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Abstract

Ghrelin is a hormone that is secreted by the stomach during fasting periods and acts through its
receptor, the growth hormone secretagogue 1a (GHSR1a), to promote food intake and prevent
hypoglycemia. As such, GHSR1a is an important regulator of energy and glucose homeostasis and
a target for the treatment of obesity. Here, we showed that the accessory protein MRAP2 altered
GHSR1a signaling by inhibiting its constitutive activity, as well as by enhancing its G protein—
dependent signaling and blocking the recruitment and signaling of B-arrestin in response to
ghrelin. In addition, the effects of MRAP2 on the Gaq and B-arrestin pathways were independent
and involved distinct regions of MRAP2. These findings may have implications for the regulation
of ghrelin function in vivo and the role of MRAP2 in energy homeostasis. They also show that
accessory proteins can bias signaling downstream of GPCRs in response to their endogenous
agonist.

One-sentence summary:

An accessory protein suppresses p-arrestin—dependent signaling and constitutive activity of the
ghrelin receptor.

Editor’'s summary:

Skewing signaling with an accessory protein

Ghrelin is a peptide that is secreted by the stomach during fasting to promote food intake. The
accessory protein MRAP?2 interacts with the ghrelin receptor GHSR1a and is important for the
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orexigenic effects of ghrelin. Rouault et a/. found that MRAP2 promoted biased signaling
downstream of ghrelin-mediated activation of GHSR1a by inhibiting B-arrestin recruitment to the
receptor and potentiating Gaq/11-dependent signaling. Furthermore, MRAP2 suppressed ligand-
independent activity of GHSR1a, which is naturally high. These results show that accessory
proteins can bias GPCR signaling and, for GHSR1a, limit its constitutive activity.

Introduction

Ghrelin is a key regulator of energy and glucose homeostasis. Ghrelin is secreted by the
stomach during low-energy states (1) to enable survival by promoting the sensation of
hunger and preventing hypoglycemia (2). Ghrelin acts through its receptor, the growth
hormone secretagogue receptor 1la (GHSR1a) in hypothalamic neurons to promote food
intake in humans (3) and rodents (4). Animals lacking active ghrelin (5) or GHSR1a (6) are
resistant to diet-induced obesity and are unable to maintain a normal blood concentration of
glucose when placed on a calorie-restricted diet (7,8). The latter is due to a loss of ghrelin-
stimulated growth hormone release from the anterior pituitary which in turn stimulates liver
glucose output. GHSR1a stimulation results in G-protein activation and p-arrestin
recruitment; however, GHSR1a also displays high constitutive activity (9). A naturally
occurring mutation in the gene encoding human GHSR1a that eliminates its constitutive
activity was identified in probands with short stature (10), suggesting a possible role for the
basal activity of GHSR1a in development and somatic growth. We previously showed that
the actions of ghrelin in the hypothalamus, more specifically in orexigenic agouty-related
peptide (AGRP) neurons, requires the melanocortin receptor accessory protein 2 (MRAP2)
(11). MRAP2 is a single transmembrane protein displaying dual topology (12,13) that
regulates several GPCRs involved in the control of energy homeostasis, including the
melanocortin-4 receptor (14,15), the prokineticin receptor 1 (16,17), and the orexin receptor
1 (18). MRAP2 is expressed in the hypothalamus and its deletion causes obesity in rodents
(15). We showed that MRAP2 interacts with GHSR1a and potentiates ghrelin-stimulated
Gagq signaling both in cell lines and in AGRP neurons (11). Furthermore, ghrelin fails to
induce food intake in Mrap2knockout mice (11). Those results established MRAP2 as an
essential partner of GHSR1a for optimal receptor signaling and for the orexigenic effect of
ghrelin.

Whereas the role of MRAP2 in regulating ghrelin-stimulated Ga 4 —dependent signaling has
been established, the effect of MRAP2 on other important aspects of GHSR1a signaling is
unclear. In this study, we evaluated the role of MRAPZ2 in regulating ghrelin binding, Gag/11
protein coupling, B-arrestin recruitment, and GHSR1a constitutive activity. We showed that
whereas MRAP2 potentiated GHSR1a signaling through Gag11, it inhibited B-arrestin
recruitment and B-arrestin-mediated signaling. We also showed that the effects of MRAP2
on Gag11 and B-arrestin signaling were independent and could be functionally separated
with different MRAP2 mutants. We also showed that MRAP2 inhibited the constitutive
activity of GHSR1a, suggesting that in cells in which MRAP2 is expressed, such as AGRP
neurons, the agonist-independent activity of GHSR1a may be minimal. Together, these
findings further demonstrate that MRAP?2 is a critical endogenous regulator of GHSR1a
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function and identify previously uncharacterized roles of MRAP2 in the regulation of p-
arrestin recruitment and GHSR1a constitutive activity.

Results

MRAP?2 potentiates GHSR1a signaling and inhibits its constitutive activity.

