4.600 £ 1.016 0.474 £ 0.122 2.751 £ 1.331 0.729 + 0.061 0.352 £ 0.095
GLP-1R 2.039 + 1.234 10.898 + 6.262 0.397 £ 0.092 2.232 + 1.079 0.862 + 0.100 1.003 + 0.333
GLP-2R Linear fit Linear fit 0.567 £ 0.234 7.451 £ 3.462 0.689 + 0.128 1.655 £ 0.737
SCTR 0.573 + 0.021 1.297 + 0.128 0.434 + 0.051 2.407 + 0.572 0.995 + 0.058 1.631 + 0.232

All values are mean £ SEM of at least three independent experiments. Data were calculated using the best-fit comparison for linearity vs. hyperbolic
curve fitting (nonlinear fit of one site-binding).

Bihax, the maximum measured BRET value.

BRET;5) (Ky), the intensity ratio of RAMP:receptor that gives a half of the maximum response.

oxyntomodulin induced cAMP accumulation (by <10-fold; Fig. RAMP1 and RAMP2 either caused a slight reduction (Fig. 31
31 and J). While RAMP3 had no effect on GHRHR it exhibi- and J) or had no influence on the E,,x or ECsq values for any
ted a marked response in SV1 expressing cells (Fig. 3G). Both receptor.

A GPCR-HA  FLAG-RAMP Merge B GPCR-HA  FLAG-RAMP C GPCR-HA  FLAG-RAMP Merge

CLR
pr-AR
GCGR

GHRHR
GIPR

GLP-1R
SCTR

Figure 2  Co-localization of members of the glucagon receptor family and RAMPs. HEK293A cells were co-transfected with each FLAG-
RAMP (red) and GPCR-HA (green) at a 1:1 ratio. After 24 h, each receptor—RAMP pair was stained with anti-HA and anti-FLAG mono-
clonal antibodies, respectively, using CLR (A) as positive and 3,-AR (B) as negative controls. Data shows representative results from three
independent experiments at GCGR (C), GHRHR (D), SV1 (E), GIPR (F), GLP-IR (G), GLP-2R (H) and SCTR (I). Cells were observed by
DeltaVision™ Ultra. Scale bar = 15 pm.
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Figure 3 RAMP-mediated modulation of cAMP response. The glucagon receptor family members were transfected with either RAMP or

vector to COS-7 cells. cAMP accumulation was elicited by endogenous ligand at CLR (A and B), 8,-AR (C), GCGR (D and E), GHRHR (F), SV1
(G), GIPR (H), GLP-IR (I and J), GLP-2R (K) and SCTR (L). CLR was served as positive control and ($,-AR was the negative control.
Measurement of cAMP levels in the absence of RAMP at each receptor (CLR/RAMP1 or CLR/RAMP?2 for response elicited by CGRP or
adrenomedullin, respectively) was performed as a standard curve and then normalized to the maximal response for each RAMP interaction. Data
were fitted with non-linear regression of three-parameter logistic curve. All values are mean = SEM from at least three independent experiments.

3.3.  Gay, activation

Ga, activation after ligand stimulation leads to activation of phos-
pholipase C which cleaves phosphatidylinositol 4,5-bisphosphate to
generate diacylglycerol and inositol triphosphate related to Ca*"
mobilization”’. A NanoBiT assay that fuses the large bit of nano-
luciferase to the Gag-subunit and the small bit to the y-subunit was
used to assess the state of Gozq21 (Fig. 4, Supporting Information
Fig. S1 and Table 2). For GCGR, both RAMPs 1 and 3 displayed
reduced E.. values upon stimulation by glucagon and oxy-
ntomodulin (Fig. 4D and E). The effects of RAMP1 on glucagon- and
oxyntomodulin-induced maximal responses were weaker than that of
RAMP3 (70.9 £+ 7.3% vs. 42.1 &+ 52% and 81.7 + 10.8% vs.
245 + 5%). For GHRHR, no RAMP was able to alter the
concentration—response characteristics (Fig. 4F) whereas RAMP3
displayed a negative impact on the E,, stimulated by GLP-1

(63.7 & 11%) or oxyntomodulin (75.5 £ 17.4%) (Fig. 4G and H).
Similar phenomenon was observed with GLP-2R: 47.1 4 6.8% of the
E..x under the influence of RAMP3 (Fig. 41). Besides, RAMP2
caused a nominal reduction in the potency of GLP-2R.

