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G protein-coupled receptors (GPCRs) are regulated by various downstream proteins, of which the melanocortin receptor accessory
protein 1 (MRAP1) is closely involved in the regulation of melanocortin receptor 2 (MC2R). Assisted by MRAP1, MC2R responds to
adrenocorticotropic hormone (ACTH) and stimulates glucocorticoid biogenesis and cortisol secretion. MC2R activation plays an
essential role in the hypothalamic-pituitary-adrenal (HPA) axis that regulates stress response, while its dysfunction causes
glucocorticoid insufficiency- or cortisol excess-associated disorders. Here, we present a cryo-electron microscopy (cryo-EM)
structure of the ACTH-bound MC2R-G,-MRAP1 complex. Our structure, together with mutagenesis analysis, reveals a unique sharp
kink at the extracellular region of MRAP1 and the ‘seat-belt’ effect of MRAP1 on stabilizing ACTH binding and MC2R activation.
Mechanisms of ACTH recognition by MC2R and receptor activation are also demonstrated. These findings deepen our
understanding of GPCR regulation by accessory proteins and provide valuable insights into the ab initio design of therapeutic

agents targeting MC2R.

Cell Research (2023) 33:46-54; https://doi.org/10.1038/s41422-022-00751-6

INTRODUCTION

G protein-coupled receptors (GPCRs) are regulated by various
downstream proteins, such as G proteins, kinases, B-arrestins, and
accessory proteins, adding to the complexity and fine-tuning of
GPCR functional expression and signal transduction.' The
melanocortin receptor accessory protein (MRAP) family contains
two members of single transmembrane proteins, MRAP1 and
MRAP2, which regulate ACTH receptor formation and energy
homeostasis, respectively.”® MRAP1 was initially discovered to
facilitate the trafficking of melanocortin receptor 2 (MC2R) to the
plasma membrane after translation and is required for MC2R
activity.*® The N-terminus of MRAP1 was further proven to be a
prerequisite for the activation of MC2R.*”® MRAP1 was reported
to exist as an anti-parallel homodimer with the two copies of
MRAP1 inserted into the membrane in ‘N-terminus out’ and ‘C-
terminus out’ orientations, respectively, which appears to be the
functional conformation of MRAP1 to bind MC2R°™"" Although
the conformation and importance of MRAP1 in regulating energy
homeostasis are beginning to be understood, the mechanism by
which MRAP1 modulates MC2R activity remains elusive.

MC2R belongs to the melanocortin receptor (MCR) family, which
consists of five closely related class A GPCRs, MC1R-MC5R. It was
identified in the human adrenal gland and stood out as one of the
smallest GPCRs, comprised of only 297 amino acids.'® Unlike its
homologs with comparable activity to melanocortin hormones,
such as melanocyte-stimulating hormones (MSHs) and ACTH,

MC2R exclusively responds to ACTH.'>'* Besides an evolutionally
conserved ‘message’ motif (HFRW) shared by all known melano-
cortin hormones, only ACTH has a unique ‘address’ motif (KKRR),
which may explain its selectivity for MC2R (Fig. 1a).">'® A two-step
activation model has been proposed in which both ‘message’ and
‘address’ motifs of ACTH are required for ligand recognition by
MC2R.">1718  However, the selectivity mechanism of MC2R
towards ACTH remains to be clarified.

The polypeptide ACTH, along with MC2R and MRAP1, are
critical modulators in the hypothalamic-pituitary-adrenal (HPA)
axis and are closely associated with various pathological
processes.'? By dictating glucocorticoid production and cortisol
release, MC2R signaling regulates multiple physiological func-
tions, including metabolism and immune responses under
circadian- and stress-induced conditions, etc.?’ Pathologically,
inactivating mutations on MC2R or MRAP1 led to familial
glucocorticoid deficiency (FGD),*'*? a rare and fatal disease
characteristic of isolated cortisol deficiency, with oral hydro-
cortisone being the only effective treatment.*>** Conversely,
excessive ACTH stimulation causes congenital adrenal hyperpla-
sia (CAH) and Cushing syndrome (CS).>> Blocking ACTH-induced
MC2R activation is a potential treatment modality for these
disorders.?® Till now, no effective synthetic agonist or antagonist
of MC2R has been discovered except the peptide antagonist
GPS1574, which may serve as a potential treatment for CS*7%®
(Fig. 1a, b). Revealing ligand recognition and activation
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motif motif
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Fig. 1
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Ligand selectivity and cryo-EM structure of the ACTH-MC2R-G,-MRAP1 complex. a Sequence comparison among peptidic agonists

and antagonists of MCRs with the address and message motifs highlighted. b Differential activities of a-MSH, ACTH, GPS1574, and SHU9119
on MC1R, MC2R, and MC4R. ¢, d Cryo-EM density map with an enlarged presentation of the extracellular region (c) and cartoon representation
(d). Polar interactions are indicated by red dashed lines. MC2R, pink; ACTH, deep pink; MRAP1, blue; Ga, yellow; Gf, turquoise; Gy, purple.
e Structural features of MC2R shown by alignment to MC1R (PDB code: 7F4D) and MC4R (PDB code: 7F53). Left, side view; right, top view.

mechanism of MC2R will facilitate the development of drug
candidates for ACTH-MC2R/MRAP1 pathway-relevant diseases.