To determine the concentration dependency of MRAP2 effect on GHSR1a signaling,
Chinese Hamster Ovary (CHO) cells were transfected with a constant amount of receptor-
coding plasmid and either empty vector or increasing concentration of plasmid coding for
MRAP2. CHO cells were used because they do not express endogenous MRAP2 and thus
represent a naive system. Transfected cells were stimulated with different concentrations of
ghrelin in the presence of lithium, to allow accumulation of inositol-1 phosphate (IP1),
before measuring the concentration of accumulated IPq as a reporter of inositol-3 phosphate
(IP3) production (hereafter, IP is used to refer to either IP; or IP3). Signal over baseline was
calculated and whereas ghrelin caused only a slight increase in accumulated IP in cells
expressing GHSR1a alone, MRAP2 enhanced the response to ghrelin in a dose-dependent
manner (Fig. 1A). At a ratio of receptor to MRAP2 plasmid of 1/20, ghrelin caused a 6 fold
increase in accumulated IP over baseline (Fig. 1A). High constitutive activity is one of the
best-known features of GHSR1a expressed in heterologous systems. Mutation of Ala2% to a
glutamate residue (A204E) in the receptor causes a loss of constitutive activity and results in
short stature in humans (10). For those reasons we tested the effect of MRAP2 on the
constitutive activity of GHSR1a. First, we compared the 1P3 response to ghrelin in cells
expressing GHSR1a alone or with MRAP2 as described earlier. However, rather than
measuring the fold increase in accumulated IP compared to baseline, we expressed results as
a percentage of the maximal response to ghrelin in cells lacking MRAP2. Whereas in the
absence of MRAP?2 the response of GHSR1a to ghrelin was small, basal IP concentration
was high (67% of the maximal response) (Fig. 1B). In the presence of MRAP2, the basal IP
concentration was greatly diminished (15% of maximal signal) but the ghrelin response was
potentiated (Fig. 1B). This result suggests that MRAPZ2, in addition to increasing the
response to ghrelin, inhibits the constitutive activity of GHSR1a. To further test this
hypothesis, we transfected cells with increasing amounts of the GHSR1a coding plasmid in
the presence or absence of a constant concentration of MRAP2 plasmid. Cells were then
incubated with lithium without agonist for 1h to accumulate IP produced as a consequence
of the constitutive activity of GHSR1a. In cells lacking MRAP2, we observed a linear
correlation between the amount of receptor transfected and IP accumulation, thus confirming
that GHSR1a has high constitutive activity. In the presence of MRAP2, IP accumulation was
low and did not increase with GHSR1a expression, thus further demonstrating that MRAP2
inhibits the constitutive activity of GHSR1a (Fig. 1C).

MRAP2 inhibits signaling downstream of GHSR1a(A204E)

To test whether MRAP2 potentiated ghrelin signaling downstream of the GHSR1a(A204E)
mutant in @ manner similar to its effects on WT GHSR1a, we measured ghrelin-stimulated
IP3 production in cells expressing GHSR1a(A204E) with empty vector or MRAP2.
Surprisingly, we found that, in contrast to the potentiating effects of MRAP2 on GHSR1a,
MRAP2 decreased the potency of ghrelin 23 fold in cells expressing the mutant receptor
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(Fig. 1D). This inhibitory effect of MRAP2 on GHSR1a(A204E) could indicate that this
mutation changes the conformation of the receptor in a way that alters its interaction with
MRAP2.

MRAP2 inhibits ghrelin-stimulated p-arrestin recruitment to GHSR1a

MRAP2 potentiates ghrelin-stimulated IP3 production (11), thus showing that MRAP2
enhances GHSR1a Gag-dependent signaling. Here, we tested whether this potentiating
effect of MRAP2 also applied to ghrelin-stimulated p-arrestin recruitment. To this end, CHO
cells were transfected with plasmids encoding GHSR1a and mCherry-p-arrestin2 in the
presence or absence of plasmid encoding MRAP2. The cells were imaged after treatment
with vehicle or 100 nM ghrelin for 10 min. Whereas ghrelin stimulated the translocation of
mCherry-p-arrestin2 to the plasma membrane in cells lacking MRAP2, translocation of p-
arrestin was not detected in cells expressing MRAP2 (Fig. 2A). This result suggests that
MRAP2 inhibits ghrelin-stimulated p-arrestin recruitment to GHSR1a. To quantitatively
measure the degree to which MRAP2 blocked B-arrestin recruitment, we used NanoBiT, a
split luciferase recombination assay that monitors protein-protein interactions in live cells.
We fused the two complementary fragments of the nanoluc luciferase, LgBiT and SmIBIT,
to the C-terminus of 2HA-GHSR1a (GHSR1a N-terminally tagged with 2 hemagglutinin
tags) and the N terminus of B-arrestin2, respectively (Fig. 2B). CHO cells were transfected
with plasmids expressing GHSR1a-LgBiT and SmIBiT-B-arrestin2 in the presence or
absence of plasmid expressing MRAP2. Consistent with the fluorescent microscopy
experiments, the NanoBiT based assay demonstrated that ghrelin elicited the rapid
recruitment of p-arrestin to GHSR1a in cells lacking MRAP2. In contrast, cells expressing
MRAP2 showed a significant reduction in ghrelin-stimulated p-arrestin recruitment (about
35% of control without MRAP2) (Fig. 2C). To verify that the decrease in p-arrestin
recruitment observed was not due to a decrease in surface density of the receptor, we
measured surface 2HA-GHSR1a-LgBiT expression by cell-ELISA in parallel dishes
transfected with the same plasmids. Detection of surface 2HA-GHSR1a-LgBiT with an HA
antibody in fixed, non-permeabilized cells showed that MRAP2 did not significantly alter
surface receptor density (Fig. 2D). Additionally, the recruitment of p-arrestin to GHSR1a
depended on the ghrelin concentration and MRAP?2 inhibited the recruitment of p-arrestin
recruitment to GHSR1a at every concentration of ghrelin tested (Fig. 2E).

MRAP2-mediated inhibition of p-arrestin recruitment is not required for the potentiation of
G protein signaling downstream of GHSR1a

B-arrestin is involved in the desensitization and internalization of GPCRs. For this reason,
we tested whether the inhibition of B-arrestin recruitment by MRAP2 was responsible for
the potentiation of G protein signaling downstream of GHSR1a. To this end we generated a
B-arrestinl/p-arrestin2 double knockout CHO cell line using CRISPR/Cas9 technology (Fig.
3A). Deletion of the targeted regions was verified by PCR-based amplification of the gene
fragments containing the sequences to be excised. As expected, deletion of exon 5 of Arrb1
(which encodes B-arrestinl) and exons 4 to 6 of ArrbZ2 (which encodes p-arrestin2) resulted
in lower amplicon sizes corresponding to the targeted excisions (Fig. 3B). These deletions
were also verified by DNA sequencing. To test whether the potentiating effect of MRAP2 on
ghrelin-stimulated IP production was due to a decrease in B-arrestin recruitment, both wild-
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type (WT) CHO cells and p-arrestinl/2 KO CHO cells were transfected with plasmid
encoding GHSR1a with or without plasmid encoding MRAP2. The transfected cells were
treated with increasing concentrations of ghrelin in the presence of lithium before the
concentration of accumulated IP produced was measured. In WT CHO cells lacking
MRAP2, ghrelin elicited a small response (about a 50% increase in IP abundance compared
to baseline). In contrast, response in cells expressing MRAP2 was 6-fold over baseline (Fig.
3C), consistent with MRAP2 potentiating GHSR1a signaling. Surprisingly, we obtained a
similar result in experiments with B-arrestin1/2 KO CHO cells (Fig. 3D), thus suggesting
that inhibition of B-arrestin recruitment is not required for MRAP2 to potentiate Ga.g—
dependent signaling by GHSR1a.