3.4. (-Arrestinl/2 recruitment

Independent of G protein signaling, (-arrestin recruitment is
involved in receptor desensitization and endocytosis®>. Arrestin 2
(also called B-arrestinl) and arrestin 3 (G-arrestin2) are widely
expressed and bind to most GPCRs**. We used a BRET assay by
attaching Rluc8 to receptor C terminus and Venus to (-arrestinl/
2 N terminus (Fig. 5 and 6, Supporting Information Figs. S2 and
S3). Both RAMPs 1 and 2 enhanced glucagon-mediated (-
arrestinl  recruitment by GCGR (1603 =+ 14.7% and
185.5 £ 13%; Fig. 5D and Table 2). The negative impact of



Table 2  Modulation of signaling profiles of the glucagon receptor family of GPCRs.
Receptor Ligand Interaction Assay
cAMP accumulation Gay activation (-Arrestinl recruitment (-Arrestin2 recruitment
PECso Emax (%) PECso Emax (%) PECso Emax (%) PECso Emax (%)
CLR CGRP Vector 85+02 20.0 £ 1.2 N.D. N.D. 73 £18 16.9 £ 10.6 N.D. N.D.
RAMP1 9.8 +0 100 £ 0.8 7.2 £ 0.1 100 £ 3.7 69+ 0.3 100 + 8.6 6.8 £0.2 100 + 7.6
Adrenomedullin Vector 94 +£0.2 463 £ 2.9 N.D. N.D. N.A. N.A. N.A. N.A.
RAMP2 10.8 £ 0.1 100 + 2.5 N.D. N.D. 6.8 £ 0.5 100 + 17.2 58 +£04 100 + 16.2
RAMP3 10.1 £ 0.1 95.6 £ 1.7 N.D. N.D. 6.7 £ 14 17.9 £ 11.7 6.6 £ 0.5 584 £ 10.9
B-AR (—)-Adrenaline Vector 9.6 £0 100 + 1.3 6.9 £ 0.2 100 + 6.7 6.2 +0.3 100 + 11.5 6.4 £0.1 100 + 4.1
RAMP1 9.6 £0.1 989 + 1.9 6.5+ 0.2 102.3 £ 10.3 6+ 04 773 £ 11.1 6.7 £0.2 79.1 £ 5.7
RAMP2 9.7+0 99.7 £ 1.5 6.3 £ 04 116.4 £ 20.5 58 £0.5 834 £ 15 6.5 £ 0.2 90 + 54
RAMP3 9.7 £ 0.1 100.7 £ 2 6.9 £ 0.3 98.7 £ 11.6 6+ 04 104.6 £+ 15.7 6.4 £ 0.2 79.2 £ 6.1
GCGR Glucagon Vector 8.5 £ 0.1 100 + 1.9 6.8 +£0.2 100 + 8.1 55+ 0.1 100 + 6.3 5.1 +0.1 100 + 4.6
RAMP1 84 £ 0.1 104 + 1.9 6.8 £ 0.2 70.9 £ 7.3% 53+£02 160.3 £ 14.7* 5.1+£02 76 £ 7.6
RAMP2 8.6 £ 0.1 1043 £2 6.7 £0.2 102.1 £ 7.6 5.0 £ 0.1 185.5 £ 13** 52+03 110 + 13.9
RAMP3 83 £ 0.1 1033 £ 1.9 73 £03 42.1 £ 5.2%%* 5.0 £ 04 107.9 £ 21.2 52+02 784 + 7.4
Oxyntomodulin Vector 86 £0 100 £ 1.2 7+0.2 100 £ 9.4 N.D. N.D. N.D. N.D.
RAMPI 8.4 £ 0.1 103.1 £ 1.7 7+£03 81.7 £ 10.8 N.D. N.D. N.D. N.D.