Recent progress made in the determination of MC1R and MC4R
structures bound to agonist or antagonist disclosed their familial
conservation and specificity of ligand recognition and
functionality.''*732 However, the lack of structural information
on MC2R hampers our understanding of its activity regulation by
MRAP1 and recognition selectivity for ACTH. Here we report the
cryo-electron microscopy (cryo-EM) structure of the ACTH-bound
MC2R-G,-MRAP1 complex at a global resolution of 3.3 A. This
structure presents a ‘seat-belt’ model of MRAP1 in MC2R activation
and selective features of ACTH recognition by the receptor. Our
findings extend the understanding of MC2R signaling modulation
and open a new window in drug discovery targeting MC2R.

RESULTS

Structure determination of the ACTH-MC2R-Gs-MRAP1
complex

To facilitate the assembly of the ACTH-MC2R-Gs—-MRAP1 complex,
we co-expressed MRAP1 and the full-length human MC2R, along
with miniGa,, GB, and Gy, in the presence of ACTH in High Five
insect cells (Supplementary information, Fig. S1a). By using the
cryo-EM analysis, the ACTH-MC2R-G,-MRAP1 complex was
initially determined to the resolution of 3.2A (Supplementary
information, Fig. S1b-e). Nevertheless, the extracellular region
of the complex displayed a strong but discontinuous signal,
extending from the intersection of MC2R N-terminus and MRAP1
to the ligand-binding pocket (LBP) of the receptor, indicating the
conformational heterogeneity and potential significance of this
region. We further performed a focused three-dimensional (3D)
classification with a mask containing the area within 3 A of ACTH
and the extracellular part to differentiate conformational states
and uncover hidden molecular details in the discontinuous
density. The data processing yielded one class with a high-
quality extracellular density, and this class was used for
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the final reconstruction of an integrated structure of the
ACTH-MC2R-G,-MRAP1 complex at 3.3 A resolution (Supplemen-
tary information, Fig. S1d, f, g), including a well-defined
ectodomain consisting of the N-terminal loop of MRAP1 and
C-terminal portion of ACTH (Fig. 1c; Supplementary information,
Fig. S2 and Table S1).

The overall architecture of the MC2R complex

The high-quality density map enables us to precisely position all
the components of the complex (Fig. 1d). The agonist-bound
MC2R adopts a canonical fold of the seven-transmembrane
domain (7-TMD) and exhibits structural features similar to MC1R
and MC4R in the active state, including a relatively short ECL2, two
disulfide bonds bridging N-loop and ECL3 (C21""-C2535“3 and
C2455-C2515°) (Fig. 1e). Several notable differences reside in
the extracellular and intracellular loops between MC2R and MC1R
or MC4R, for instance, the ECL1 of MC2R is more compressed, and
its ICL3 is shorter (Fig. 1e). Intriguingly, ICL3 of MC2R is visible,
indicative of its more stable conformation relative to its homologs,
which is probably attributed to its interaction with MRAP1
(Fig. Te).

ACTH is embedded in the external cavity of MC2R with a ‘hook'-
shaped conformation, forming a total buried interface area of
1816 A% The C-terminal fragment of ACTH, carrying the unique
address motif compared with other melanocortin hormones,
forms an extracellular region together with the N-terminus of
MRAP1 (Fig. 1a, ).

The TMD of MRAP1 sits almost parallel to that of MC2R and
directly contacts TM5 and TM6 of the receptor, constituting a TM
core of the complex consisting of eight helices. Interestingly,
residues 20-32 from the N-terminal loop of MRAP1 make an
approximately 90-degree sharp turn relative to the TMD of MRAP1,
then extend across the extracellular vestibule and orient
horizontally to the membrane. In addition, the N-terminal
segment 13-19 vertically stretches from the membrane and
is closely packed with the C-terminus of ACTH by forming short
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Fig. 2 Molecular mechanism of MRAP1-mediated regulation of ACTH recognition by MC2R. a Three interfaces formed by MRAP1
contacting MC2R and ACTH. b—d Detailed interactions between MRAP1 iJM motif and MC2R (b), between MRAP1 eJM motif and MC2R (c), and
between MRAP1 and ACTH (d), highlighted in the blue, black and red frames in a, respectively. e-g cAMP responses of ACTH-stimulated

MC2R-MRAP1 WT or mutants in the interacting interfaces of b-d.

anti-parallel B-strands. The overall extracellular part of MRAP1 is
reminiscent of a seat-belt, anchoring ACTH inside the MC2R
ligand-binding cavity (Fig. 1c). Unlike the N-terminus, the
C-terminus of MRAP1 at the cytoplasmic side is unstructured,
indicating a relatively weak association with the receptor (Fig. 1c;
Supplementary information, Fig. S2).

Assembly of MRAP1 with ACTH-bound MC2R

The complex structure provides a template for clarifying the
assembly of MRAP with ACTH-bound MC2R and deepening our
understanding of the necessity of MRAP1 in MC2R activation.
MRAP1 interacts with the ACTH-bound MC2R complex through
three major interfaces, including two with MC2R and one with the
C-terminus of ACTH (Fig. 2a-d).

