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The melanocortin-2 (MC2) receptor accessory protein (MRAP) is
required for trafficking of the G protein-coupled MC2 receptor to
the plasma membrane. The mechanism of action and structure of
MRAP, which has a single transmembrane domain, are unknown.
Here, we show that MRAP displays a previously uncharacterized
topology. Epitopes on both the N- and C-terminal ends of MRAP
were localized on the external face of CHO cells at comparable
levels. Using antibodies raised against N- and C-terminal MRAP
peptides, we demonstrated that both ends of endogenous MRAP
face the outside in adrenal cells. Nearly half of MRAP was glyco-
sylated at the single endogenous N-terminal glycosylation site, and
over half was glycosylated when the natural glycosylation site was
replaced by one in the C-terminal domain. A mutant MRAP with
potential glycosylation sites on both sides of the membrane was
singly but not doubly glycosylated, suggesting that MRAP is
not monotopic. Coimmunoprecipitation of differentially tagged
MRAPs established that MRAP is a dimer. By selectively immuno-
precipitating cell surface MRAP in one or the other orientation, we
showed that MRAP homodimers are antiparallel and form a stable
complex with MC2 receptor. In the absence of MRAP, MC2 receptor
was trapped in the endoplasmic reticulum, but with MRAP, the
MC2 receptor was glycosylated and localized on the plasma mem-
brane, where it signaled in response to ACTH. MRAP acted specif-
ically, because it did not increase surface expression of other
melanocortin, �2-adrenergic, or TSH-releasing hormone receptors.
MRAP is the first eukaryotic membrane protein identified with an
antiparallel homodimeric structure.

ACTH � G protein-coupled receptor � membrane � orientation

The G protein-coupled receptor (GPCR) family is the largest
group of membrane proteins in the human genome. GPCRs

respond to a wide array of signals and regulate numerous
intracellular signaling pathways. They are characterized by an
extracellular amino terminus that is usually glycosylated, seven
transmembrane domains, and a cytoplasmic carboxyl terminus.
After synthesis in the endoplasmic reticulum, GPCRs must move
to the plasma membrane before they can signal in response to
extracellular ligands.

In the adrenal gland, the melanocortin-2 (MC2) receptor, also
referred to as the corticotropin (ACTH) receptor, is activated by
the pituitary hormone ACTH and promotes glucocorticoid
biosynthesis. The MC2 receptor is expressed primarily in the
adrenal cortex and is positively coupled to adenylyl cyclase. The
MC2 receptor is a member of the class A rhodopsin-like family
and the smallest known GPCR. Individuals harboring inactivat-
ing mutations in the MC2 receptor suffer from familial glu-
cocorticoid deficiency, or hereditary unresponsiveness to ACTH
(1). Recently, it was discovered that familial glucocorticoid
deficiency can also arise from mutations in an accessory protein
required for ACTH signaling, the MC2 receptor accessory
protein (MRAP) (2). Lack of functional MRAP, like the lack of
an MC2 receptor, causes ACTH resistance and severe glucocor-
ticoid deficiency that can be fatal if the condition is not
recognized and treated.

Accessory proteins are required for the expression of some
GPCRs. For example, odorant receptors cannot be expressed in
cells unless RTP1, RTP2, or REEP1 is coexpressed (3). The
GABAB1 receptor contains an endoplasmic reticulum retention
signal in its cytoplasmic tail and must form a heterodimer with
a GABAB2 receptor before the GABAB receptor can move to the
cell surface (4). Receptor activity modifying proteins (RAMPs)
facilitate trafficking and alter the ligand specificity of several
class B GPCRs (5). MRAP is expressed in the adrenal cortex but
is not found in commonly used model cells such as HEK293,
COS, and CHO, and the MC2 receptor is not active when it is
expressed in cells lacking MRAP. MRAP is not structurally
related to any of the previously identified GPCR accessory
proteins.

