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The melanocortin receptor (MCR) family consists of 5 G protein-
coupled receptors (MC1R–MC5R) with diverse physiologic roles.
MC2R is a critical component of the hypothalamic–pituitary–
adrenal axis, whereas MC3R and MC4R have an essential role in
energy homeostasis. Mutations in MC4R are the single most
common cause of monogenic obesity. Investigating the way in
which these receptors signal and traffic to the cell membrane is
vital in understanding disease processes related to MCR dysfunc-
tion. MRAP is an MC2R accessory protein, responsible for adrenal
MC2R trafficking and function. Here we identify MRAP2 as a
unique homologue of MRAP, expressed in brain and the adrenal
gland. We report that MRAP and MRAP2 can interact with all 5
MCRs. This interaction results in MC2R surface expression and
signaling. In contrast, MRAP and MRAP2 can reduce MC1R, MC3R,
MC4R, and MC5R responsiveness to [Nle4,D-Phe7]alpha-melanocyte-
stimulating hormone (NDP-MSH). Collectively, our data identify
MRAP and MRAP2 as unique bidirectional regulators of the MCR
family.

GPCR accessory proteins � receptor signalling � receptor trafficking

The melanocortin receptor (MCR) family is involved in a diverse
range of physiologic and disease processes (1). MC1R is im-

portant in pigmentation, MC2R in steroidogenesis, and MC5R has
an exocrine function especially in sebaceous gland secretion. MC3R
and MC4R are both highly expressed in the brain and play key roles
in energy homeostasis. Mutations in MC4R are the most common
cause of monogenic obesity. More recently, fat mass, weight, risk of
obesity, and insulin resistance were associated with common vari-
ants near the MC4R locus (2, 3). Both MC4R knockout mice and
humans with MC4R mutations display early-onset obesity associ-
ated with hyperphagia (4, 5). MC3R knockout mice, however,
develop a milder phenotype with later-onset obesity (6, 7).

We previously identified MRAP (melanocortin-2-receptor ac-
cessory protein), a small transmembrane protein, as an MC2R
accessory protein, enabling the functional expression of MC2R in
transfected cells. The identification of MRAP provides a molecular
explanation for the difficulties encountered in the expression of the
MC2R in nonadrenal cell lines (8). Furthermore, mutations in
MRAP result in the autosomal recessive disorder familial glucocor-
ticoid deficiency type 2 (9).

Here we report the identification and characterization of a
unique MRAP homologue encoded by C6orf117 on human chro-
mosome 6q14.3, which we have named MRAP2. We show that both
MRAP and MRAP2 can modulate the signaling of all 5 MCRs.
MRAP2 is primarily expressed in human brain and adrenal gland.
In the brain, MRAP2 expression is seen in the hypothalamus (10),
a site that also expresses a high level of MC3R and MC4R (6, 11).
MRAP expression in the hypothalamus has also been demon-
strated by in situ hybridization (12). These findings suggest that
MRAP and MRAP2 may regulate MC3R and MC4R function in
the central nervous system.

Results
MRAP2: A Unique Homologue of MRAP. The human MRAP2 gene
consists of 4 exons, and its protein product comprises 205 aa
residues, with a predicted molecular mass of 23.5 kDa (Fig. 1A).
MRAP2 is homologous to MRAP, with 39% amino acid identity
to MRAP in the N-terminal and transmembrane domains (Fig. 1B).
The protein is highly conserved through vertebrates (supporting
information Fig. S1) and like MRAP has no predicted signal sequence.

MRAP2 Is Expressed in the Brain and Adrenal Gland. MRAP2 gene
expression was assessed using a panel of cDNAs derived from
human tissues (13). MRAP2 expression was detected by RT-PCR in
the adrenal gland and brain (Fig. 1C). No expression was seen in the
other tissues analyzed (Fig. S2). PCR products were sequenced to
confirm MRAP2 transcript. MRAP2 protein expression was de-
tected in mouse brain and adrenal using the rMRAP2189–204

antiserum (Fig. 1D). On Western blotting a single large-molecular-
mass band of approximately 48 kDa was detected. This molecular
mass is consistent with a dimeric MRAP2 structure, resistant to
denaturing and reducing conditions. Furthermore, these data are
also consistent with the denaturation-resistant dimerization of
endogenous MRAP, which is seen in mouse Y1 cells (14).