The intracellular juxtamembrane motif (iJM) of MRAP1 and ICL3
of MC2R constitute a cytosolic interface maintained by
sidechain—-mainchain interaction between S61, S63 of MRAP1
and R205'“"® and N21453° of MC2R, thereby triggering the shift of
ICL3 towards MRAP1 (Fig. 2b). Substituting R205'““> and N214%3°
with alanine made negligible impact on ACTH activity, indicating
an insignificant role of this cytosolic interface in the regulation of
MC2R by MRAP1 (Fig. 2e; Supplementary information, Table S2).

More extensive contacts exist at the extracellular interface
between the extracellular juxtamembrane motif (eJM) of MRAP1
and the N-terminus as well as ECL3 of the receptor. These
interactions stabilize the sharp kink of MRAP1. Notably, Y2505
provides a hinge point for MRAP1 to take a perpendicular turn.
S19"T and D20"T of MC2R fall within the distance of the hydrogen
bond with the mainchain of MRAP1, probably stabilizing the sharp
kink conformation and making MRAP1 stretch to the extracellular
entrance of the LBP (Fig. 2c). Truncation of 30 amino acids at the
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N-terminus of MRAP1 almost abolished ACTH-induced MC2R
activation, reflecting an essential role of the extracellular interface
compared with the cytosolic interface in the MC2R regulation by
MRAP1. Further alanine mutation analysis identified S19"" and
Y2505 as two determinants in MC2R responsible for MRAP1
regulation (Fig. 2f; Supplementary information, Table S2).

Besides two major interfaces with MC2R, the N-terminus of
MRAP1 forms an additional interface with the C-terminus of ACTH.
The interface is primarily stabilized by polar interactions. K16 and
R17 in the address motif (KKRR) of ACTH are located at a distance
of salt bridges with acidic residues D19 and E15 at the N-terminus
of MRAP1, respectively (Fig. 2d). Replacing E15 with alanine
notably hampered MC2R activation, indicating the importance of
the salt bridge in MC2R activation (Fig. 2g; Supplementary
information, Table S2). In addition, Y17 also contributes to ACTH
activity, probably by maintaining the extracellular ascending
structure (Fig. 2d, g). Intriguingly, hydrogen bonds are established
between Y20 of MRAP1 and S1 and R8 of MC2R, resembling the
lock of the MRAP1 seat-belt, thus fastening the ligand inside the
pocket (Fig. 2d). Mutating Y20 of MRAP1 to alanine completely
abrogated ACTH-induced cAMP accumulation, consistent with the
previous finding on the significance of Y20 in MC2R activation®
(Fig. 2g; Supplementary information, Table S2). In addition, the
map with the discernible density at the extracellular region
presenting segments of ACTH, MRAP1, and the receptor stands for
a more stable complex conformation, indicating that engagement
of MRAP1 with MC2R and ACTH is a prerequisite of MC2R
activation.

Both MRAP1 and MRAP2 have been thought to regulate
receptor localization to the cell surface and signaling. However,
unlike MRAP1, which only regulates ACTH signaling via MC2R,
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MRAP2 has also been implicated in modulating other GPCR
signaling (e.g., ghrelin receptor) appetite and energy home-
ostasis.>* Sequence alignment reveals an additional ‘LDYL’ motif
(L18-D19-Y20-L21) in MRAP1 relative to MRAP2 (Supplementary
information, Fig. S3a), which substantially contributes to the
association of MRAP1 with ACTH and is involved in ACTH-induced
MC2R activation. Adding ‘LDYL" motif to the wild-type (WT) MRAP2
enabled the MRAP2-LDYL mutant to activate MC2R in synergy
with ACTH (Supplementary information, Fig. S3b). These findings
provide a rationale for understanding the different effects of the
two MRAPs on ACTH-mediated MC2R activation.

Besides MRAPs, receptor activity-modifying proteins (RAMPs)
stands out as another type of GPCR accessory protein. RAMPs can
be classified into three types: RAMP1, RAMP2, and RAMP3, all of
which interact with a broad set of GPCRs and are best studied with
class B GPCRs, such as the calcitonin receptor-like receptor (CLR)
and calcitonin receptor (CTR).>* RAMPs form heterodimers with
CLR/CTR, including calcitonin gene-related peptide receptor
(CGRPR, i.e, CLR-RAMP1), adrenomedullin (AM) receptor 1
(AM;R, CLR-RAMP2), AM receptor 2 (AM,R, CLR-RAMP3), amylin
receptors AMY;R (CTR-RAMP1), AMY,R (CTR-RAMP2), and AMY;R
(CTR-RAMP3), in a conserved assembly mode.*>*® Thus, CGRPR
(CLR-RAMP1) was used as a representative heterodimer to
compare the GPCR-binding modes between RAMPs and MRAP1.
RAMP1 functions similarly to MRAP1, such as facilitating the cell
surface expression of CLR and being involved in CGRP recogni-
tion.>®> MRAP1 and RAMP1 showed a similar N-terminus-out and C-
terminus-in organization mode, and no substantial densities were
observed at their C-terminal tails, indicating their weak association
with G proteins. Intriguingly, TMD of MRAP1 displays a distinct
interface with the receptor helices relative to RAMP1 (TM5-TM6
for MC2R-MRAP1 vs TM3-TM4-TM5 for CLR-RAMP1) (Supple-
mentary information, Fig. S4). In addition, unlike MRAP1, which
shows extensive interactions with the receptor and ligand
peptide, RAMP1 primarily interacts with the extracellular domain
of CLR and makes only direct contact with the far C-terminus of
CGRP.*®