MRAP?2 inhibits p-arrestin—~dependent GHSR1a signaling

Recruitment of B-arrestin to GHSR1a results in the activation of the small guanosine
triphosphatase (GTPase) RhoA, and mutations in GHSR1a that impair its ability to recruit -
arrestin also decrease ghrelin-stimulated RhoA activation (19). Consequently, we reasoned
that the inhibition of ghrelin-stimulated p-arrestin recruitment by MRAP2 should result in
inhibition of RhoA activation. To test this notion, we used a luminescent reporter driven by
SRF-RE, a modified serum responsive element activated by members of the RhoA GTPase
family (20). CHO cells were transfected with plasmids encoding SRF-RE-Luc and GHSR1a
and either empty vector or plasmid encoding MRAP2. Treatment with ghrelin caused a
concentration-dependent increase in RhoA activation in cells expressing GHSR1a alone
(Fig. 3E). In the presence of MRAP2, ghrelin-stimulated RhoA activation was blocked (Fig.
3E), thus suggesting that the inhibition of B-arrestin recruitment by MRAP2 also results in
the inhibition of signaling downstream of p-arrestin. To verify that ghrelin-dependent
stimulation of RhoA required B-arrestin, the same experiment was performed in -
arrestin1/2 KO cells, which showed that ghrelin largely failed to activate RhoA regardless of
whether MRAP2 was present (Fig. 3F). These results confirm that RhoA is activated by
ghrelin through a p-arrestin—dependent pathway and that MRAP2 prevents the recruitment
and signaling of B-arrestin downstream of GHSR1a.

Potentiation of GHSR1a signaling requires the N-terminal domain containing residues 34—
43, the transmembrane domain and C-tail of MRAP2.

To identify the region of MRAP2 that was important for the potentiation of GHSR1a
signaling, we generated a series of MRAP2 deletion mutants and chimeras. These include
four deletions in the N-terminal region (A2-9, A10-23, A24-33 and A34-43), a chimeric
MRAP2 in which the transmembrane domain was replaced by the transmembrane domain of
RAMP3 (MRAP2-RTM), and a chimeric MRAP2 in which the entire C-terminal domain
was replaced by the C-terminal domain of MRAP1 (N2TM2C1), which does not share any
sequence homology in this region (Fig. 4A). MRAP2 and mutants were all tagged with
3XFlag at the C-terminus and were expressed at similar amounts (Fig. 4B).

To test the ability of the various MRAP2 mutants to potentiate GHSR1a signaling, each
MRAP2 mutant was transfected with GHSR1a before measuring ghrelin-stimulated 1P
production. We found that deletion of regions between amino acids 2 to 23 only caused a
small reduction (25% for A2-9, 18% for A10-23) in the ability of MRAP2 to potentiate
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GHSR1a signaling (Fig. 4C and 4D) and that deletion of region 24-33 did not impair
MRAP2 function (Fig. 4E). In contrast, loss of the N-terminal region 34-43 (Fig. 4F), the
transmembrane domain (Fig. 4G) or the C-tail (Fig. 4H), almost completely abolished the
potentiation of GHSR1a signaling by MRAP2, thus suggesting that those elements are
essential for MRAP2 to enhance GHSR1a signaling.

Inhibition of B-arrestin recruitment to GHSR1a requires the C-tail of MRAP2 but not the
residues 34-43 of the N-terminal region.

Using the same MRAP2 mutants, we tested the regions of MRAP2 that were required for the
inhibition of B-arrestin recruitment to GHSR1a. To this end, cells were transfected with
GHSR1a-LgBiT and SmIBiT- B-arrestin2 in the presence of each of the MRAP2 mutants.
Cells were also transfected with empty vector or MRAP2 for comparison. Deletion of N-
terminal residues 2-9 (Fig. 5A) and 10-23 (Fig. 5B) did not impair the ability of MRAP2 to
inhibit p-arrestin recruitment. Deletion of the residues 24-33 (Fig. 5C) largely abolished the
effect of MRAP2 on B-arrestin recruitment. MRAP2A34-43 inhibited p-arrestin recruitment
(Fig. 5D) and replacing the transmembrane domain only caused a partial loss in MRAP2
activity (Fig. 5E). Finally, replacing the C-tail of MRAP2 by the C-tail of MRAP1
completely abolished the inhibition of b-arrestin recruitment by MRAP2 (Fig. 5F). To more
accurately determine the effect of MRAP2 mutations on pB-arrestin recruitment, we measured
the surface density of HA-tagged GHSR1a and Flag-tagged MRAP2 with ELISAs. Surface
expression of MRAP2 and mutants were different; however, the mutant depicting the lowest
expression (MRAP2A10-23) (Fig. S1) retained full inhibitory activity on p-arrestin
recruitment, suggesting that MRAPS were in excess. Several MRAP2 mutants, but not WT,
significantly altered the surface expression of GHSR1a compared to control (Fig. 5G).
Normalization of B-arrestin recruitment data according to the corresponding surface
GHSR1a density revealed that the transmembrane domain and the C-terminal region of
MRAP2 were required (Fig. 5H). In contrast to the IP results, MRAP2A34-43 displayed no
defect in the inhibition of p-arrestin recruitment. Furthermore, while the mutant
MRAP2A24-33 significantly decreased p-arrestin recruitment, its ability to do so was
significantly impaired compared to WT MRAP2 (Fig. 5H), thus suggesting a role for
residues 24-33 in MRAP2-mediated inhibition of B-arrestin recruitment. Based on these
results, we conclude that the transmembrane and the C-terminal domains of MRAP2 are
essential, and the N-terminal region 24-33 contribute for the inhibition p-arrestin
recruitment to GHSR1a. Whereas the C-terminal tail of MRAP2 is important for both the
potentiation of Ga.g-dependent signaling and the inhibition of B-arrestin recruitment, the N-
terminal regions involved in these two functions are distinct, thus further indicating that the
regulation of Ga.q signaling and p-arrestin recruitment by MRAP2 are independent
functions.