MRAP2 Is a Glycosylated Protein. CHO cells (which have no endog-
enous expression of MRAP or MRAP2) were transfected with a
MRAP2-FLAG construct, and Western blotting for FLAG re-
vealed bands at approximately 27 and 29 kDa (Fig. 1E). A putative
N-linked glycosylation site, with the consensus sequence NRTS,
was identified at amino acid positions 9–12. Treatment with the
endoglycosidases peptide N-glycosidase F (PNGaseF) and endogly-
cosidase H (EndoH) resulted in increased mobility of the higher-
molecular-mass band, indicating that MRAP2 is a glycosylated
protein. To confirm the putative glycosylation site, site-directed
mutagenesis was undertaken to replace the asparagine at position
9 with a glutamine residue (N9Q-FLAG). A predicted single
27-kDa band was detected by Western blotting of cell lysates from
CHO cells transfected with N9Q-FLAG, in agreement with the
putative glycosylation site (Fig. 1E). To determine the subcellular
localization of MRAP2, CHO cells transfected with MRAP2-
FLAG were analyzed by immunocytochemistry using FLAG anti-
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bodies. Staining of transfected nonpermeabilized and permeabil-
ized cells localized MRAP2 to the plasma membrane and
endoplasmic reticulum (ER), respectively, similar to the distribu-
tion of MRAP (Fig. 1F).

MRAP2 Interacts with and Can Rescue the Expression and Function of
MC2R in Nonadrenal Cell Lines. Coimmunoprecipitation (Co-IP) was
used to investigate protein–protein interaction between MRAP2
and MC2R. CHO cells were cotransfected with MYC-MRAP2 and
HA-MC2R. Immunoprecipitation (IP) of MC2R using anti-HA
resulted in the Co-IP of MYC-MRAP2 (Fig. 2A). Previous studies
have shown MC2R retention in the ER in cells of nonadrenal origin
(8). Coexpression with MRAP supports the expression of MC2R at
the cell surface (9). To test the ability of MRAP2 to assist MC2R
cell-surface expression, CHO cells were cotransfected with
MRAP2-FLAG and HA-MC2R. Confocal imaging of cotrans-
fected cells revealed cell-surface localization of HA-MC2R in the
presence of MRAP2-FLAG (Fig. 2B). MC2R trafficking in the
presence of MRAP2 was further assessed using a fluorescent
cell-surface assay (Fig. 2C). The glycosylation mutant N9Q-FLAG
also enabled MC2R trafficking to the cell surface, suggesting that
glycosylation of this residue is not required to facilitate MC2R
traffic to the plasma membrane.

To investigate whether MRAP2 could function in a similar
manner to MRAP, HEK293T cells, which lack endogenous MCRs
(15, 16), were transfected with MC2R in the presence and absence
of MRAP2, MRAP, and N9Q. Cells transfected with MC2R alone

did not respond to 10�6 M adrenocorticotropic hormone
(ACTH)(1–39). The addition of MRAP2 resulted in the produc-
tion of cAMP when stimulated with 10�6 M ACTH(1–39) (Fig.
2D), and cAMP generation was comparable to that seen with
MRAP and MC2R. Coexpression of MRAP and MRAP2 with
MC2R did not enhance ACTH-stimulated MC2R cAMP produc-
tion over and above that observed with MRAP or MRAP2 alone.
Interestingly, the glycosylation status of MRAP2 seems to be
functionally important. Despite assisting MC2R to the cell surface,
the addition of N9Q-FLAG failed to enable MC2R signaling. These
data clearly suggest that MRAP2 may have 2 separate roles in
MC2R regulation: first in trafficking of the receptor to the cell
surface, and second in enabling the receptor to respond to ACTH.