ACTH recognition by MC2R

The residues of ACTH, especially H6, F7, and W9, penetrate deeply
into the extracellular core of MC2R (Supplementary information,
Fig. S5a). Extensive interactions between ACTH and N-terminus,
TM1, TM2, TM3, TM4, and ECL3 are observed inside the LBP of
MC2R. Similar to the binding mode of a-MSH in MC1R*' and
MC4R,*?* these interactions are mainly made by salt bridges,
hydrogen bonds, and hydrophobic interactions (Fig. 3a). Muta-
tions of the key residues of MC2R that interact with ACTH,
including E28A, Y76A, D103A, D107A, and S169A, diminished
cAMP accumulation to different extents (Fig. 3b, ¢; Supplementary
information, Table S2). A calcium ion, linking E5 and F7 from ACTH
as well as E80, D103, and D107 from MC2R, strengthens ACTH
binding to MC2R (Supplementary information, Fig. S6). This
calcium-mediated interaction is believed to be critical for ligand
recognition by MCRs.?

Compared to a-MSH bound to MC1R or MC4R, ACTH adopts a
more curved conformation (Fig. 3d). Its N-terminus shares an
identical sequence with a-MSH, hinting at a similar binding mode
for MC2R. However, the structural superposition of ACTH-bound
MC2R with a-MSH-bound MC1R (Ca root mean square deviation,
RMSD =0.915A) and MC4R (RMSD =0.868 A) show that amino
acids 1-5, 6-9 (message motif), and 10-13 in both peptides
display different binding poses with interacting residues in
corresponding regions, designated as the front, central and back
regions, respectively (Fig. 3d).

In the front region, MC1R and MC4R provide hydrophobic space
to accommodate Y2 and M4 of a-MSH.3'3? Differently, charged
residues R87 and E99 in MC2R produce an unfavorable
polar environment to engage the hydrophobic M4 (Fig. 3e;
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Supplementary information, Fig. S2). However, R87A and E99A
mutations did not substantially affect ACTH activity (Fig. 3f;
Supplementary information, Table S2). Moreover, ECL1 of MC2R
prevents the ACTH N-terminal motif from reaching out and pushes
Y2 centripetally (Fig. 3e). The unfavorable electrostatic environ-
ment and the steric hindrance caused by ECL1T may hamper the
binding of a-MSH to MC2R.

In the central region, the space in MC4R accommodating the
aromatic group of F7 in the message motif (HFRW) of a-MSH is
occupied by F110°32 in MC2R. The bulkier sidechain of
phenylalanine than cognate isoleucine (1129%32) in MC4R leads
to a notable rotamer change of F7 of ACTH to avoid a probable
steric clash, thereby alternatively rearranging its sidechain in
close proximity to G26273°. Moreover, compared to the glycine
in MC2R, the relatively bulkier L2887 in MC4R may sterically
clash with F7 of ACTH and impede its rotamer change (Fig. 3g).
Single or combined F110%32A/I and G2627>°L mutations support
the necessity of rotamer change of F7 for MC2R activation
(Fig. 3h). Additionally, W9 in ACTH bound to MC2R at a position
slightly deeper relative to W9 of a-MSH bound to MC1R/MC4R
(Fig. 39).

In the back region, contrary to the extracellular concave
surfaces of MCIR/MC4R, which are negatively charged and
electrostatically complementary to a-MSH, the bilateral parts of
MC2R LBP enrich positively charged residues, thus probably
weakening the electrostatic interactions between MC2R and ACTH
(Supplementary information, Fig. S5b, c). Specifically, the electro-
static repulsion between R23NT of MC2R and K11 of ACTH pushes
the C-terminal portion of the peptide outwards (Fig. 3i) and
increases the curvature of the GKPV motif (Fig. 3d). This structural
observation is supported by the increased ACTH activity when
substituting R23 with the corresponding glutamic acid in MC1R
that is compatible to K11 (Fig. 3j; Supplementary information,
Table S2). Consequently, the unfavorable environment of MC2R
LBP generates steric hindrance and electrostatic repelling effects
to prevent short proteolytic products such as a-MSH from binding
(Supplementary information, Fig. S5). However, ACTH carrying an
elongated C-terminal loop attracted to the MRAP1 seat-belt by
electrostatic interactions could be recognized and retained, which
may explain the unique selectivity of MC2R for ACTH.

Mechanism of MC2R activation

Structural comparisons between the ACTH-bound MC2R complex
and the active and inactive MC4R bound to a-MSH (PDB code:
7F53) and SHU9119 (PDB code: 6W25), respectively, reveal that
MC2R is indeed in the active state (Fig. 4a—c). In contrast to the
inactive MC4R, the cytoplasmic end of TM6 of MC2R undergoes a
pronounced outward displacement to accommodate the
C-terminus of a5 helix of Gas subunit, the hallmark of class A
GPCR activation. ACTH-bound MC2R shows a similar overall active
conformation compared with a-MSH-bound MC4R. However,
several observed conformational differences suggest a receptor-
specific activation mode of MC2R relative to MC4R.