RAMP2 8.5 £ 0.1 103.4 £ 2.5 7+£03 113 + 13.6 N.D. N.D. N.D. N.D.
RAMP3 84 £ 0.1 101.7 £ 2.2 9.9 £ (.4 24.5 £ 5%* N.D. N.D. N.D. N.D.
GHRHR GHRH Vector 10£0 100 + 1.2 10.7 £ 0.2 100 + 6.9 53 £0.6 100 + 25.3 N.D. N.D.
RAMPI 98 £0 104.1 £ 1.2 112+ 0.3 91.8 £83 4.8 £ 0.6 123.5 £ 422 N.D. N.D.
RAMP2 10 £ 0.1 101.5 £ 14 10.5 £ 0.3 105.1 £ 94 47+ 04 124 + 34 N.D. N.D.
RAMP3 9.8 £0.1 1003 £ 1.5 10.9 £ 0.3 879 +£ 8 44 £ 0.6 101.9 + 45.7 N.D. N.D.
SV1 GHRH Vector 59+0 100 + 1.8 N.A. N.A. 54+03 100 + 11.2 N.D. N.D.
RAMPI1 59 £+ 0.1 100.3 £ 3.4 N.A. N.A. 42403 188.4 £ 36.8 N.D. N.D.
RAMP2 59 £+ 0.1 102 + 4.2 N.A. N.A. 41+03 181.8 £ 44.2 N.D. N.D.
RAMP3 6.4 £ 0.1%* 100.3 + 2.0 N.A. N.A. 4.7 £0.5 168.1 + 49.1 N.D. N.D.
GIPR GIP Vector 103 £ 0.1 100 + 1.3 N.A. N.A. 49 +0.3 100 + 17.7 6.5+ 04 100 + 12.7
RAMP1 103 £ 0.1 99 + 1.8 N.A. N.A. 55+04 81.5 + 16.9 5.6 £ 0.6 114 £ 29.6
RAMP2 102 £0 993 £1.2 N.A. N.A. 49+03 82.1 £ 174 62 +£0.3 103.5 £ 14.9
RAMP3 8.7 £ 0.1%%* 95.7 £33 N.A. N.A. 52+04 612 + 154 5.8+ 04 130.4 + 28.7
GLP-1R GLP-1 Vector 10.6 £ 0.1 100 + 1.8 11.8 £0.2 100 £ 5 6.7 £ 0.1 100 + 3.8 6.8 £ 0.2 100 + 6.1
RAMP1 10.3 £ 0.1* 98.5 + 1.7 116 £ 0.3 86.2 + 5.6 6.6 + 0.1 106.3 + 4.7 6.9 £ 0.1 96 £+ 4.7
RAMP2 10.6 £ 0.1 994 £ 14 11.2 £0.2 838 £53 6.5 £0.2 105 £ 5.9 6.9 £+ 0.1 104 +£ 5.1
RAMP3 10.2 £ 0.1** 98.8 + 1.7 11 £0.5 63.7 £ 11* 6.4 + 0.1 89.1 £ 2.8 6.3+ 0.2 74 £ 6.9*
Oxyntomodulin Vector 8.6 =+ 0.1 100 £ 1.6 10.8 £ 0.2 100 £ 5.4 5.8+0.2 100 £+ 12 59 +£0.1 100 £ 5.2
RAMP1 8.2 £+ 0.1%* 99.8 £ 2.1 102 £ 0.3 107.8 + 8.4 59+02 122.3 + 11 59 +£0.1 101 £5.8
RAMP2 8.6 £ 0.1 99.6 £ 1.8 10.6 £ 0.4 102.7 £ 9.5 57£0.2 1199 £ 12 6.1 £ 0.1 125 + 6.9*
RAMP3 8.1 £+ 0.1#%* 994 + 2.5 9.9 £ 0.7 755 £ 174 54+02 116 £ 14 5.7 £ 0.1 85+ 6.3
GLP-2R GLP-2 Vector 9.7 £ 0.1 100 + 1.4 10.5 £0.3 100 + 7.5 7.1 £0.2 100 + 6 7.1 £0.1 100 + 4.1
RAMP2 9.7 £ 0.1 96.2 + 2.7 9.2+ 0.2 119.2 +£ 9.9 7 £0.1 895 +4 7+0.1 79.3 £ 2%*
RAMP3 9.4 £+ 0.1 98.7 £ 2.7 11 £05 47.1 £ 6.8%* 6.8 £0.2 77.9 £ 5% 6.7 £ 0.1* 75.6 £ 3.5%*

(continued on next page)
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Table 2 (continued)