Both MRAP and MRAP2 Interact with all Melanocortin Receptors.
MRAP2 and MRAP are more widely expressed than MC2R.
MRAP2 is detected in both the adrenal gland and brain (Fig. 1C),
whereas human MRAP is expressed in a number of tissues (9). We
hypothesized that MRAP and MRAP2 may regulate the expres-
sion and signaling ability of the other MCRs. Experiments were
performed using CHO cells coexpressing MRAP-FLAG or MYC-
MRAP2 and HA-MCR. Co-IP with HA-conjugated agarose and
immunoblotting with either anti-FLAG or anti-MYC showed that
MRAP and MRAP2 interact with each of the MCRs (Fig. 3A). The
multiple MRAP bands seed in this figure are similar to those we
have observed previously in studies with human MRAP, although
the principal full-length MRAP migrates at 24 kDa (Fig. S1) (17).
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Fig. 1. MRAP2 encodes a glycosylated single trans-
membrane protein expressed in the brain and adrenal
gland. (A) Schematic diagram of the human MRAP2
gene and protein. (B) Protein alignment of human
MRAP isoforms and human MRAP2. The highest level
of sequence identity is in the N-terminal and trans-
membrane domains. Transmembrane domain is un-
derlined. (C) MRAP2 mRNA expression in human tis-
sues was determined by RT-PCR analysis. Full-length
MRAP2 mRNA (618 bp) was detected in human adre-
nal and brain. (D) Western blot analysis of mouse
tissues using antiserum rMRAP2189–204. An immunore-
active band with a molecular mass of approximately
48 kDa was seen, which disappeared with peptide
competition. The size of the bands seen by Western
blot is consistent with an MRAP2 dimer, resistant to
denaturing and reducing conditions. (E) MRAP2 un-
dergoes N-linked glycosylation at the N terminus. Im-
munoblot analysis of MRAP2-FLAG transfected cells
reveals 2 protein species, 27 and 29 kDa in size. Treat-
ment with endoglycosidases PNGaseF (F) and EndoH
(H) results in the removal of the 29-kDa band. The
N9Q-FLAG construct formed by site-directed mu-
tagenesis of the putative glycosylation site resulting in
the substitution of the asparagine residue to a glu-
tamine residue, was seen as a single band on Western
blotting. UT, untransfected cells. (F) MRAP2-FLAG is
seen at the cell surface and ER by confocal microscopy
and shows similar localization to MRAP-FLAG. (Scale
bars, 10 �m.)
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The reciprocal Co-IP, using FLAG-conjugated agarose to precip-
itate MRAP2-FLAG or MRAP-FLAG, resulted in detection of
HA-MCR by immunoblotting (data not shown). The possibility
that this was a nonspecific interaction was investigated by attempt-
ing Co-IP of MRAP2 with the �2-adrenergic receptor (BAR), AT1
angiotensin receptor (AT1R), and calcitonin-like receptor (CLR)
transfected into CHO cells. No Co-IP was identified with the AT1R
or CLR, but Co-IP was detectable with the BAR (Fig. S3).

MRAP2 Can Homodimerize and form Heterodimers with MRAP.
MRAP has been shown to form homodimers (14, 18). To demon-
strate MRAP2 homodimerization, CHO cells were transfected with
MYC-MRAP2 and MRAP2-FLAG. Co-IP showed that MRAP2
forms homodimers (Fig. 3B). Because both MRAP and MRAP2
are expressed in the adrenal gland and brain, we tested the
possibility that MRAP and MRAP2 could form heterodimers.

Co-IP was performed on CHO cells cotransfected with MRAP-
FLAG and MYC-MRAP2 and showed that MRAP and MRAP2
can heterodimerize (Fig. 3C).

MRAP and MRAP2 Can Downregulate the Expression and Signaling of
the MCRs, and the Effects of MRAP and MRAP2 Can Be Additive.
Because all MCRs interact with MRAP and MRAP2 by Co-IP, we
investigated the effect of these accessory proteins on MC1R,
MC3R, MC4R, and MC5R cell-surface expression. CHO cells were
cotransfected with HA-MCR alone or in the presence of either
MRAP or MRAP2 or both. Cell-surface MCR expression was
analyzed using a fluorescent cell-surface assay (Fig. 4A). The
addition of MRAP or MRAP2 resulted in a small but significant
reduction in the surface expression of MC4R and MC5R but did
not alter the cell-surface expression of MC1R or MC3R.