On the extracellular side, minor differences were observed in
TM1 and TM2 between activated MC2R and MC4R (Fig. 4b), which
may arise from the steric hindrance between F7 of ACTH and
F31'%° and K77**” of MC2R and the consequent outward
movement of TM1 and TM2 (Fig. 4d). At the bottom of the
peptide-binding pocket, F7 of a-MSH directlg contacts L133%3¢ of
MCA4R. Differently, the benzene ring of F110°3? of MC2R sterically
overlaps with the phenyl group of F7 of a-MSH, substituting its
role in engaging the cognate residue L114>3¢ of MC2R (Fig. 4e).
Although differently triggered, the sidechain of leucine at 3.36
undergoes a similar upward rotamer switch and subsequently
leads to downward rotameric switch of W®* for MC2R or
movement for MC4R, resulting in the rotation of F®** and
initiating the outward rotation and displacement of the cytoplas-
mic part of TM6 (Fig. 4f).

SPRINGER NATURE

49



P. Luo et al.

50

-
o
=]

150- - MC2R+MRAP (WT) —#— MC2R-S169A+MRAP
—¥- MC2R-D107A+MRAP

150--®- MC2R+MRAP (WT) - MC2R-K77A+MRAP
MC2R-E28A+MRAP

MC2R-Y76A+MRAP

100

50

cAMP accumulation (% of WT)
8

1L A
L~central g =
MG -

-

9 MC1R-a-MSH/

150- -8~ MC2R+MRAP (WT)
~- MC2R-R87A+MRAP

—o— MC2R-E99A+MRAP

aa
=]
=)

o
=]

o

cAMP accumulation (% of WT)

-10 -8 -6 -4 -2
50 Log [ACTH] (M)
i ACTH MC1R-a-MSH

¢

>~ T

0

.50 Log [ACTH] (M)

cAMP accumulation (% of WT)

1C2R-ACTH / h

-~ MC2R+MRAP (WT) - MC2R-F1101+MRAP
150 o MC2R-F110A+MRAP —&- MC2R-F110A G262L+MRAP
—* MC2R-G262L+MRAP —¥— MC2R-F110I G262L+MRAP

cAMP accumulation (% of WT)

50 Log [ACTH] (M)

©- MC2R-R23A+MRAP

-
a
S

e~ MC2R+MRAP (WT)
& MC2R-R23E+MRAP

-
=)
S

o

Log [ACTH] (M)

cAMP accumulation (% of WT)
& 2

Fig. 3 Ligand recognition by the orthosteric LBP of MC2R. a Detailed interactions between ACTH and MC2R. Polar interactions are
presented by red dashed lines. b, ¢ cAMP signaling of MC2R mutants in the LBP. d Front, central and back regions of MC2R LBP. MC2R surface
is colored light pink; ACTH is colored deep pink; and a-MSH in active MC1R and MCA4R structures are shown in forest green and orange,
respectively. e Structural comparison among the front regions of the LBPs of MC2R, MC1R (PDB code: 7F4D), and MC4R (PDB code: 7F53). LBP
surfaces are shown by the hydrophobicity. f cAMP responses of MC2R mutants in the front region. g Rotameric change of ACTH-F7 in the
cavity of MC2R central region, compared to a-MSH-F7 in MC1R and MC4R (PDB codes: 7F4D, 7F53). h cAMP signaling of MC2R mutants in the
central region. i Structural comparison among the back regions of the LBPs of MC2R, MC1R (PDB code: 7F4D), and MC4R (PDB code: 7F53). LBP
surfaces are shown by the electrostatic potential. j cCAMP signaling of MC2R mutants in the back region.

These conformational changes further propagate the agon-
ism signal downward through several motifs associated with
class A GPCR activation. The M>>°134°F844 motif, corresponding
to the noncanonical PIF motif in MCRs, undergoes active-like
conformational changes, concomitant with the large shift of
TM5 (Fig. 4c, g). The shift of TM5 relocates Y*>*® and H>*°,
establishing polar interactions with R**° and Y3*' in the
D**°R30Y331 motif, respectively (Fig. 4h). Y>>% also forms a
polar interaction with Y”33 in the NPxxY motif, further
stabilizing the polar interaction network among TM3, TMS5,
and TM7. The sidechain of Y3 is re-orientated and brings TM7
closer to the helical core (Fig. 4i). These significant conforma-
tional changes of MC2R are consistent with those in MC1R and
MC4R,*' implying a conserved activation signal propagation
mechanism across the MCR family.
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The profound conformational changes of MC2R TMD during
activation reform the cytoplasmic interface for G; protein
recruitment. Structural superimposition of the Gs-coupled MC2R
with the Nb35-free MC1R-G,; complex (PDB code: 7F4F) shows a
largely conserved coupling mode. Notable MC2R conformational
differences include a shorter TM5 (Fig. 5a). The major coupling
interface is generated by the insertion of helix 5 of Gay into the
intracellular core enclosed by TM2, TM3, TM5, TM6, and TM7. The
C-terminal residues of the Gas subunit, especially the ‘wavy hook’
residues from Q357 to L361, establish extensive contacts with the
surrounding TMs of MC2R. Besides, the hydrophobic interactions
of F343, 1350, and L355 of the Gas subunit with the nearby
aliphatic residues may provide additional stability to the coupling
interface (Fig. 5b). ICL2 interacts with the aN-p1 hinge region of
the Gag subunit. L136'“-? makes hydrophobic contact with V194,
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Fig. 4 Activation mechanism of MC2R. a-c Structural alignment of the active MC2R with active and inactive MC4R (PDB codes: 7F53, 6W25).
Side view (a); extracellular view (b); cytoplasmic view (c). d Steric hindrance effect of ACTH-F7 on TM1 and TM2 of MC2R. e-i Conformational
changes of MC2R upon activation indicating a conserved activation mechanism across the MCR family. Toggle switch (e, f), MIF motif (g), DRY