Regions of MRAP2 necessary for its inhibitory action on B-arrestin recruitment to GHSR1a
are also important for ghrelin-mediated RhoA activation.

Because the activation of RhoA by ghrelin is mediated through p-arrestin, we hypothesized
that mutations in MRAP2 that impair its ability to inhibit p-arrestin recruitment would also
result impair its ability to block RhoA activation. We used the SRF-RE-Luciferase reporter
to test this hypothesis. Expression of MRAP2A2-9 (Fig. 6A) and MRAP2A10-23 (Fig. 6B)
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inhibited ghrelin-stimulated RhoA activation to the same extent as WT MRAP2. Deletion of
residues 24-33 reduced RhoA activation by 50% (Fig. 6C). MRAP2A34-43 abolished
ghrelin-stimulated RhoA activation (Fig.6D). Replacement of the transmembrane domain
resulted in a 66% decrease in activity (Fig. 6E). Finally, replacement of the C-tail of MRAP2
with the C-tail of MRAP1 abolished the ability of MRAP2 to inhibit ghrelin-stimulated
RhoA activation (Fig. 6F). The similar effects of the mutants on the RhoA activity and -
arrestin recruitment provide further support for the notion that ghrelin-stimulated RhoA
activation is mediated by p-arrestin.

MRAP2 does not increase the affinity of GHSR1a for ghrelin or potentiate the GEF activity

of GHSR1a

To determine whether the increase in ghrelin efficacy observed in cells expressing MRAP2
was due to an increase in the affinity of the receptor for ghrelin, we performed a radioligand-
receptor competition binding assay, which showed that expression of MRAP2 did not affect
the affinity of GHSR1a for ghrelin (Fig. 7A). This result suggests that the potentiation of
GHSR1a signaling by MRAP2 is not due to an increase in ghrelin binding affinity.

Agonist-activated GPCRs facilitate the exchange of GDP for GTP in the Ga subunit of G
proteins. Because MRAP2 potentiates the G protein signaling pathway downstream of
GHSR1a we tested whether MRAP2 promotes the GHSR1a-mediated guanine nucleotide
exchange of Gaq. [3°S]GTPyS binding assays were performed with membranes from CHO
cells expressing GHSR1a in the presence or absence of MRAP2. Ghrelin promoted
[35S]GTPS binding to GHSR1a, as expected, and MRAP2 did not potentiate this process.
In fact, a small inhibition of [3°S]-GTP+yS binding was measured in membranes from cells
expressing MRAP2, suggesting that the potentiation of GHSR1a signaling by MRAP2 was
not caused by an increase in the GEF activity of GHSR1a (Fig. 7B). The decrease in GEF
activity in the presence of MRAP2 may suggest that other intracellular factors, which are
lost during the membrane preparation, are important for the normal activity of the GHSR1a /
MRAP2 complex.

Discussion

GPCRs are responsible for many physiological functions and consequently are the largest
family of proteins targeted by pharmacological drugs. However, GPCR agonists tend to have
side effects due to the multiple signaling pathways activated downstream of the targeted
receptor. In some cases, ligands that selectively activate one or a subset of signaling
pathways downstream of their receptor target, which are known as biased agonists,
sometimes display improved therapeutic profiles compared to classical orthosteric agonists
(21,22). For example, biased agonists of the -opioid receptor can decrease nociception
through activation of the G protein-dependent pathway while limiting unwanted, p-arrestin—
mediated side effects, such as constipation and respiratory distress (23,24). Whereas many
biased ligands have been developed for several receptors, there are few identified examples
of endogenous proteins that promote GPCR signaling bias. One example is the receptor
activity modifying protein (RAMP) family which modifies the selectivity of some GPCRs
for Ga subunits (25,26). Here, we showed that MRAP2 biased GHSR1a signaling toward
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Gag-dependent pathways rather than B-arrestin—dependent signaling. MRAP2 expression
induced an increase in ghrelin-stimulated 1P3 production, a decrease in ghrelin-stimulated -
arrestin recruitment to the receptor, and an almost complete loss of ghrelin-stimulated RhoA
activation, a small GTPase that is largely activated through pB-arrestin downstream of
GHSR1a (19). The requirement of B-arrestin for ghrelin to activate RhoA was further
demonstrated here by the inability of ghrelin to stimulate RhoA in B-arrestin1/2 KO cells.
However, the inhibition of B-arrestin recruitment by MRAP2 was not required for MRAP2
to potentiate GHSR1a signaling, suggesting that the potentiation of GHSR1a by MRAP2 is
not simply due to a decrease in p-arrestin-mediated desensitization of the receptor. Indeed,
MRAP2 enhanced GHSR1a signaling to the same extent in cells expressing or lacking p-
arrestins. Further establishing the independence of MRAP2-mediated regulation of Gag/11
and B-arrestin, we identified mutations in MRAP2 that potentiated ghrelin-stimulated 1P
production with only a limited effect on p-arrestin recruitment and that inhibited B-arrestin
recruitment without substantially enhancing the Gaq/11-dependent pathway. We found that
deletion of B-arrestins did not increase GHSR1a signaling through Ga.g/11, which suggests
that p-arrestin interacts with GHSR1a preferentially in the tail rather than core
conformation, thus not restricting G-protein access to the receptor (27).

The signaling bias downstream of GHSR1a caused by MRAP2 implies that, depending on
the cellular distribution and abundance of MRAP2, ghrelin could elicit different cellular
signaling outcomes and physiological consequences. Whereas the orexigenic function of
ghrelin is mediated through the activation of Gag/11 in AGRP neurons (28) and requires
MRAP2 (11), the physiological role of p-arrestin signaling downstream of GHSR1a is not
yet understood. Based on our results, we expect that transgenic animal models expressing
strategically mutated MRAP2 would be valuable in understanding the physiological role of
[B-arrestin signaling downstream of GHSR1a in vivo.