To determine how MRAP and MRAP2 affect MCR signaling,
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we used a cAMP generation assay and compared MCR respon-
siveness with [Nle4,D-Phe7]alpha-melanocyte-stimulating hor-
mone (NDP-MSH) in the presence or absence of MRAP and/or
MRAP2 (Fig. 4B). A significant reduction in MC4R- and MC5R-
mediated cAMP generation in response to ligand (10�9 M NDP-
MSH) was seen with the addition of MRAP and MRAP2. Inter-
estingly, cAMP generation was significantly reduced for MC1R and
MC3R when both MRAP and MRAP2 were coexpressed. This
suggests a possible additive inhibitory effect on MC1R and MC3R
signaling in the presence of both accessory proteins. MRAP2 alone
also significantly reduced MC3R responsiveness to NDP-MSH. The
specificity of this effect was investigated in view of the Co-IP of
MRAP2 with the BAR (Fig. S3). However, neither accessory
protein influenced cAMP generation in response to isoproterenol
(Fig. S4). In an attempt to explore the possible mechanisms of
action of MRAPs on the MCRs, the dose-responsiveness of the
effect of MRAP2 on the MC5R was investigated and suggested that

the accessory protein acts to reduce the maximal responsiveness of
the receptor, in contrast to shifting the dose–response curve to the
right (Fig. S5).

Discussion
We have previously identified MRAP as an accessory protein for
MC2R, required for receptor trafficking to the cell surface and the
formation of a functional MC2R. Here we have identified MRAP2
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as a homologue of MRAP. Like MRAP, MRAP2 is able to support
MC2R cell-surface expression, producing a functional ACTH-
responsive receptor. In addition, we have shown a unique role for
MRAP and MRAP2 in the modulation of the other MCRs.
MRAP2, together with MRAP, therefore forms a new family of
MCR-accessory proteins important in the trafficking and signaling
of the MCRs.

In this study we show that MRAP2, like MRAP, is a single-pass
transmembrane domain protein that is localized to the cell surface.
Furthermore, MRAP2 undergoes posttranslational modification
such that it is glycosylated at the N terminus. Functionally for the
MC2R, MRAP2 is comparable to MRAP, with the ability to
facilitate trafficking of the MC2R to the plasma membrane and to
enable the receptor to signal in response to its unique ligand,
ACTH. Western blotting using an antibody to the C-terminal
region of MRAP2 revealed an approximately 48-kDa band in
adrenal gland and brain tissue, consistent with a MRAP2 dimeric
structure in vivo that is resistant to the action of SDS, reducing
agents and heat, as described previously for MRAP (14). Recent
work suggests that MRAP adopts a dual-topology homodimeric
structure (18). N-terminal glycosylation and a C-terminal out
orientation as shown by immunofluorescent staining of live cells
suggest that MRAP2 also has dual topology.

Our study reveals a unique observation: disruption of the single
MRAP2 glycosylation site enables normal MC2R trafficking to the
cell surface, but the receptor fails to generate cAMP in response to
ACTH. Importantly, this suggests that MRAP2 has 2 separate
MC2R accessory roles: first in trafficking of the receptor, and
second in enabling receptor responsiveness to ACTH.

MRAP2 is expressed in the adrenal gland, and in situ data
localizes expression to all 3 zones of the adrenal cortex (zona
glomerulosa, zona fasciculata, and zona reticularis) (data not
shown). The possibility of MRAP2 heterodimerization with
MRAP is interesting and may imply the requirement of both
MRAP and MRAP2 interaction with MC2R for expression and
signaling of the receptor. However, the temporal expression pattern
of MRAP and MRAP2 in development has yet to be established.
This would enable dissection of MRAP and MRAP2 roles in
MC2R adrenal physiology.

The tissue expression of both MRAP and MRAP2 extends
beyond that of MC2R, suggestive of wider physiologic roles of the
MRAP proteins. Here, we show that MRAP2 is expressed in
human brain. Mouse Mrap2 (XM�147017) was examined as part of
the genome-wide atlas of gene expression in the adult mouse brain
(10). In situ hybridization is suggestive of expression in the para-
ventricular hypothalamus (PVH). MC4R is highly expressed in the
PVH and MC3R in the ventromedial nucleus of the hypothalamus
(6, 11). MRAP expression has been reported in a number of tissues,
including both human and mouse brain and mouse hypothalamus
(12). Our data support a role of MRAP and MRAP2 in the
regulation of the central melanocortin system. MRAP and MRAP2
can reduce the surface expression of MC4R and also the signaling
of this receptor. This seems to be specific for this receptor family in
that although Co-IP with the BAR was identified, this had no
influence on cAMP signal generation by this receptor. MRAP2 and
MRAP can also regulate the signaling of the MC3R, but interest-
ingly without changing the surface expression of the receptor. These
data support the concept of a dual functional role for the MRAP
proteins, first in receptor trafficking and second in regulating
receptor responsiveness to ligand.