motif (h), and DPxxY motif (i) are shown.

F196, and F343. Residues L136'°“? and R137'°“? form
mainchain-sidechain hydrogen bonds with H34 and D192 of the
Gag subunit (Fig. 5¢). Together, our structure provides a template
for enhancing the mechanistic understanding of MC2R activation
and the MC2R-G; coupling.

DISCUSSION

MC2R, selectively activated by ACTH with the interplay of MRAP1,
regulates adrenal steroidogenesis crucial for stress response. In this
study, we report the cryo-EM structure of the ACTH-bound
MRAP1-MC2R-G; complex, providing structural evidence for the
seat-belt function of MRAP1 to stabilize ACTH binding to MC2R. Both
the shape and electrostatic condition of MC2R unfavored the binding
of the ACTH N-terminus to the receptor pocket and may lead to
ligand binding instability. Alternatively, the two essential elements for
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MC2R activation, the N-loop of MRAP1 and the address motif of ACTH,
are actually bound together to implement ligand recognition.

Earlier data support the theory that MRAP1 adopts a dual topology
as a functional form when binding to MC2R 2 Nonetheless, we found
a stoichiometry of 1:1 for MRAP1 and MC2R in our complex structure
and structurally proved that the N-terminus-out MRAP1 in the
monomer state interacts with MC2R and participates in ACTH
binding. However, the possibility that the homodimer MRAP1 exists
cannot be dismissed. The assembly state of MRAP1 and its relevance
to functional regulation have yet to be addressed.

Although the association mode of MRAP1 with ACTH-bound
MC2R in a functional state is revealed, the dynamic assembly
process of the complex, such as whether MRAP1 captures ACTH
prior to its binding to MC2R LBP or restricts the bound ACTH
inside the LBP, remains elusive. Interestingly, our focused 3D
classification revealed one class with relatively poor but apparent
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ACTH density inside the LBP of MC2R, in the absence of density for
the MRAP1 N-terminus (Supplementary information, Fig. S8a, b).
Interestingly, the presence of density for G protein in this volume
indicates that MC2R is somehow activated, suggesting that MC2R
might be bound by ACTH and activated without the seat-belt
restraint of MRAP1. However, it is arguable that the MRAP1 seat-
belt could be loosened after receptor activation or destroyed
during cryo-sample preparation.

We therefore propose that the N-terminal loop of MRAP1
functions as a seat-belt to fasten ACTH in the LBP. Similarly,
wrapping of a flexible regulatory loop around the ligand for GPCR
activation was observed in glycoprotein hormones (i.e., chorionic
gonadotropin (CG) and thyroid-stimulating hormone (TSH)) and
their receptors (i.e., luteinizing hormone/choriogonadotropin
receptor (LHCGR) and thyroid-stimulating hormone receptor
(TSHR)).3%%° The C-terminal seat-belt segment of the B-subunit
of CG/TSH encircles the entire a- and B-subunits of the hormone
and mediates the hormone binding to the corresponding
receptor.>**° Different from the intramolecular seat-belt for CG/
TSH, MRAP1 provides an intermolecular seat-belt loop to activate
the ACTH-MC2R complex. Moreover, many accessory proteins in
addition to MRAP1 are essential for GPCR activation. For example,
single-transmembrane protein RAMP1 allosterically modulates
CLR.>> The diversity of GPCR modulation by accessory proteins
could provide variable ways to adjust and control GPCR signal
transduction vital to many physiological functions.

Taken together, our results offer a molecular explication of
selective ligand recognition and activation of MC2R, and the
necessity of the MRAP1 N-terminus for this process. It is our hope
that the MC2R structure reported herein would support the de
novo structure-based design of MC2R ligands and accelerate drug
discovery for the treatment of diseases caused by an abnormality
in the ACTH-MC2R-MRAP1 pathway.

MATERIALS AND METHODS

Construct preparation

The full-length human MC2R was modified to contain the haemagglutinin
(HA) signal peptide followed by an N-terminal 10x His tag and cytochrome
b562RIL (BRIL) to enhance the receptor expression; a 15-amino acid
polypeptide linker and a LgBiT (Promega) were fused in the C-terminus.
The full-length human MRAP1 was modified to include an N-terminal Flag
epitope tag. An engineered human Gag was constructed based on miniGg
(PDB code: 5G53)*' with eight mutations (G49D, E5ON, L63Y, A249D, $252D,
L272D, 1372A, and V375I), and two additional dominant-negative mutations
(G226A and A366S) to decrease the affinity of nucleotide binding and increase
the stability of the heterotrimeric G protein. All these modified cDNAs, as well
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as the human G fused with HiBiT at its C-terminus, and the human Gy were
cloned into pFastBac vector, respectively.

