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Abstract
Accessory Proteins of the Melanocortin-4 Receptor Signaling System

Valerie Chen

The melanocortin 4-receptor (MC4R) is a G-protein coupled receptor (GPCR) that is
expressed in the hypothalamus and is essential for energy homeostasis. Mutations in
MCA4R are the most common monogenic cause of obesity. MC4R signaling is regulated
by its agonist @ -MSH and by its endogenous antagonist the agouti-related peptide
(AgRP). AgRP’s orexigenic effects are extraordinarily long-lasting. Additionally, several
accessory proteins have been implicated in the regulation of MC4R. This dissertation
focuses on two accessory proteins, syndecan-3 and the melanocortin receptor
accessory protein 2 (MRAP2). Syndecan-3 is a cell-surface heparan sulfate
proteoglycan that is hypothesized to increase the local concentration of AgRP at MC4R
neurons. AgRP’s prolonged orexigenic effects are dependent on positively charged
residues outside of its inhibitor cystine knot (ICK) core. These positively charged
residues are not required for MC4R binding or antagonism but are crucial for
electrostatic interactions with heparan sulfate. Using AgRP peptides with varying
positive charge in its non-ICK segments along with glycan arrays and feeding studies
with AgRP-treated mice, we find that AgRP increases food intake and reduces energy
expenditure. These actions are dependent on AgRP’s positive charges and the AgRP

variant that has the most protracted feeding response also has the greatest affinity

viii



for heparan sulfate. These findings further support the role of syndecan-3 in
facilitating AgRP signaling. MRAP2 increases a-MSH-induced MC4R signaling and also
modulates several other hypothalamic GPCRs that regulate metabolism. MRAP2 is a
single-pass membrane protein that forms highly unusual anti-parallel dimers. Despite
MRAP2’s important role in energy balance, very little is known regarding the
molecular details that drive its unique structure and how this relates to its ability to
modulate MC4R. Using a panel of MRAP2 variants, biochemical experiments reveal
that MRAP2 dimerizes through its transmembrane domain. We also show that MRAP2
can form parallel dimers using a luciferase-based molecular complementation assay.
Elucidating the functions and structures of MC4R’s accessory proteins will not only
further our understanding of GPCR signaling but also aid in the development of

therapeutics aimed at modulating this complex signaling system.
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Chapter 1

Introduction



The Melanocortin-4 Receptor

Hunger and satiety signals from peripheral tissues in the form of circulating hormones
such as ghrelin, leptin, glucagon-like peptide 1, and peptide YY are integrated by the
central melanocortin system in the hypothalamus and brainstem. The central
melanocortin system, which acts as a rheostat for energy balance, is composed of
neurons that produce neuropeptide Y (NPY), agouti-related protein (AgRP), and GABA,
neurons that produce pro-opiomelanocortin (POMC), and neurons that express their
downstream targets, the melanocortin 3 receptor (MC3R) and the melanocortin 4
receptor (MC4R). Food intake that is induced by ghrelin, a circulating orexigenic
hormone produced by the gut, is mediated by AgRP/NPY neurons in the arcuate
nucleus of the hypothalamus (ARC) ™. Leptin, an anorexigenic hormone that is
produced by adipocytes, is also sensed by neurons in the ARC. AgRP mRNA levels are
decreased by leptin and stimulated by fasting while POMC mRNA is stimulated by
leptin and reduced by fasting >®. The signals from AgRP and POMC arcuate nucleus
neurons are then relayed to downstream neurons of the paraventricular nucleus of
the hypothalamus (PVH) that express MC3R and MC4R. Both MC3R and MC4R are
involved in the regulation of energy homeostasis but the exact role of MC3R in food
intake remains enigmatic and controversial, therefore, this dissertation will focus
solely on MC4R. Central MC4R regulates satiety, energy expenditure, blood pressure,
and growth. Recent work has shown that MC4R signaling involves several accessory

proteins that are expressed in the ARC and in the PVH.
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Figure 1 The central melanocortin signaling system. Circulating hormones from
peripheral tissues such as ghrelin and leptin are integrated in the hypothalamus. AgRP
and POMC neurons of the arcuate nucleus that express the leptin receptor (LepR) and
the ghrelin receptor (GHSR1a) detect these peripheral feeding cues and modulate
downstream MC4R neurons in the paraventricular nucleus. Several accessory proteins
have been shown to regulate MC4R signaling such as syndecan-3 (SDC3), Kir7.1
(inwardly rectifying potassium channel 7.1), and melanocortin receptor accessory
protein 2 (MRAP2).