Assay

Interaction

Ligand

Receptor

B-Arrestin2 recruitment

B-Arrestinl recruitment

Gay activation

pPECso

cAMP accumulation

Emax (%)
100 + 4

pPECso

Epnax (%)
100 £ 5.6

pECs
91.8 £+ 3.6

Emax (%)
100 + 14.1

Emax (%)
100 + 1

pECso

7.2 £ 0.1
6.8 +0.2
7.1 £0.2
6.9 + 0.1

7+0.1

7.7+ 04
79 +0.3
82403
7.6 + 0.6

10.7 £ 0
10.7 £ 0.1
10.8 £ 0.1
10.8 £ 0

Vector

Secretin

SCTR

81 + 6.2

7+ 0.1

127.7 £ 13.5
106.8 £ 12.5
97.8 + 21.1

99.6 £ 1.5

RAMP1
RAMP2
RAMP3

105 £ 6.8

1059 + 6.4
69.1 £ 4.9%*

7.1 £0.1
6.8 + 0.2

99.6 + 1.7

67 £ 4.2%*

99.4 + 0.9

cAMP accumulation and @-arrestin1/2 recruitment assays were performed in COS-7 cells. Gy activation assay was conducted in HEK293A cells. All the measures were fitted to non-linear regression

three-parameter logistic curves. pECs is the negative logarithm of the concentration of an agonist that gives a half of the maximum response. E,,x is the percentage (%) of the maximum response in cells

expressing receptor only (CLR/RAMPI or CLR/RAMP2 for response elicited by CGRP or adrenomedullin, respectively).

All values are mean == SEM of at least three independent experiments. Statistical analysis was carried out by comparing the control responses in the absence of RAMP.

*P < 0.05, **P < 0.01 and ***P < 0.001, determined by one-way ANOVA with Dunnett’s test.

N.A., no robust stimulation was detected at the highest concentration.
N.D., values that could not be determined without complete curve fit.

RAMP3 on the maximal g-arrestinl responses at GLP-2R
(779 £ 5%) and SCTR (69.1 £ 4.9%) were marginal (Fig. 5K
and L). In the case of (-arrestin2 (Fig. 6 and Table 2), RAMP3
decreased the E, ., value of GLP-1-mediated recruitment while
RAMP2 increased oxyntomodulin-stimulated response at GLP-1R
(Fig. 6I and J). Similar weakening impact was seen with RAMP2
(79.3 4+ 2%) and RAMP3 (75.6 £ 3.5%) on the maximal re-
sponses at GLP-2R (Fig. 6K). For SCTR, RAMP3 exhibited a
feeble decrease in maximal signaling (67 + 4.2%, Fig. 6L).

3.5.  Receptor pharmacology

Supporting Information Table S1 and Fig. 7 show that RAMP has an
extensive interaction with the glucagon receptor family members
albeit it is rather weak between RAMP1 and GLP-2R. Looking at
the subtype specificity, RAMP1 exerts effects on GCGR and GLP-
IR through cAMP production, Geg activation and (-arrestinl
recruitment. It appears biased towards cAMP accumulation at GLP-
IR compared to GCGR that trends towards Gey activation. RAMP2
only participates in $-arrestinl/2 recruitment by GCGR, GLP-1R
and GLP-2R. RAMP3 demonstrates a broad spectrum of negative
modulation covering all three tested pathways involving GCGR,
GIPR, GLP-1R, GLP-2R and SCTR.

Since RAMP3 has a negative impact on GLP-1-induced
signaling, it may also affect receptor scavenging. Meanwhile,
B-arrestin2 recruitment is increased upon stimulation by oxy-
ntomodulin in the presence of RAMP2. Therefore, we performed
ligand-induced internalization assay with GLP-1R in the presence
or absence of RAMP2/3. It was found that RAMP did not affect
the speed of GLP-1R internalization elicited by GLP-1, while
RAMP2 caused a rapid loss of cell surface GLP-1R upon oxy-
ntomodulin stimulation, suggesting that RAMP2 may promote
receptor scavenging through (-arrestin recruitment (Supporting
Information Fig. S7).