In addition, we observed a significant decrease in the cell-surface
expression of MC4R and MC5R in the presence of MRAP and
MRAP2. It is interesting that MRAP and MRAP2 have opposite
effects in the modulation of different MCR family members. The
MC2R seems unique among MCRs in that it requires an accessory
protein for expression and function. In contrast, MRAP and
MRAP2 separately and together can reduce the signaling and in
some cases plasma membrane expression of the other members of

the MCR family. This is not the only difference between the MC2R
and other MCRs; for example, the unique ligand specificity of the
MC2R differentiates this receptor from the other MCRs. Further
studies may reveal the structural and mechanistic basis of these
differences. The reason for differential control of the MC2R and
MC4R is unclear; however, one may envisage a physiologic advan-
tage of switching off appetite in situations in which maximal MC2R
responsiveness is required, such as acute stress. The effect of
MRAP2 on the dose–response curve in which the maximum
responsiveness of the MC5R is reduced is consistent with the
hypothesis that interaction with an MRAP converts the receptor
into one that preferentially binds ACTH over MSH; this concept
will be the subject of future work.

MC3R and MC4R are essential for the control of energy
homeostasis. We anticipate that MRAP and MRAP2 will prove to
be important endogenous regulators of MC3R and MC4R. Future
studies using transgenic mouse models are now required to dissect
the differential and synergistic functions of the 2 melanocortin
accessory proteins MRAP and MRAP2.

Experimental Procedures
Tissue Distribution. Expression of MRAP2 and GAPDH was performed on a panel
of cDNA derived from adult human tissues (adrenal, brain, liver, pancreas, lung,
esophagus, fallopian tube, ileum, rectum, breast, lymph node, buccal mucosa,
myocardium, gallbladder, atrium, kidney, fundus, ovary, prostate, thyroid, and
placenta) (13). The reaction mixture and PCR program used were previously
described (9), using MRAP2 intron-spanning primers (Table S1).

Expression Constructs and Site-Directed Mutagenesis. MRAP2-FLAG (C-terminal
tag) and MYC-MRAP2 (N-terminal tag) constructs were prepared using MRAP2
cDNA derived from human brain, which was directly cloned into the mammalian
expression vector pcDNA3.1(�) (Invitrogen). MRAP-FLAG was constructed by
directional cloning into p3xFLAG-CMV-14 expression vector (Sigma) after PCR
amplification of human MRAP� from human adrenal cDNA. N9Q-FLAG mutant
construct was made by site-direct mutagenesis (Stratagene QuikChange site-
directed mutagenesis kit) using the MRAP2-FLAG construct as a template. All
constructs were confirmed by sequencing. cDNA clones for human MCRs (MC1R–
MC5R) triple HA tagged at the N terminus (HA-MCR) were obtained from the
Missouri S&T cDNA Resource Center.

Cell Culture and Transfections. CHO cells were maintained in 1:1 DMEM/Ham’s
F12 media (Sigma) supplemented with 10% FCS and 1% penicillin/streptomycin
mixture (Sigma). HEK293T cells were maintained in DMEM with 10% FCS and 1%
penicillin/streptomycin. Transient transfections were carried out using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Total
plasmid DNA amounts were kept constant with pcDNA3.1(�).