We have previously shown that MRAP2 regulates several GPCRs including the
melanocortin-4 receptor (14), prokineticin receptors 1 and 2 (16) and the orexin receptor 1
(18). However, the N-terminal region of MRAP2 involved in potentiating GHSR1a signaling
is distinct from the regions of MRAP2 required for the regulation of the prokineticin
receptor 1 and orexin receptor 1 (18), thus suggesting that different mechanisms and specific
interactions may exist between MRAP2 and its GPCR targets.

Ghrelin is important in regulating energy and glucose homeostasis, especially during energy
deficit. During starvation, ghrelin action on the hypothalamus promotes food intake and its
action on the pituitary and pancreas prevents hypoglycemia (2). Ghrelin also promotes
gastric emptying (29). Consequently, the ghrelin receptor is a promising target for the
treatment of obesity (30) and diabetic gastroparesis (31). Small molecule antagonists of the
ghrelin receptor developed for the treatment of obesity cause an unexpected increase in food
intake (32,33) which may be due to intrinsic partial agonism (28). In contrast, generating
compounds that target the interface of MRAP2 and GHSR1a may produce ghrelin inhibitors
that do not bind the orthosteric site of GHSR1a and lack partial agonism activity, thus
resulting in decreased food intake and weight loss. Additionally, understanding the
regulation of GHSR1a signaling by MRAP2 in different tissues and the specific
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physiological actions of each downstream pathway is likely to improve future drug
discovery efforts that target GHSR1a.

The physiological role for the constitutive activity of GHSR1a is not well understood,
although the identification of a mutation (A204E) in GHSR1a that causes a loss of agonist-
independent signaling in individuals with familial short stature has implicated the
constitutive activity of GHSR1an in somatic growth. In this study, we confirmed that this
mutation substantially decreased the constitutive activity of GHSR1a. In contrast to the WT
receptor, GHSR1a(A204E) signaling was inhibited by MRAP2. This finding implies that in
individuals with the GHSR1a(A204E) mutation, in which the abundance of MRAP2 is likely
unaltered, both the constitutive activity of the receptor and its response to ghrelin are
impaired, raising the question of which alteration causes the short stature. Additionally,
because MRAP2 substantially decreases the constitutive activity of GHSR1a, agonist-
independent signaling by the receptor, at least in cells that express MRAP2, may not play a
role in vivo.

In conclusion, this study identifies MRAP2 as a modulator of GHSR1a signaling both by
biasing ghrelin signaling and blocking the constitutive activity of the receptor. Determining
how MRAP2 abundance is regulated in GHSR1a-expressing cells in vivo is thus important
to accurately predict the cellular effect of ghrelin and may improve the design of therapies
targeting GHSR1a.

Materials and Methods

Cell culture and transfection

Plasmids

CHO-K1 cells were cultured in DMEM/F-12 (ThermoFisher supplemented with 5% v/v of a
1/1 mix of calf bovine serum and fetal bovine serum and 1% penicillin-streptomycin. Cells
were incubated at 37°C in a humidified atmosphere containing 5% CO,. Cells were
transfected with LipoD293 DNA Transfection Reagent from SignaGen laboratory (Cat. #:
SL100668). The quantity of DNA for each plasmid varied based on the assay; however, the
ratio receptor / accessory protein was constant and set at 1/20.

The 3HA-GHSR1a plasmid was obtained from the Missouri S&T cDNA Resource Center.
The SRF-RE-Luciferase plasmid was purchased from Promega (plasmid #E1350). Plasmids
coding for mutants of MRAP2 were previously described (18). Empty vector refers to an
empty pcDNA3.1 plasmid (Life Technologies). The N2TM2C1 plasmid, a chimera
comprising residues 1 through 63 from human MRAP2 (putative N-terminus and
transmembrane domains) and residues 57 through 172 from human MRAPa., was generated
using the NEBuilder HiFi DNA assembly kit (New England Biolabs, Ipswich MA).
Oligonucleotides 5’tatagggagacccaagctggaattcATGTCCGCCCAGAGGTTAATTTC’3 and
5’tgtagagcaaCACAAAAAACATAAAAATCACGAAGACTG’3 (bases in upper case
represent the sequence matching either MRAP2 or MRAPa) were used to generate the
N2T2 portion, while oligonucleotides 5’gttttttgtg TTGCTCTACATGTCCTGG’3 and
5’gcttttaattaatctagaggcgcgccGCTCTGCAATTGAGAGGTC’3 were used to generate the C1
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construct fragments respectively. Assembly was performed following the manufacturer’s
recommendations, using pcDNA3.1(+) as vector backbone after digest with EcoRI and Ascl.
The resulting clone was confirmed by Sanger sequencing. A triple C-terminus Flag tag was
later added by subcloning the N2T2C1 sequence into a previously constructed pcDNA3-
3xFlag plasmid following standard cloning procedures.

Generation of p-arrestinl and B-arrestin2 knockout cells

To delete B-arrestin 1 and p-arrestin 2 in CHO cells, we designed guide RNAs targeting
regions that would result in the excision of exon 5 from the Arrb gene (which encodes (-
arrestinl) and exons 4 to 6 from the Arrb2 gene (which encodes p-arrestin2). gRNAs: Arrbl,
TTGATACAACTCTTAGGAAG and CATTCTGGAAGCCTCACCTC, and Arrb2,
AAGGTACTAGACCCAAGTCC and AAGACAAGGAGGTGTCCCCA. gRNA and trRNA
(IDT, Coralville, 1A) were annealed to form RNP and transfected with Cas9 protein using
Lipofectamine CRISPRMAX (Thermo Fisher Scientific) following the manufacturer’s
instructions. 48 hours after transfection, cells were diluted and plated in 96 well plates at a
density of 1 cell per 3 wells. Single clones were allowed to grow to confluency. DNA from
each clone was extracted using QuickExtract DNA Extraction Solution (Lucigen) and
deletion of the targeted regions was assessed by PCR using the following primers: Arrb1, 5’-
CCA TCA ATA AGG CTT GGC ACA GG-3’ and 5’-CAA CCC AGA ATC ATG GAG TCT
TG-3’, and Arrb2, 5°-CTT GAC ATC CTC AGC TCA CCG TGT-3" and 5°-TCT CAA AGT
CGA CTC CAC AGG C-3’. Selected KO clones were then verified by sequencing and
cultured for experiments.