Except for GHRHR, other five family members seem to be
functionally modulated by at least one RAMP. Oxyntomodulin is a
dual-agonist of GCGR and GLP-1R***°, For GLP-1R, RAMPs 1, 2
and 3 were shown to affect oxyntomodulin-induced cAMP and
B-arrestin2 recruitment, while RAMPs 1 and 3, but not RAMP2,
only took part in Ge, pathway at GCGR. It appears that RAMP is
capable of modifying signaling profiles elicited by different ligands
on the same receptor. RAMP3 reduced both glucagon- and
oxyntomodulin-induced Geyq responses at GCGR. RAMP1 sup-
pressed Ga, response but promoted §-arrestinl recruitment which
could also be enhanced by RAMP2 upon glucagon stimulation. For
GLP-1R, RAMPs 1 and 3 caused a decreased cAMP signaling under
the influence of either GLP-1 or oxyntomodulin, whereas RAMP2
specifically enhanced oxyntomodulin-stimulated (-arrestin2
recruitment and RAMP3 exerted a negative impact on GLP-1-
induced Gag activation and -arrestin2 recruitment. While GIPR-
mediated cAMP signaling was weakened by RAMP3, RAMPs 2
and 3 restrained (-arrestin2 recruitment and Geg response at GLP-
2R. The effects of RAMP3 on (-arrestinl/2 recruitment at both
GLP-2R and SCTR were also negative. Although no modulating
effect was seen at GHRHR, the impact of RAMP3 on cAMP
accumulation at SV1 was noticeable (Fig. 3F and G).

4. Discussion

To investigate the role of RAMPs in modulating signaling path-
ways of the glucagon receptor family of GPCRs, we established a
BRET assay to detect interactive pairs. Compared to the results



RAMPs and glucagon receptor family signaling 645
A B C
CLR CLR Br-AR
= 140 S 280 2 140
= & 120 = & 240 = £120
€ Z 100 £ 2200 £ < 100
23 80 2 Z160 £ 5 80
Sz 60 g Z 120 S & 60
T2 40 =l 58 40
S92 R St
X0 o o0
— =20 — -40 =20 —
10 9 8 -7 6 5 -4 0 -10-9 -8 -7 -6 -5 4 0 -10-9 8 -7 -6 5 -4
Log [CGRP (mol/L)] Log [Adrenomedullin (mol/L)] Log [(-)-Adrenaline (mol/L)]
D E F
GCGR GCGR GHRHR
2 210 I Eh
= = =
& S £ £ 60 & S
El 2 8 40 ER
Se- é Se- § 28 | éu- g‘:
g £ £
- _— - —_—
0 -10-9 8 -7 6 -5 -4 0 -11-10-9 -8 -7 6 -5 0 -12-11-10 -9 -8 -7
Log [Glucagon (mol/L)] Log [Oxyntomodulin (mol/L)] Log [GHRH (mol/L)]
G H I
GLP-1R GLP-1R GLP-2R
< 140 2 140 < 140
= £120 = £120 = £120
£ %123 2 %lgg 2 %133
« I <
z £ 60 Z £ 60 £ £ 60
254 254 s 240
355 23 Be-§ zg 55 28
e e “ea
- —_,r— - —_,r— -
0 -12-11-10 9 -8 -7 0 -11-10 9 8 -7 -6 0 -12-11-10-9 -8 -7 -6

Log [GLP-1 (mol/L)]

SCTR

Ga, activation
(% receptor alone)

-12-11-10 -9 -8 -7
Log [Secretin (mol/L)]

-6

Figure 4

Log [Oxyntomodulin (mol/L)]

-e- Vector

Log [GLP-2 (mol/L)]

-= RAMPI -+ RAMP2 -+ RAMP3

RAMP-mediated modulation of Ga, activation. Measurement of Gaq activation was made in HEK293A cells using a NanoBiT

luciferase assay. Gay activation was elicited by endogenous ligands at CLR (A and B), 6,-AR (C), GCGR (D and E), GHRHR (F), GLP-1R (G
and H), GLP-2R (I) and SCTR (J). CLR was served as positive control and $,-AR was the negative control. For quantification of
concentration—responses, area-under-the-curve data were analyzed after subtracting the post-stimulation baseline. Data were fitted to non-linear
regression of three-parameter logistic curve and normalized to the maximal response in cells expressing receptor only (CLR/RAMPI1 or CLR/
RAMP?2 for response elicited by CGRP or adrenomedullin, respectively). Values shown are mean = SEM from at least three independent

experiments.