Complex expression

MC2R, MRAP1, Ga, GB, and Gy were co-expressed in High Five insect cells
(Thermo Fisher) using the baculovirus method as previously described.?'
The cells were grown in ESF 921 serum-free medium (Expression Systems)
to a density of 2 x 10° cells per mL, and then five baculoviruses at a ratio of
1:1:1:1:1 were added to the cell culture. The cells were harvested 48 h after
infection at 27 °C. The cell pellet was collected by centrifugation at 2000x g
for 15 min and stored at —80 °C before use.

Complex purification
Cell pellets were thawed in suspension buffer (20 mM HEPES, pH 7.4,
100 mM NacCl, 10 mM MgCl,, and 5 mM CaCl, supplemented with Protease
Inhibitor Cocktail (TargetMol)). The complex formation was initiated by
the addition of 25 mU/mL apyrase (Sigma) and 10 pM ACTH (GenScript).
The suspension was incubated for 1h at room temperature (RT).
Membranes were collected by centrifugation at 30,000x g for 30 min.
Complexes from membranes were solubilized by 0.5% (w/v) lauryl maltose
neopentyl glycol (LMNG, Anatrace) supplemented with 0.1% (w/v)
cholesteryl hemisuccinate (CHS, Anatrace) for 2 h at 4 °C. The supernatant
was then isolated by centrifugation at 65,000x g for 30 min and incubated
with M1 anti-Flag affinity resin for 2 h at 4°C. The resin was collected by
centrifugation at 500x g for 10 min and loaded onto a gravity-flow column.
The resin was then washed with 30 column volumes of washing buffer
(20 mM HEPES, pH 7.4, 100 mM NacCl, 100 uM TCEP, 10 uM ACTH, 2 mM
CaCl,, 0.01% (w/v) LMNG, 0.01% (w/v) GDN, and 0.004% (w/v) CHS) before
bound complexes were eluted with the same buffer containing 0.1 mg/mL
Flag peptide. The complexes were then concentrated using a 100-kD
Amicon Ultra centrifugal filter (Millipore) and loaded onto Superdex 200
10/300 GL column (GE Healthcare) pre-equilibrated with running buffer
containing 20 mM HEPES, 100 mM NacCl, 100 uM TCEP, 10 uM ACTH, 2 mM
CaCly, pH 7.4, 0.00075% (w/v) LMNG, 0.00025% (w/v) GDN, and 0.0002%
(w/v) CHS. The sample collected from size-exclusion chromatography was
analyzed by SDS-PAGE. The monomeric peak fractions were collected and
concentrated to 4-6 mg/mL for electron microscopy experiments.

Cryo-EM data acquisition

The purified ACTH-MC2R-G,~MRAP1 complex was applied to a glow-
discharged holey carbon EM grid (Quantifoil, Au 300 R1.2/1.3) in a Vitrobot
chamber (FEI Vitrobot Mark V). The chamber of the Vitrobot was set to 100%
humidity at 4 °C. The sample was blotted for 3 s with a blot force of 2 and then
plunged into liquid ethane. Cryo-EM data were collected by a Titan Krios G4
(Thermo Fisher) using 300 kV accelerating voltage at the Advanced Center for
Electron Microscopy, Shanghai Institute of Material Medica. The micrographs
were recorded using a super-resolution counting mode at a pixel size of 0.52
A using the EPU software. Micrographs were obtained at a dose rate of
~15 e /(A%s) with a defocus ranging from —1.0 to —3.0 um. A total movie
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with a total exposure time of 3.33 s for each micrograph was collected and
was dose-fractionated to 32 frames, resulting in a total dose of ~50 e /A%

Cryo-EM data processing

All collected 7131 movie stacks were 2 X 2 binned, and motion corrected in
Relion 4.0,* to generate micrographs with a final pixel size of 1.04 A. The
contrast transfer function (CTF) parameters were estimated by CTFFIND4
program.*® Particles picked by Blob picker in Cryosparc 3.2 from
micrographs with CTF parameter were subjected to 2D classification to
generate input particles to train Topaz in Cryosparc 3.2. A total of 4,347,219
particles were automatically picked by Topaz Extract and screened by
several rounds of 2D classification in Cryosparc 3.2.4% 1,235,537 selected
particles were used to generate ab initio map reference in Cryosparc3.2,
and subjected to a cascade of 3D classification and refinement in Relion
4.0.% After 3D refinement, particle polishing, CTF refinement in Relion 4.0,
NU-refinement in Cryosparc 3.2, and sharpening in DeepEMhancer,*® the
resolution of the initial structure of the ACTH-MC2R-Gs—-MRAP1 complex
reconstructed by 194,986 particles was 3.2 A. The resolution was estimated
by the gold-standard Fourier shell correlation (FSC, 0.143 criterion). Local
resolution distribution was evaluated using Cryosparc 3.2.