Mouse MRAP has a single predicted transmembrane domain
at amino acids 37–59. The N-terminal and transmembrane
regions of MRAP are highly conserved, whereas the C-terminal
regions are highly divergent. The orientation of membrane
proteins is governed in part by charge. The ‘‘positive-inside
rule,’’ originally developed for bacterial proteins, dictates that
the side of the protein with higher positive charge near the
transmembrane region is more likely to face the cytoplasm (6).
The difference in net charge between N- and C-terminal se-
quences flanking the transmembrane domain is a better indica-
tor for eukaryotic proteins (7). Topology prediction programs
such as TMHMM (8) suggest that mouse MRAP is a Type II
integral membrane protein, i.e., it is oriented with its C terminus
outside the cell and N terminus inside, and the C-terminal ends
of epitope-tagged MRAPs have been detected on the surface of
nonpermeabilized transfected cells (2, 9). Prediction of the
orientation of single transmembrane proteins is unreliable (10),
however, and TMHMM assigns a low preference for the Nin-Cout
orientation for MRAP. MRAP does not have recognizable
protein folding domains that can influence orientation (11).

We have studied how MRAP facilitates MC2 receptor ex-
pression and characterized the topology of MRAP. We show
that MRAP is inserted in the plasma membrane as an antipa-
rallel homodimer and that MRAP is required for the MC2
receptor to move out of the endoplasmic reticulum and undergo
posttranslational processing.

Results
To explore how MRAP permits expression of functional MC2
receptor in heterologous cells, we expressed the MC2 receptor,
tagged with HA-epitopes on its extracellular N terminus, with

Author contributions: J.A.S. and P.M.H. designed research; J.A.S. performed research; J.A.S.
and P.M.H. analyzed data; and J.A.S. and P.M.H. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. G.v.H. is a guest editor invited by the Editorial
Board.

*To whom correspondence should be addressed. E-mail: patricia�hinkle@urmc.
rochester.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0708916105/DC1.

© 2007 by The National Academy of Sciences of the USA

20244–20249 � PNAS � December 18, 2007 � vol. 104 � no. 51 www.pnas.org�cgi�doi�10.1073�pnas.0708916105

http://www.pnas.org/cgi/content/full/0708916105/DC1
http://www.pnas.org/cgi/content/full/0708916105/DC1


RAMP1 or MRAP. RAMP1 served as a negative control; it is
a single transmembrane domain accessory protein for the cal-
citonin receptor-like receptor (5). When MC2 receptor was
expressed with RAMP1 (Fig. 1 A and B) or alone (data not
shown), the receptor was not detectable on the extracellular
surface of nonpermeabilized cells in ELISA or immunofluores-
cence microscopy. In contrast, in the presence of MRAP, MC2
receptor could traffic to the plasma membrane. ACTH did not
increase cAMP in cells expressing MC2 receptor and RAMP1,
but increased cAMP dramatically in cells expressing MC2 re-
ceptor and MRAP (Fig. 1C), demonstrating that MRAP is
required for MC2 receptor signaling.

MRAP remained functional when all but three residues of the
C terminus were replaced with an epitope tag (MRAPct) (Fig.
1A and 2E), consistent with the lack of sequence conservation
in this part of the protein. In fact, two splice variants of human
MRAP differ completely in the C terminus, and both the 172-aa
� and 102-aa � forms are functional (9).

To determine whether MRAP altered posttranslational mod-
ification of the MC2 receptor, we expressed receptor with either
RAMP1 or MRAP. Most receptor isolated from CHO cells
lacking MRAP ran as two tight bands, presumably the nongly-
cosylated and core glycosylated forms expected in the endoplas-
mic reticulum. Receptor isolated from cells expressing MRAP
was much more abundant and a great majority was in the mature
glycosylated form (Fig. 1D). Deglycosylation collapsed all bands

to the predicted size (data not shown). When MC2 receptor on
the plasma membrane was isolated by adding anti-HA antibody
to intact cells, nearly all receptor was heavily glycosylated (see
Fig. 5C and below). The specificity of MRAP action was
examined by coexpressing MRAP or RAMP1 with each of the
five members of the melanocortin receptor family and the
�2-adrenergic receptor, all coupled to Gs, and the TSH-releasing
hormone (TRH) receptor, which is coupled to Gq. MRAP
increased surface expression of only the MC2 receptor (Fig. 1E).