generated by multiplexed SBA techniques, we confirmed most
GPCR—RAMP interactions reported previously. However, the
association between GHRHR and RAMP1 was readily observed in
this study (Fig. 1A) but was claimed to be insignificant with the
SBA assay'', a phenomenon that was noted between GLP-2R and
RAMP1 as well (Fig. 1A). Since HEK293T cells utilized in that
study express endogenous RAMPI, it may cause non-specific
binding to the receptor in question®. High background noise
would also reduce protein—protein interaction signal. Such a
discrepancy might have been resulted from failure to meet the
protein pair distance (<10 nm) required for BRET***’. Another
difference between BRET and SBA is that the former is a quan-
titative and straightforward measurement in living cells. Although
SV1 has a naturally truncated extracellular domain (ECD)'"?8, it
still showed interactions with all three RAMPs. Studies of the
interactome variability by comparing SV1 with GHRHR support
the contribution of ECDs to GPCR—RAMP interface®. The
published structures of CLR/RAMPs**' and chimeric secretin-

GLP-1R/RAMP3’ indicate that the complex formation requires
the association between RAMP and receptor transmembrane
domain (TMD). It is likely the high conservation of TMDs among
the glucagon receptor family members and the spatial similarity of
RAMPs provide a constitutive basis for general interactions be-
tween GPCR—RAMP pairs*>%.

Interestingly, the interaction between GLP-2R and RAMP1 is
different from other pairs. To understand the distinct RAMP1-
binding profiles between CLR and GLP-2R, we performed the
sequence analysis and structural comparison of the RAMPI-
binding sites based on the reported cryo-EM structures (CGRP-
CLR—RAMPI1—Gg complex: 6E3Y; GLP-2—GLP-2R—G, com-
plex: 7D68; Supporting Information Figs. S4 and S5)°"*.
RAMPI1 forms extensive hydrophobic interactions with TMs 3—5
as well as several polar contacts with ECL2’'. However, by
adopting unique amino acids that are different from other mem-
bers in the glucagon receptor family in several positions, direct
repulsion between GLP-2R TMD and RAMP1 was observed
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RAMP-mediated modulation of B-arrestinl recruitment. 8-Arrestinl (8-Arrl) recruitment was assessed in COS-7 cells using a BRET

assay. B-Arrestinl level with each RAMP was normalized to the maximal response in the absence of RAMP at ($,-AR (C), GCGR (D and E),
GHRHR (F), SV1 (G), GIPR (H), GLP-1R (I and J), GLP-2R (K) and SCTR (L). CLR was served as positive control and $,-AR was the negative
control. CLR was normalized to the measurement in the presence of RAMP1 (elicited by CGRP) and RAMP?2 (elicited by adrenomedullin). Data
shown are mean + SEM from at least three independent experiments. Concentration—response curves were fitted to non-linear regression curves.

(Fig. S4). K337%%2 and K338E°L? in ECL2 of GLP-2R do not
make polar interaction with RAMP1 while T288%°* and
H289%C"? (CLR) in the equivalent position form the RAMPI-
ECL2 interface (Fig. S5B)*'*°. Compared with the dense con-
tacts between Q140 (RAMPI) and W254*** (CLR), the large
side-chain of R302** may push the C-terminal of RAMP1 away
from the TMD (Fig. S5C). At the C-terminal of TM3 in GLP-2R,
proline emerges several residues ahead compared to CLR and
other members. It points to a shorter TM3 and conformational
change in intracellular loop 2 which may impact the corre-
sponding K142 (RAMP1)—V243™™? interaction (Fig. S5D).
These special structural features of GLP-2R would hinder the
binding of RAMP1 to GLP-2R.

The results of co-localization experiments (Fig. 2) are
consistent with the above findings. However, compared to the
BRET assay, analysis of RAMP cell surface expression indicates
that only a few receptors exhibited an impact (Supporting
Information Fig. S6). For instance, GCGR, SV1 and SCTR

downregulated RAMP3 membrane expression, suggesting that
cytoplasm remains its action site.

Three signaling events (cCAMP generation, G, activation and
B-arrestin1/2 recruitment) were assessed to study the effects of
RAMPs on six closely related class B1 receptors. Addition of
either GIP or GHRH to cells transfected with respective receptor
alone did not affect Gag response at GIPR or SV1 (data not
shown). GIPR appears predominantly to signal via Goy rather
than Gaq’% and Ca’* mobilization’®?’, whereas the noticeable
impact of RAMP3 on GHRH-induced cAMP accumulation at
SV1 (Fig. 3G and H) supports the role of ECD in RAMP-
modulated G protein activation®”.