To further investigate the complex structure in different states, local 3D
classification with a 3D mask surrounding ACTH and the extracellular area was
performed using 194,986 particles. This resulted in two states, well-defined and
poor-density states, inside the MC2R LBP with high resolution. Further data
processing yielded the reconstruction of the integrated and loose structures of
the ACTH-MC2R-G,~MRAP1 complex with the resolution of 33 A for both
states, reconstructed by 59,170 and 89,184 particles, respectively.

Model building and refinement

The integrated structure was used to build a model of the
ACTH-MC2R-G,—MRAP1 complex. The a-MSH-MC1R-Gs structure was
docked into the EM map in Chimera, and manually adjusted in COOT*’
based on the global EM map to build the mainchain of ACTH, MC2R, and
G.. For the MRAP1 structure, AlphaFold2*®-predicted MRAP1 structure was
used to generate a template of MRAP1 transmembrane motif; and N-loop
was manually built in COOT. The resulting model was refined against the
EM density using real space refinement in PHENIX* with secondary
structure and geometry restraints. The final model after refinement was
validated using the PHENIX package. The model statistics are summarized
in Supplementary information, Table S1.

cAMP accumulation

WT or mutant MC2R and MRAP constructs were cloned into pcDNA6.0 vector
(Invitrogen) for functional studies. HEK293T cells were transiently transfected
with the vectors at a ratio of 1:2 using Lipofectamine 2000 transfection
reagent (Invitrogen) and incubated at 37 °C in 5% CO,. Twenty-four hours
after transfection, the transfected cells were digested with 0.02% (w/v) EDTA,
resuspended in stimulation buffer (Hanks' balanced salt solution (HBSS)
supplemented with 5 mM HEPES, 0.5 mM IBMX, and 0.1% (w/v) bovine serum
albumin (BSA), pH 7.4) to a density of 6 x 10° cells per mL and added to 384-
well white plates (PerkinElmer, 3000 cells per well). cAMP accumulation was
measured by a LANCE Ultra cAMP kit (PerkinElmer) according to the
manufacturer’s instructions. In brief, transfected cells were incubated for
40 min in a stimulation buffer with different concentrations of ACTH (5 pL) at
RT. The reaction was stopped by the addition of lysis buffer containing 5 pL
Eu-cAMP tracer and 5 pL ULight-anti-cAMP. Plates were then incubated for
50 min at RT and time-resolved FRET signals were measured at 620 nm and
665 nm, respectively, by an EnVision multilabel plate reader (PerkinElmer).
Data were analyzed in GraphPad PRISM 8 and all values were normalized to
the WT. All outcomes were repeated at least three times.

To assess the effect of calcium and magnesium ions on cAMP signaling,
HEK293T cells were digested with 0.02% (w/v) EDTA and washed three
times with calcium/magnesium-free HBSS buffer. Then the cells were
resuspended and stimulated with different concentrations of ACTH in
Ca“/Mg“—free stimulation buffer (aforementioned stimulation buffer
supplemented with 1 mM EGTA) or with an additional 1.5 mM CaCl, or
MgCl, in Ca>*/Mg**-free stimulation buffer ([Ca®"] = ~0.5 mM).° The rest
of the steps were essentially the same as described above.

Receptor surface expression
Cell surface expression of MC2R, MRAP1, and MRAP2 was determined by
flow cytometry 24h post-transfection in HEK293T (MC2R (mutant) +
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MRAPs (WT)) or CHO-K1 (MC2R (WT)+ MRAPs (mutant)) cells. Briefly,
~2x10° cells were blocked with PBS containing 5% BSA (w/v) at RT for
15 min. After that, cells expressing MC2R (mutant) + MRAPs (WT) were
incubated with anti-Flag primary antibody (1:300, diluted with PBS
containing 5% BSA, Sigma), and those expressing MC2R (WT) 4+ MRAPs
(mutant) were incubated with anti-c-Myc antibody (1:200, diluted with PBS
containing 5% BSA, Abcam) at RT for 1 h. The cells were then washed three
times with PBS containing 1% BSA (w/v) followed by 1 h incubation with
anti-mouse Alexa Fluor 488 conjugated secondary antibody (1:1000,
diluted with PBS containing 5% BSA, Invitrogen) at 4 °C in the dark. After
washing three times, cells were re-suspended in 200 pL PBS containing 1%
BSA for detection by Flow Cytometer (BD Biosciences) utilizing laser
excitation and emission wavelengths of 488 nm and 530 nm, respectively.
For each sample, 10,000 cellular events were collected, and the total
fluorescence intensity of the positive expression cell population was
calculated. Data were normalized to the WT receptor.

Statistical analysis

All functional study data were analyzed using GraphPad Prism 8.0
(GraphPad Software Inc.) and showed as means + SEM. from at least three
independent experiments in triplicate. The significance was determined
with two-sided, one-way ANOVA with Tukey’s test, and *P <0.05 was
considered statistically significant.

DATA AVAILABILITY

The corresponding coordinates and cryo-EM density map have been deposited in the
Protein Data Bank (http://www.rcsb.org/pdb) with code 8GY7, and in EMDB (http://
www.ebi.ac.uk/pdbe/emdb/) with code EMD-34371, respectively.
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