SRF-RE luciferase assay

WT and B-arrestin1/2 KO CHO cells were plated in white opaque 96 well plates and
transfected with SRF-RE, GHSR1a and either empty vector or MRAP2. The day after
transfection, 60 ul of serum free media containing the indicated concentration of ghrelin was
added. Cells were incubated at 37C for 4 hours. After incubation, 60 pl of substrate solution
containing 200 mM Tris-HCI, 10 mM MgCl,, 300 uM ATP, 1% Igepal, 12.2 mM Coenzyme
A; 30 ug/ml D-luciferin was added to each well and incubated 5 minutes at room
temperature. Luminescence was measured on a Spectramax i3 (Molecular Devices).

125|.Ghrelin competition binding assay

[1251]-Ghrelin was purchased from Perkin Elmer. CHO cells seeded in six-well plates were
transfected with 3HA-GHSR1a and either empty vector or MRAP2. The next day cells were
rinsed once with PBS and incubated with [1251]Ghrelin (250,000 cpm/ml) in binding buffer
(Dulbecco’s PBS with 20 mM HEPES, 0.1% BSA; pH 7.5) for 1 h at 37 °C. Nonspecific
binding was determined in wells incubated with radioligand and 1 uM unlabeled Ghrelin and
was subtracted. Dishes were placed on ice and washed three times with ice-cold saline to
remove unbound labeled ligand. Cells were lysed with 0.1% SDS in PBS. Lysates were
transferred to scintillation vials and 5 ml of scintillation fluid was added to each vial.
Radioactivity was counted using a Perkin Elmer Tri-Carb 2800TR scintillation counter.
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Inositol phosphate quantification

CHO cells were plated in a 6 well plate and transfected with the indicated plasmids. Cells
were then lifted using TrypLE Express (Thermo Fisher Scientific) and resuspended in 500 pl
of DMEM/F12. 7 pl of cell suspension was seeded per well in a white opaque 384-well plate
(14,000 cells/well). 7 pl of agonist solution diluted in IP-ONE kit stimulation buffer
containing lithium was then added to each well and incubated for 1 hour at 37 °C. Cells
were then lysed and accumulated IP1 was measured by TR-FRET using the IP-ONE kit
(Cisbio) following the manufacturer’s instruction. Readings were performed on a
Spectramax® i3 (Molecular Devices). Each condition was run in triplicate and experiments
were repeated independently at least 3 times.

Measurement of GHSR1a constitutive activity

To quantify the effect of MRAP2 on the constitutive activity of GHSR1a, CHO-K1 cells
were transfected with 67, 33, 17, 8.3, 4.2, 2.1, 1, 0.5, and 0 ng of GHSR1a per well with 0.9
ug of empty vector or MRAP2. Cells were lifted with TrypLE, resuspended in DMEM/F12
and plated at a density of 14,000 cells/well in a 384-well plate. The IP-ONE assay was
performed as described earlier but omitting the agonist. Each condition was run in triplicate
and experiments were repeated independently at least 3 times.

B-arrestin recruitment

To measure B-arrestin2 recruitment to GHSR1a we used the NanoBiT protein-protein
interaction assay (Promega). 3HA-GHSR1a was amplified by PCR and inserted between
Nhel and EcoRl sites in the vector containing the coding sequence for the LgBiT nanoluc
fragment (pBiT1.2-C) to produce 3HA-GHSR1a-LgBiT. Similarly, the sequence for -
arrestin2 was inserted 3’ of the coding sequence for the SmIBIT nanoluc fragment in the
pBiT2.2-N vector (Promega). Plasmids were validated by sequencing. CHO-K1 cells seeded
in 6 well plates were transfected with HA-GHSR1a-LgBiT and SmBiT-p-arrestin2 with
either empty vector or MRAP2. Cells were plated in a black 384-well plate (clear bottom),
Nanobit substrate was added, and the plate was read with a FLIPR Tetra automated kinetic
plate reader (Molecular Devices). A separate plate with agonist was prepared and placed in
the FLIPR Tetra. Luminescence was measured in every well at a sampling rate of 4 to 5
seconds. After 5 minutes of recording without agonist to allow measurement of the basal
luminescence signal, agonist was injected and luminescence was measured for an additional
15 minutes. Baseline signal was subtracted for each well. Each condition was run in
triplicate and experiments were repeated independently at least 3 times.

Fixed cell enzyme-linked immunosorbent assay (ELISA)

CHO cells were plated in 12 well plates and triplicate wells were transfected with empty
vector (mock), 3HA-GHSR1a-LgBiT, SmIBiT-p-arrestin2 and either empty vector or
indicated MRAP2 construct (WT and mutant MRAP2 are C-terminally tagged with 3XFlag)
using the same amount of DNA as for the B-arrestin recruitment assay. 24 hours after
transfection, cells were rinsed with PBS and fixed for 10 min in 4% PFA. PFA was washed 3
times with PBS and cells were blocked with 5% non-fat dried milk in PBS for 1 hour at
room temperature on a shaker. Cells were incubated with primary antibody (anti-HA 1/5000,
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anti-Flag 1/5000) in blocking buffer for 2 hours at room temperature on a shaker. Cells were
washed 3 time for 5 min with PBS at room temperature on a shaker and incubated with
secondary antibody (anti-mouse-HRP 1/5000) in blocking buffer for 1 hour at room
temperature on a shaker. Cells were washed 3 time for 5 min with PBS at room temperature
on a shaker. 200 pl of ELISA substrate (3,3",5,5 - Tetramethylbenzidine, Sigma-Aldrich)
was then added until blue color was visible, and the reaction was stopped with 200 pl 10%
sulfuric acid. 300 ml of each sample was transferred to a 96 well plate and absorbance was
measured at 450 nm using a Spectramax I3 plate reader.