Of interest is that RAMP showed robust association with some of
the receptors but failed to affect their signaling pathways. Since
RAMP is involved in receptor trafficking, recycling and degrada-
tion”'®%, pharmacological effects observed in the present study
may reflect the dominant action out of its multifaceted functional-
ities which sometimes relies on the cell line background.
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Figure 6

RAMP-mediated modulation of (-arrestin2 recruitment. 3-Arrestin2 (8-Arr2) recruitment was assessed in COS-7 cells using a BRET

assay. (-Arrestin2 level with each RAMP was normalized to the maximal response in the absence of RAMP at 3,-AR (C), GCGR (D and E), GHRHR
(F),SV1(G), GIPR (H), GLP-1R (IandJ), GLP-2R (K) and SCTR (L). CLR was served as positive control and 3,-AR was the negative control. CLR
was normalized to the measurement in the presence of RAMPI (elicited by CGRP) and RAMP?2 (elicited by adrenomedullin). Data shown are
mean + SEM from at least three independent experiments. Concentration—response curves were fitted to non-linear regression curves.

It’s obvious that RAMPs broadly interact with the glucagon
receptor family members thereby altering their functions. RAMP1
is in favor of G protein-related pathways, an observation consis-
tent with that found in cells expressing VPAC2R®, whereas
RAMP2 mainly mediates B-arrestin recruitment. According to
published studies, RAMP2 plays a major role in Geoy, coupling
to VPAC2R and Gayyy/1» coupling to corticotropin-releasing factor
receptor 1°, suggesting that its modulation is receptor specific. In
addition, increased efficacy of RAMP2 on GCGR was seen in both
HEK293T and CHO-KI1 cells™®*°. In GCGR-expressing
CHO—KI1 cells, RAMP2 attenuated Gaq signaling and abolished
@B-arrestin recruitment’®. However, this result could not be repro-
duced in COS-7 cells. Unlike RAMPs 1 and 2, RAMP3 is indis-
criminative of G protein or (-arrestin signaling and the
modulation is of repressive nature. Furthermore, our

internalization assay demonstrates that the function of RAMP3 is
independent of receptor scavenging (Supporting Information
Fig. S7).

The effect of RAMP also depends on ligand selectivity
When activated by GLP-1, glucagon or oxyntomodulin (a dual-
agonist), GLP-1R and GCGR mediated signaling pathways could
be differentially modulated by RAMPs. Structural studies on
different receptor—RAMP?**" and receptor—G protein®* com-
plexes suggest that there may exist two possible mechanisms of
RAMP modulation: (i) directly affecting the ligand-receptor bind-
ing interface or (ii) indirectly changing receptor conformation’®.

RAMP may also participate in ligand-induced signal bias.
Compared to GLP-1, oxyntomodulin exhibits a bias towards
ERK1/2 phosphorylation over cAMP, with similar preference for
cAMP relative to iCa>" signaling. It also displays a stronger

40,41
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Characterization of RAMP interaction with the glucagon receptor family members. Interaction and modulation of RAMP at GCGR

(A and B), GHRHR (C), SV1 (D), GIPR (E), GLP-1R (F and G), GLP-2R (H) and SCTR (I). Positive or negative modulations of each
receptor—RAMP pair that achieved statistical significance are presented in tables below. GCG, glucagon; OXY, oxyntomodulin; SCT, secretin; §-
Arrl, B-arrestinl; B-Arr2, G-arrestin2; N.A., no robust stimulation was detected at the highest concentration.

preference for B-arrestinl/2 recruitment relative to GLP-1'%%>%,

In this study, both RAMP1 and RAMP3 showed low potency for
cAMP production while RAMP2 enhanced (-arrestin2 recruit-
ment at GLP-1R. This feature would promote the bias of oxy-
ntomodulin towards $-arrestins or ERK1/2 phosphorylation over
cAMP relative to GLP-1.

Both the glucagon receptor family members and RAMPs are
key players of the metabolic and endocrine systems'’. They have
an overlap organ distribution including the lung, pancreas, kidney,

brain, heart and liver” . Clearly, in-depth analysis of the rela-
tionship between GPCR—RAMP pair distribution and physiolog-
ical relevance is required to understand the significance of RAMP
modulation.

5. Conclusions

This present work describes the interactions of RAMPs with
members of the glucagon receptor family of GPCRs. Through
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verification of previously published RAMP interactome and
identification of new GPCR—RAMP pairs, we were able to reveal
that RAMP modulates both G protein dependent and independent
signaling pathways in a receptor-specific manner.
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