Western Blotting and Co-IP. Whole-cell lysates were prepared 24 h after trans-
fection. Cells were washed 3 times with PBS and lysates generated using lysis
buffer (PBS/1% n-dodecyl �-D-maltoside with protease inhibitors) and incubated
for 30 min on ice. Samples were then spun for 30 min at 19,000 � g at 4 °C. The
supernatant was passed through a 0.22-�m filter (Millipore) before use for either
Western blotting or Co-IP. For Co-IP, supernatant was incubated overnight at 4 °C
with anti-FLAG, anti-HA, or anti-MYC agarose (Sigma). After incubation, agarose
was washed 5 times in lysis buffer, supernatant removed, and SDS loading buffer
added. After boiling for 5 min, Western blotting was performed as previously
described (9). Anti-HA (Sigma), anti-FLAG (Sigma), or anti-MYC (Abcam) antibod-
ies were used at a dilution of 1:2,000 for immunoblotting.

rMRAP2189–204 Antibody Production. Antisera to rat MRAP2 (rMRAP2189–204) were
produced in rabbits by Eurogentec. Rabbits were immunized with a conjugate of
thyroglobulin and a peptide (KLLENKPVSQTARTDLD) comprising residues 189–
204 of rat MRAP2 (underlined) and an N-terminal lysine residue to provide a
reactive site for coupling to thyroglobulin. Conjugation of the peptide to thyro-
globulin was performed using glutaraldehyde as a coupling reagent (19). The
rMRAP2189–204 antisera were used for Western blot analysis of MRAP2 expression
in tissues at a dilution of 1:1,000. Antibody specificity in Western blots was
assessed by preabsorption of antisera with the KLLENKPVSQTARTDLD peptide
antigen (20 �M for 1 h at room temperature). Tissue lysates were prepared in
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radioimmunoprecipitation assay buffer. Protein concentration of the superna-
tant was determined using a protein assay (Bio-Rad).

Deglycosylation. Deglycosylation was performed using EndoH and PNGaseF, as
previously described (20). Typically 15 �g protein was digested with PNGaseF
(1,500 U) or EndoH (1,500 U) at 37 °C for 2 h and analyzed by Western blotting.

Immunofluorescence. Cells were grown on 8-well glass chamber slides (Labtec).
Twenty-fourhoursafter transfection, cellswerewashed(PBS;3�5min)andthen
fixed (3.7% formaldehyde; 10 min). After fixation, cells were either permeabil-
ized with 0.1% Triton X-100 in PBS or placed in PBS for 10 min. After washes (PBS;
3 � 10 min), blocking was performed for 45 min [3% BSA (Sigma) and 10%
donkeyseruminPBS].Primaryantibody incubation(anti-FLAGoranti-HA;Sigma)
was used at a titer of 1:200 for 2 h. After further washes (PBS; 3 � 10 min), a
secondary Cy2 or Cy3 antibody was used at a concentration of 1:50 (Jackson
Immunoresearch). Cells were washed (PBS; 3 � 10 min) and nuclei stained using
2 �g/mL DAPI in PBS for 1 min. A final wash with PBS was performed for 2 min.
Fluorescent mounting media was added and a coverslip applied. Cells were
examined by a Zeiss LSM 510 confocal microscope.

cAMP Competitive Protein Binding Assay. This was performed as described
previously (9, 21). Protein concentration was determined with the Bio-Rad pro-
tein assay. All results were expressed as a percentage of forskolin response.

Fluorescent Cell-Surface Immunoassay. CHO cells were grown in 24-well plates
and transfected with expression constructs as indicated. Transfections were per-
formed in triplicate on duplicate plates. Twenty-four hours after transfection the
cells were washed with PBS and fixed for 10 min with 3.7% paraformaldehyde.
Cells from 1 plate were then subjected to permeabilization with PBS/0.1% Triton
X-100. Both plates were then washed in PBS and blocked in Odyssey Blocking
Buffer (LI-COR) for 1 h. Primary anti-HA antibodies were used at a concentration
of 1:1,000 (Sigma), incubating for 1 h. This was followed by 3 washes in PBS and
secondary antibody incubation (IRDye 800CW goat antimouse IgG; LI-COR) at a
concentration of 1:750 for 1 h. After 3 further washes the permeabilized and
nonpermeabilized plates were scanned using the Odyssey Infrared Imaging
System (LI-COR). Data are presented as cell-surface protein over total protein,
normalized to receptor alone.

Statistics. Statistical analysis to determine significance was performed using a
Student’s t test. Each experiment was performed in triplicate and represents at
least 3 experiments. Error bars represent the standard error of the mean of the
independent experiments. Statistical significance was taken as P � 0.05.
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