CHO cells were plated in 6-well plates on glass coverslips and transfected with 3HA-
GHSR1a, TdTomato-parrestin2 and either empty vector or MRAP2. The next day, coverslips
were transferred to an imaging chamber and placed on an inverted epifluorescence
microscope (Olympus ix83). Images were acquired before and 10 minutes after addition of
100 nM Ghrelin. Experiments were repeated 3 times independently.

Western blotting

CHO cells transfected with the indicated plasmid were lysed in RIPA buffer containing
protease inhibitors (Sigma-Aldrich P8340) for 30 minutes at 4°C. Lysates were centrifuged
at 10,000 rpm for 10 minutes at 4°C and supernatants were transferred to new tubes and
supplemented with LDS loading buffer and 5% v/v g-mercaptoethanol. Samples were boiled
for 5 minutes, separated by SDS-PAGE and transferred to P\VDF membranes. Membranes
were blocked for 1 hour in 5% milk in PBST and incubated with mouse anti-FLAG M2
antibody (Sigma-Aldrich) at 1/5000 dilution overnight at 4°C on a shaker. Membranes were
washed 3 times with PBST for 5 minutes and incubated with goat anti-Mouse 1gG (H + L)-
HRP Conjugate (Biorad #: 1706516) diluted 1/5000 in 5% milk PBST for 1 hour.
Membranes were washed 3 times in PBST for 5 minutes, incubated with SuperSignal West
Pico PLUS Chemiluminescent Substrate (Thermo Scientific), and scanned using a C-DIGIT
Blot Scanner (LI-COR).

GTPvyS binding assay

CHO cells transiently transfected with GHSR1a alone and co-transfected with GHSR1a and
MRAP2, were harvested, lysed in HE buffer [L0 mM Hepes (pH 7.4), 1 mM EGTA, and
protease inhibitor mixture (23 pg/mL phenylmethylsulfonyl fluoride, 21 pg/mL Na-p-tosyl-
L-lysine-chloromethyl ketone, 21 pg/mL L-1-p-tosylamino-2-phenylethyl-chloro ketone, 3.3
pg/mL leupeptin, and 3.3 pg/mL lima bean trypsin inhibitor)] using a Parr disruption vessel
(Parr Instrument Co.). Cell debris were cleared by centrifugation at 1,500 x g. Membranes
were recovered by centrifugation at 100,000 x g and washed by Dounce homogenization in
HE buffer. Membranes were recentrifuged and Dounce-homogenized into membrane storage
buffer [HE buffer with 12% (v/v) sucrose] and stored at =80 °C. Prepared GHSR1/MRAP2
membranes (10 pg/per assay point) were incubated for 5 min with 200 nM Gaq and 500 nM
G172 in preincubation buffer (50 mM Hepes, pH 7.4, 1 mM DTT, 1 mM EDTA, 3 pg/mL
BSA). For agonist assays, membranes were incubated with or without 10 uM Gherlin for 5
min then with G protein. Endpoint assays were initiated by addition of an equal volume of
[3°S]-GTP+S binding buffer [50 mM Hepes (pH 7.4), 1 mM DTT, 1 mM EDTA, 20 uM
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GDP, 3 ug/mL BSA, 10 mM MgCly, 50 mM NaCl, 2 pM [35S]-GTPyS (20,000-50,000
cpm/pmol)]. Reactions were performed in triplicate, quenched after 30 minutes with 20 mM
Tris, pH 7.7, 100 mM NaCl, 10 mM MgCl,, 1 mM GTP, and 0.08 (m/v) deionized
polyoxyethylene 10 lauryl ether C12E10, then filtered onto Protran BA85 nitrocellulose
filters (GE Healthcare). Filters were washed with 20 mM Tris, pH 7.7, 100 mM NacCl, and 2
mM MgCl,, dried, and subjected to liquid scintillation counting.

ELISA-based analysis of GHSR1a abundance in membranes

50 pl of the prepared membrane homogenates were plated in triplicate in a poly-D-lysine
coated plates and spun at 2500 x g for 10 min at 4 °C. 100 ul of a solution of 2% w/v
Glutaraldehyde in PBS was added and incubated 15 min at room temperature. Supernatant
was removed and 100 ul of 0.1M glycine, 0.1% BSA in PBS was added to each well for 30
min at room temperature. Liquid was aspirated and wells were blocked in 5% w/v milk in
PBS for 30 min at room temperature. Anti-HA antibody (1/2000) in 5% w/v milk was added
to wells and incubated for 1h 30 min at room temperature. Wells were washed 3 times in
PBS before adding secondary antibody (anti-mouse HRP, 1/5000) in 5% wi/v milk for 45
min at room temperature. Wells were washed 3 times in PBS and 50 pl substrate (3,3’,5,5’-
tetramethyl-benzidine, sigma #T0440) was added for 5 min at room temperature. Reactions
were terminated by adding 50 ul of 10% v/v sulfuric acid and absorbance at 450 nm was
measured on a spectramax i3 (molecular devices). Results from GTP-yS binding assays were
normalized to GHSR1a levels for each sample.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. MRAP2 potentiates the ghrelin-stimulated and inhibits the constitutive activity of

GHSR1a.