To establish the topology of MRAP, we tagged MRAP with
a V5-epitope on the N terminus and three Flag-epitopes on the
C terminus (Fig. 2E) and expressed this V5-MRAP-Flag con-
struct in CHO cells. Anti-V5 and anti-Flag antibodies both
detected MRAP on the extracellular surface of nonpermeabi-
lized cells (Fig. 2B), suggesting that either MRAP is inserted in
the membrane in both Nout-Cin and Nin-Cout orientations or
MRAP is a monotopic protein that partly traverses the mem-
brane with both ends facing outward. Both N-terminal and
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Fig. 1. MRAP promotes MC2 receptor maturation. (A–D) CHO cells were
transfected with HA-MC2 receptor (MC2R), RAMP1, MRAP, or MRAPct. (A) Cell
surface receptor detected by ELISA, using anti-HA antibody on fixed nonper-
meabilized cells. (B) Surface staining of live cells with anti-HA antibody. (C)
cAMP response to 100 nM ACTH. (D) Western blot of immunoprecipitated
HA-MC2 receptor. (E) Cells were transfected with MRAP or RAMP1 and N-
terminally HA-tagged melanocortin (MC) receptors 1–5, �2-adrenergic recep-
tor, or TRH receptor. Surface receptors were quantified as in A, and values are
normalized to the RAMP1 control for each receptor. Shown are the mean and
range from two experiments, each containing two or three replicates. Control
expression was significantly higher for MC5, �2-adrenergic, and TRH receptors
than for MC1–4 receptors. Total receptor expression, measured by ELISA after
addition of detergent, was within �40% for all receptors except the MC4
receptor, which expressed at 20% the level of other receptors. *, P � 0.05 vs.
mock-transfected.
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Fig. 2. Transfected MRAP is inserted in the membrane in two opposite
orientations. (A) Amino acid sequence of mouse MRAP. The underlined se-
quence is the predicted transmembrane domain, and the Asn shown in bold
is the single natural potential N-linked glycosylation site. (B) Detection of both
V5- and Flag-epitopes on the surface of nonpermeabilized CHO cells express-
ing V5-MRAP-Flag or MRAPct with the same tags measured by ELISA. (C)
Detection of surface V5-epitope by ELISA in CHO cells expressing V5-MRAP or
MRAP-V5. (D) Surface staining of live CHO cells expressing V5-MRAP-Flag with
anti-V5 (Left) or anti-Flag (Right) antibodies (shown in green); nuclei are
counterstained in blue. (E) Epitope-tagged MRAP constructs. V5 epitopes are
shown in red, and Flag epitopes are shown in blue.
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C-terminal ends of MRAP were also detected on the plasma
membrane by immunofluorescence microscopy in live cells (Fig.
2D). In both methods, signal was negligible in cells not expressing
MRAP (Fig. 2 B and D). Intracellular epitopes were not detected
in control studies, demonstrating that antibodies did not pene-
trate the cells in surface ELISA and immunofluorescence assays
[supporting information (SI) Fig. 6]. Roy et al. (9) reported that
both ends of human MRAP-� are visible on the surface of
HEK293 cells after transient but not stable transfection, a result
they attributed to overexpression.

To test whether dual orientation was influenced by overex-
pression or the use of different tags at the two ends of MRAP,
we made additional constructs containing only a single V5 tag on
one end or the other (Fig. 2E) and examined their orientations
over a wide concentration range. Both the N-terminal and
C-terminal V5-epitopes were localized on the extracellular sur-
face of cells in nearly the same amounts, even at the lowest
detectable level of MRAP expression (Fig. 2C). Dual topology
of MRAP was unaffected by MC2 receptor expression (data not
shown). MRAP retained its dual topology after deletion of most
of the C terminus (Fig. 2B, MRAPct), establishing that the large
carboxylterminal domain of MRAP does not specify topology.
No MRAP was secreted into the culture medium, and no MRAP
was extracted from membranes by 0.1 M sodium carbonate or 8
M urea (SI Fig. 7). Solubilization required detergent (1% Triton
X-100 or 0.1% n-dodecyl-�-maltoside), confirming that MRAP
is an intrinsic membrane protein.

Because it was critical to determine whether endogenous
MRAP displayed this unique dual topology, we raised rabbit
antibodies against peptides representing residues 18–32 in the N
terminus and residues 89–108 in the C terminus of MRAP. In
CHO cells expressing RAMP1 or MRAP, reactivity with anti-
bodies against native MRAP depended on the expression of
MRAP in ELISA and immunofluorescence microscopy (Fig. 3
A–C). Antibody against the MRAP N terminus did not react
with an MRAP mutant lacking residues 21–30, and antibody
against the C terminus did not react with MRAPct (Fig. 3A).
Preimmune sera were inactive in ELISAs and immunofluores-
cence microscopy (Fig. 3A). Mouse 3T3 cells that do not express
MRAP (12) gave little signal, whereas adrenal Y1 cells that
express endogenous MC2 receptor (13) gave strong signals in
surface ELISAs (Fig. 3B) and immunofluorescence microscopy
(Fig. 3C) with antibodies to both ends of MRAP. These results
provide strong evidence that endogenous MRAP in adrenal cells
has dual topology.

Evidence for dual orientation was also obtained from analysis
of MRAP glycosylation patterns. Wild-type MRAP has a single
potential N-linked glycosylation site on Asn-3 (Fig. 2 A). To
determine whether this site was used, we analyzed MRAP before
and after deglycosylation. Close to half of MRAP ran at 19 kDa;
this 19-kDa band collapsed to 17-kDa, the size of mouse MRAP
with tags, after deglycosylation with PNGaseF (Fig. 4A, lane 2).
When Asn-3 was mutated to Gln (MRAP-N3Q), only the
17-kDa nonglycosylated form was detected (Fig. 4, lane 3). Thus,
a considerable fraction of wild type is normally glycosylated.

We designed a protein with a single potential glycosylation site
on its C terminus by inserting a glycosylation site at position 96 of
MRAP-N3Q (MRAP-N3Q/Q96N). More than half of the MRAP-
N3Q/Q96N was glycosylated (Fig. 4A, lane 5). Because glycosyla-
tion takes place exclusively in the lumen of the endoplasmic
reticulum, that both the wild-type MRAP (N-terminal glycosyla-
tion) and mutant MRAP-N3Q/Q96N (C-terminal glycosylation)
are glycosylated provides further support for dual orientation.

We characterized an MRAP mutant with glycosylation sites in
both the N-terminal and C-terminal sides of the transmembrane
domain, MRAP-Q96N. We expected that if MRAP were a
monotopic protein with both ends facing outside, some fraction
of MRAP-Q96N would be glycosylated at both sites and run

more slowly on gels. Although almost all MRAP-Q96N was
glycosylated (Fig. 4A, lane 4), none ran behind singly glycosy-
lated MRAP, consistent with the idea that only one site per
molecule is used. To confirm that glycosylation at two sites would
lead to a detectable up-shift, we showed that a mutant with two
glycosylation sites, MRAP-N3Q/Q96N/P88T, was readily distin-
guished from singly glycosylated MRAP (Fig. 4A, lane 6).
Deglycosylation collapsed all of the MRAP proteins to a single
band. These findings support the dual topology model 1 depicted
in Fig. 4. Interestingly, all of the glycosylation mutants displayed
dual orientation (Fig. 4D) and promoted MC2 receptor expres-
sion and signaling (Fig. 4 B and C).