(A) Ghrelin-stimulated IP accumulation in CHO cells expressing GHSR1a with empty
vector or increasing amount of MRAP2. Results are shown in fold increase over baseline
and represent the mean + SEM of 3 independent experiments performed in triplicate. (B)
Ghrelin-stimulated IP accumulation in CHO cells expressing GHSR1a with empty vector or
MRAP2 at a 1/20 ratio. Results are shown as the percentage of the maximal response in cells
expressing GHSR1a and empty vector and represent the mean + SEM of 3 independent
experiments performed in triplicate. (C) Measurement of IP accumulation over 1 hour in the
presence of lithium and absence of agonist in cells transfected with increasing amount of
GHSR1a and either empty vector or MRAP2. Empty vector and MRAP2 concentration were
kept constant. Data represent the mean + SEM of 3 independent experiments performed in
triplicate. (D) Ghrelin-stimulated IP accumulation in CHO cells expressing
GHSR1a(A204E) with empty vector or MRAP2. Measurement of IP3 production over 1
hour in the presence of lithium and absence of agonist in cells transfected with GHSR1a and
empty vector, MRAP2 or the indicated MRAP2 mutant. Error are mean +/— SEM. Data
represent the results of at least 3 independent experiments. Statistical analysis was done
using multiple T-test (one unpaired T-test per condition). ***p<0.001, *p<0.05.
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Fig. 2. MRAP?2 inhibits B-arrestin recruitment to GHSR1a.
(A) CHO cells transfected with plasmids encoding 3HA-GHSR1a and mCherry-f-arrestin2

with or without plasmid encoding MRAP2 were analyzed by immunofluorescence
microscopy. Micrographs of live cells were taken 10 min after stimulation with vehicle or
100 nM ghrelin. mCherry signal is shown in red and nuclei stained with Hoechst are shown
in blue. Scale bars are 10 um. Images are representative of 3 separate experiments. (B)
Schematic of the NanoBiT based p-arrestin recruitment assay. Cells express GHSR1a-
LgBiT and SmIBiT-B-arrestin. Agonist-stimulated recruitment of p-arrestin allows the
recombination of a functional NanoLuc enzyme, resulting in measurable luminescent signal.
(C) Kinetics of ghrelin-stimulated p-arrestin recruitment in cells expressing GHSR1a alone
(blue) or with MRAP2 (red). The blue arrow indicates the time at which ghrelin was
injected. Data are the means +/— SEM of 3 independent experiments performed in triplicate.
T-test comparing the area under the curve was used for statistical analysis. (D) Surface
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density of GHSR1a measured by fixed-cells ELISA. Data are the means +/— SEM of 3
independent experiments performed in triplicate and significance was measured by one-way
ANOVA. (E) Concentration-response curve of ghrelin-stimulated p-arrestin recruitment to
GHSR1a in the presence or absence of MRAP2. Statistical analysis of the differences at
each ghrelin concentrations were measured by T-test. Data are means +/— SEM of three
independent experiments performed in triplicate. ***P < 0.001.
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Fig. 3. Regulation of G protein— and p-arrestin-dependent signaling pathways by MRAP2.
(A) Schematic of CRISPR/Cas9 targeted deletion for Arrb1 and Arrb2genes. (B) PCR

validation of B-arrestinl KO, p-arrestin2 KO and B-arrestin 1/p-arrestin 2 double KO cell
lines. (C and D) Concentration response curves of ghrelin-stimulated IP3 production in WT
(C) and B-arrestin 1/2 KO (D) cells transfected with GHSR1a with or without MRAP2. Data
represent the mean +/— SEM of 3 independent experiments performed in triplicate. (E and
F) Concentration response curves of ghrelin-stimulated RhoA activation in WT (E) and f-
arrestinl/2 KO (F) CHO cells transfected with SRF-RE-Luc reporter, GHSR1a and either
empty vector or MRAP2, Statistical analysis of the differences at each ghrelin
concentrations were measured by T-test. Data represent the mean +/— SEM of 3 independent
experiments performed in triplicate, ***p<0.001.
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transmembrane domain). (B) Western blot detection of MRAP2 mutants from lysates of
transfected CHO cells (n=3 independent experiments). (C to H) Ghrelin-stimulated IP
accumulation in CHO cells transfected with GHSR1a and empty vector, MRAP2 or the

indicated MRAP2 mutant. Statistical analysis of the differences at each ghrelin

concentrations were measured by T-test. Data represent the mean +/— SEM of 3 independent
experiments performed in triplicate, ***p<0.001.
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Fig. 5. Identification of MRAP2 regions required for the inhibition of B-arrestin recruitment to
GHSR1a.

(A to F) Kinetics of ghrelin-stimulated p-arrestin recruitment to GHSR1a in CHO cells
transfected with GHSR1a-LgBiT, SmIBiT-p-arrestin2 and empty vector, MRAP2 or the
indicated MRAP2 mutant. Statistical analysis of the differences at each ghrelin
concentrations were measured by T-test. Data represent the mean +/— SEM of 3 independent
experiments performed in triplicate. (G) Surface density of GHSR1a measured by fixed-cell
ELISA in each of the condition tested for B-arrestin recruitment. Statistical analysis was
done using one-way ANOVA. Data represent the mean +/— SEM of 3 independent
experiments performed in triplicate. (H) Area under the curve of B-arrestin recruitment
normalized to the surface expression of GHSR1a for each condition tested. Statistical
analysis was done using one-way ANOVA. Data are shown as mean +/— SEM of the
percentage of normalized p-arrestin recruitment in the absence of MRAP2. *p<0.05,
**p<0.01, ***p<0.001.
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Fig. 6. Identification of MRAP?2 regions required for the inhibition of ghrelin-stimulated RhoA
activation.

(A to F) Luminescence reporting ghrelin-stimulated RhoA activity in CHO cells expressing
the SRF-RE reporter, GHSR1a and either empty vector, MRAP2 or the indicated MRAP2
mutant. Statistical analysis of the differences at each ghrelin concentrations were measured
by T-test. Data are shown in fold increase over baseline and are mean +/— SEM of 3

experiments performed in triplicate. ***p<0.001.
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Fig. 7. MRAP2 does not increase ghrelin affinity or Gaq protein activation.
(A) 125]-Ghrelin competition binding assay in CHO cells transfected with GHSR1a and

empty vector or MRAP2. Non-specific binding from mock transfected cells was subtracted
and results were normalized to the maximal binding for each condition. Data shown are the
mean +/— SEM of 3 independent experiments performed in triplicate. (B) GTPyS binding
assay in membranes prepared from CHO cells transfected with GHSR1a and empty vector
or MRAP2. Binding values obtained with membranes from mock transfected cells was
subtracted and results were normalized to GHSR1a expression measured by ELISA.
Statistical analysis was done using one-way ANOVA. Results shown represent the data
attained from 3 independent experiments. Error bar are SEM. ***p<0.001, **p<0.01
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