To determine whether MRAP forms homodimers, we coex-
pressed MRAP-V5 with MRAP-Flag, lysed cells and immunopre-
cipitated with either anti-V5 or anti-Flag antibody. A comparable
amount of MRAP was detected after immunoprecipitation with
either antibody, indicating that the vast majority of MRAP is in
dimers or higher oligomers (Fig. 5A).

Two configurations are consistent with the finding that
MRAP forms homodimers and displays dual orientation.
MRAP could form antiparallel dimers, or MRAP could be
present as a mixture of parallel homodimers with opposite
orientation (Fig. 5B). To distinguish between these, we trans-
fected CHO cells with MRAP-V5 and added anti-V5 antibody
to intact cells, allowing only MRAP-V5 with the V5-epitope
facing outward (Nin-Cout) to immunoprecipitate. When MRAP
is in the Nin-Cout orientation, the unique glycosylation site at
Asn-3 faces the cytoplasm and the molecule cannot be glycosy-
lated. Immunoprecipitates of Nin-Cout MRAP-V5 contained
both glycosylated and nonglycosylated MRAP, showing that
nonglycosylated Nin-Cout MRAP was tightly bound to glycosy-
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Fig. 3. Endogenous MRAP is inserted in the membrane in two opposite
orientations. (A) Specificity of rabbit antibodies to MRAP. Surface ELISA in
CHO cells transfected with empty vector, MRAP, MRAP�21–30, or MRAPct,
using affinity-purified rabbit N-terminal or C-terminal MRAP antibodies or
preimmune sera. *, P � 0.05 versus mock-transfected. (B and C). Detection of
N terminus and C terminus of MRAP on the plasma membrane. (B) Surface
ELISA on CHO cells with or without transfected MRAP, mouse 3T3 fibroblasts,
or mouse adrenal Y1 cells, using affinity-purified rabbit antisera to MRAP. (C)
Live cell immunofluorescence microscopy of cells stained with affinity-
purified rabbit anti-MRAP antibodies and monoclonal anti-actin. MRAP is
shown in green, nuclei are counterstained in blue, and actin signal (shown in
red) is undetectable (see also SI Fig. 6). *, P � 0.05 vs. mock-transfected.
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lated Nout-Cin MRAP (Fig. 5B). In controls, cells were trans-
fected with RAMP1-Venus-V5 (RAMP1-V5), which has an
Nout-Cin orientation. RAMP1-Venus-V5 was not immunopre-
cipitated, showing that anti-V5 antibody did not react with
intracellular V5-epitope. These results provide strong evidence
that MRAP forms antiparallel homodimers.

To learn whether antiparallel MRAP dimers interact with MC2
receptors, we coexpressed HA-tagged receptors with either
MRAP-V5 or V5-MRAP. Nin-Cout MRAP was selectively immu-
noprecipitated from cells expressing MRAP-V5, as described
above, and Nout-Cin MRAP was selectively isolated from cells
expressing V5-MRAP. Similar amounts of MC2 receptor coimmu-
noprecipitated with both Nout-Cin and Nin-Cout MRAPs (Fig. 5C),
showing that receptor on the plasma membrane is in a tight complex
with MRAP in both orientations. Because essentially all MRAP is
in dimers, receptor interacts with antiparallel MRAP. ACTH did
not alter MRAP-MC2 receptor interactions (data not shown).

Discussion
In this report, we have demonstrated that MRAP is required in
the earliest stages of MC2 receptor processing and found that the
MRAP protein has a previously uncharacterized structure.
Without MRAP, MC2 receptor is either nonglycosylated or core
glycosylated. Because the later steps of N-linked glycosylation
take place in the Golgi apparatus, the lack of mature glycosylated
receptor is consistent with the receptor’s retention in the endo-

plasmic reticulum. GPCRs trapped in the endoplasmic reticulum
are subject to degradation by retrotranslocation and proteaso-
mal degradation (14). It seems likely that in the absence of its
accessory protein, the MC2 receptor is extensively degraded by
this mechanism in the endoplasmic reticulum, accounting for its
low concentration in cells. MRAP effects were selective, because
it did not promote cell surface expression of other GPCRs.

In our experiments with HEK293 cells (data not shown) and
in our studies and those of Metherell et al. (2) with CHO cells,
surface expression of MC2 receptor required MRAP. In con-
trast, Roy et al. (9) reported that MC2 receptor was detectable
at the surface of HEK293 cells but incompetent to signal when
it was expressed alone. Perhaps some lines of HEK293 cells
express a low level of MRAP and the endogenous MRAP is
sufficient to allow MC2 receptor to reach the plasma membrane
but insufficient to support receptor signaling.

The dual orientation of MRAP was an unexpected finding
that is supported by several different experimental approaches.
Both ends of MRAP were detected on the exoplasmic face of
cells expressing MRAP with different tags at the N- and
C-termini, and both ends were found on the outer surface when
MRAP was tagged with the same epitope at one end or the
other. In this case, quantification was possible, and approxi-
mately equal amounts of surface MRAP were oriented with the
amino and carboxyl ends facing out. Dual orientation of endog-
enous MRAP in adrenal cells was also demonstrated, eliminat-
ing the possibility that dual topology resulted from overexpres-
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Fig. 5. MRAP is an antiparallel homodimer interacting with MC2 receptor at
the plasma membrane. (A) MRAP forms dimers. MRAP-V5 and MRAP-Flag
were coexpressed in CHO cells. MRAP was immunoprecipitated with anti-V5 or
anti-Flag antibody and immunoblotted with anti-V5 antibody. (B) MRAP
dimers are antiparallel. Intact CHO cells expressing MRAP-V5 were incubated
with anti-V5 antibody, washed, and lysed. Immunoprecipitates containing
surface Nin-Cout MRAP were resolved on gels and blots probed with anti-V5
antibody. Control experiments confirmed that the upper band represents
glycosylated MRAP (data not shown). Glycosylated MRAP must have been in
Nout-Cin orientation. (C) MRAP forms a stable complex with MC2 receptor.
Intact CHO cells expressing HA-MC2 receptor and either V5-MRAP or MRAP-V5
were incubated with anti-V5 antibody to isolate cell surface MRAP. Copre-
cipitated HA-MC2 receptor was detected by using anti-HA antibody. Adding
10 �g/ml V5-peptide to lysates caused little inhibition of immunoprecipita-
tion, indicating that antibody did not dissociate. Coimmunoprecipitation of
V5- and Flag-tagged MRAP and of HA-MC2 receptor and V5-tagged MRAP
also worked in the reverse directions (data not shown).
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sion or epitope tagging. These conclusions all rely on the ability
of antibodies to detect surface but not intracellular MRAP in
nonpermeabilized cells. Glycosylation studies that do not de-
pend on these methods provided further support for dual
orientation. N-glycosylation can only occur when the Asn-X-
Ser/Thr motif faces the inside of the endoplasmic reticulum,
which is topologically equivalent to the external face of the
plasma membrane. MRAP was partially glycosylated at its
natural glycosylation site on the amino terminal side of the
transmembrane domain and partially glycosylated when this site
was removed and an artifical one introduced on the carboxyl
side. Together, these results provide compelling evidence that
both ends of MRAP face outward.

Two models could be invoked to explain the dual topology of
MRAP. MRAP could be a transmembrane protein inserted in
opposite orientations, or MRAP could be a monotopic protein
anchored to the plasma membrane through its hydrophobic
region. An MRAP mutant with glycosylation sites on both sides
of the hydrophobic domain was singly glycosylated, but none was
glycosylated at both sites; dual glycosylation would be expected
for a monotopic protein facing the extracellular space. Further-
more, known monotopic proteins, such as prostaglandin H
synthase, have an amphipathic membrane helix (15), and no
amphipathic helix is predicted in MRAP. The most reasonable
interpretation of these findings is that MRAP is a transmem-
brane protein in both Nout-Cin and Nin-Cout orientations.

MRAP is, to our knowledge, the first single transmembrane
protein identified that adopts a dual topology with significant
fractions in each orientation. It is also the first single transmem-
brane protein reported to form antiparallel homodimers. A
number of dual topology proteins with multiple transmembrane
domains have been described. EmrE is a bacterial small multi-
drug resistance transporter capable of forming antiparallel ho-
modimers, but there is uncertainty about whether EmrE exists
as a dual topology protein in cells and whether the active form
has a single or dual orientation (16, 17). Some eukaryotic
proteins, such as ductin, are also reported to have dual topology
(18). Single transmembrane proteins with dual topology have
been engineered by manipulating the charge near the membrane
in proteins that normally have a single orientation (19). Cyto-
chrome P450–2E1, with one transmembrane segment, has 2%
inserted in the membrane in an inverted orientation (20), and a
small fraction of epoxide hydrolase has been reported to have an
inverted topology (21).

An intriguing question is how MRAP, which contains no
signal sequence, is synthesized and inserted into the membrane
in two orientations. Glycosylation does not control topology,
because MRAP orientation and function were the same when
the single natural glycosylation site was removed, and MC2
receptor expression did not affect topology. MRAP may be
synthesized with similar amounts in each orientation. Alterna-
tively, Nout-Cin and Nin-Cout MRAPs may be made in different
amounts, but the Nout-Cin/Nin-Cout MRAP dimer may be the
most stable form and preferentially trafficked to the Golgi
apparatus and the plasma membrane. Available data suggest that
the antiparallel MRAP dimer is the structure that interacts with
the MC2 receptor. In addition, we characterized numerous
MRAP mutants in an effort to force orientation to one direction
or the other. Only those mutants that displayed dual topology
permitted MC2 receptor function (unpublished data).

We conclude that the MRAP accessory protein displays a
unique structure. This single transmembrane protein is inserted
in the membrane in both Nout-Cin and Nin-Cout orientations.
MRAP is isolated in dimers or higher aggregates, and the
MRAP dimer is antiparallel. The MC2 receptor is in a complex
containing both Nout-Cin and Nin-Cout MRAP. MRAP permits
the receptor to move from the endoplasmic reticulum to the
plasma membrane, where MRAP dimers and the receptor

remain stably associated. MRAP is the first eukaryotic protein
identified with an antiparallel dimeric structure. It seems likely
that other accessory proteins for GPCRs remain to be discovered
and it will be of interest to determine whether other accessory
proteins have the same unusual structure as MRAP.

Materials and Methods
Materials. All five hMC receptors and h�2-adrenergic receptors with three
N-terminal HA tags were obtained from the Missouri S&T cDNA Resource
Center, MRAP-Flag was obtained from A. Clark (University of London, London,
U.K.), RAMP1 constructs were obtained from I. Dickerson (University of Roch-
ester, Rochester, NY), and Y1 cells were obtained from B. Schimmer (University
of Toronto, Toronto, Canada). The HA-tagged TRH receptor is described in ref.
23. Peptides and rabbit antibodies to MRAP were prepared by New England
Peptide. Peptides from mMRAP [Ac-LDYIDLIPVDEKKLKC-amide (Cys added)
and Ac-CLRRASLQTTEEPGRRAGTD-amide] were coupled via Cys to keyhole
limpet hemocyanin. Antibodies were affinity-purified on Pierce Sulfolink
columns. Antibodies were obtained from Invitrogen (monoclonal anti-V5),
Sigma (monoclonal M2 anti-Flag), Covance (monoclonal HA11 anti-HA), Bio-
Rad (HRP-coupled anti-mouse or anti-rabbit), Abcam (monoclonal anti-actin),
or Molecular Probes (Alexa Fluor 488-, 546-, and 633-coupled anti-mouse or
anti-rabbit). MRAP mutants were prepared by using Stratagene Quikchange
and verified by sequencing.

Cell Culture and Transfection. Cells were grown in DMEM/F-12 supplemented
with 5% FBS for CHO cells; 10% calf serum for 3T3 cells; or 15% horse serum,
2.5% FBS, and antibiotics for Y1 cells. Plasmids were transiently transfected
24–48 h before experiments, using Fugene 6 (Roche).

Surface Epitope Detection by Fixed-Cell ELISA. To measure epitopes on the
extracellular side of the plasma membrane, cells in 12-well plates were washed
with PBS, fixed for 10 min with 4% paraformaldehyde, washed, blocked in 5%
milk in PBS, and processed for ELISA as described in ref. 22, using 1:5,000
monoclonal anti-V5, anti-Flag, and anti-HA antibodies, 1:250 rabbit N-
terminal MRAP antibody, or 1:500 rabbit C-terminal MRAP antibody.

Live Cell Imaging. Cells on glass coverslips were rinsed and incubated with
primary antibodies (1:100 except for anti-actin antibody at 1:5,000) in F12 media
with 20 mM Hepes and 5% goat serum for 1 h at 37°C, washed, and incubated
with 1:100 secondary antibody and 3 �g/ml Hoechst 33342 for 5 min at room
temperature. Secondary antibodies were Alexa Fluor 546 anti-mouse with an-
ti-HAantibody,AlexaFluor488anti-mousewithanti-V5andanti-Flagantibodies,
Alexa Fluor 488 anti-rabbit with rabbit anti-MRAP, and Alexa Fluor 633 anti-
mouse with anti-actin antibody. A Nikon Diaphot inverted microscope with a
100�/1.3N.A.oilobjective,aPhotometricsCoolSNAPEScamera,andappropriate
filter sets from Chroma were used. Images were captured with Metamorph
software from Universal Imaging and transferred to Powerpoint for labeling.
Micrographs displayed in a group were exposed and processed identically.

Immunoprecipitation and Western Blotting. For surface epitope immunoprecipi-
tation, cells were washed, incubated with 1:2,000 immunoprecipitating antibody
(anti-HA, anti-V5, or anti-Flag) in F12 media with 20 mM Hepes and 5% goat
serum for 2 h at 4°C, washed, and lysed for 20 min at 4°C with 0.1% n-dodecyl-
�-maltoside in PBS with protease inhibitors. Lysates were centrifuged, and im-
mune complexes were collected with protein A/G beads at 4°C. To immunopre-
cipitate total cell MRAP or MC2 receptor, cells were lysed with 0.1% n-dodecyl-
�-maltoside and centrifuged, and supernatants were incubated overnight at 4°C
with 1:5,000 primary antibody and collected on protein A/G beads. Beads were
washed three times, suspended in loading buffer with 100 mM DTT, boiled 5 min,
and centrifuged. Proteins were resolved by SDS/PAGE on 10% (MC2 receptor) or
15% (MRAP and RAMP1) gels from Lonza. Western blotting and deglycosylation
were performed as described in refs. 23 and 24, respectively.

cAMP Assay. CHO cells in 12-well plates were incubated with 0.1 mM 3-isobu-
tyl-1-methylxanthine and vehicle or 100 nM ACTH in Opti-MEM I for 20 min at
37°C. cAMP was assayed by using Assay Design’s cAMP EIA Direct kit.

Statistics. The significance of differences among groups was analyzed by
ANOVA with Tukey’s post hoc analysis. Experiments were performed at least
twice, and points show the mean and SE of triplicates. Where not visible, error
bars fell within symbol size.
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