There are a total of five melanocortin receptors that regulate a variety of physiological
processes throughout the body. MC4R was first cloned using degenerate PCR and
homology screening in 1993 and was found to localize in the brain 7. Localization
studies in adult rat brains showed that MC4R mRNA is present in the cortex, thalamus,

hypothalamus, brainstem, and spinal cord &°. MC4R is expressed predominantly in the

hypothalamus, a critical center known to be important for feeding behavior and



energy homeostasis. In addition to the central nervous system where its functions are
most well-studied, MC4R has also been found in the peripheral nervous system and

in enteroendocrine L cells of the gastrointestinal system 1911,

The human MC4R gene is intronless and codes for a 332 amino acid protein. MC4R’s
sequence is highly conserved and the identity of full-length mammalian and fish MC4R
is approximately 67% 2. MC4R, as well as the four other melanocortin receptors, are
rhodopsin-like, class A G-protein coupled receptors (GPCRs). GPCRs are cell surface
receptors that activate intracellular signaling pathways through downstream G-
proteins in response to extracellular ligand binding. Through the widely accepted,
classical view of GPCR signaling, a-MSH induced activation of MC4R through the Gas
pathway results in an increase in cAMP and negative energy balance, whereas AgRP

antagonism reduces levels of cAMP and results in positive energy balance.
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Figure 2 MC4R is a GPCR that is regulated by both endogenous agonist a-MSH and
antagonist/inverse agonist AgRP. Classical MC4R signaling occurs through Gs
signaling where receptor activation by a-MSH leads to an increase in intracellular
levels of cAMP and a negative energy balance phenotype. AgRP inverse agonism
decreases levels of cAMP and results in a positive energy balance phenotype. The
model of MC4R is from Pogozheva et al. 20053,

Based on its atomic resolution structure, MC4R is distinct from other reported class A
GPCR structures 4. These structural differences are due to MC4R having a short
extracellular loop 2 (ECL2), lacking the conserved disulfide bond that connects ECL2
to helix Il that is present in other GPCRs, and having an unusual outward position of
helix V. Additionally, crystallographic structural studies show that Ca®* is a cofactor for
ligand binding and the presence of Ca?* increases the affinity and potency of MC4R’s

endogenous agonist, a-MSH. While MC4R does have four potential glycosylation

sites, the biological significance of glycosylated MC4R is unknown.



POMC

Melanocortin peptides are derived from the gene encoding the prohormone pro-
opiomelanocortin (POMC). POMC is first cleaved by prohormone convertase 1/3
which vyields proACTH and ACTH. These cleavage products are then processed by
prohormone convertase 2, resulting in the production ACTH (1-17) which is then
cleaved by carboxypeptidase E. The resulting peptide is amidated by peptidyl «a-
amidating mono-oxygenase and is then finally acetylated by N-acetyltransferase to
generate mature a-MSH >, In the hypothalamus, a-MSH is produced by POMC
neurons in the arcuate nucleus of the hypothalamus and the commissural nucleus of
the solitary tract of the brain stem. POMC-derived peptides are agonists at MC3R and
MC4R. As with the other melanocortin receptors, treatment with melanocortin
peptides a-MSH and ACTH leads to an increase in intracellular cAMP in MCA4R-

expressing cells 7.

One of the first signs that POMC-derived peptides played a role in energy homeostasis
was in 1986 when Vergoni and colleagues injected ACTH(1-24) into the lateral
ventricle of starved rats or into the ventromedial hypothalamus during the nocturnal
feeding phase and an inhibition of food intake was observed in these rats!’. More than
a decade later, it was shown that mice lacking POMC are obese, have impaired adrenal

development, and altered pigmentation 8. In this study, when POMC null mice were



treated with peripheral a-MSH, 40% of the excess body weight was lost. Similarly, in
humans, mutations in POMC leads to severe early onset obesity, adrenal insufficiency,
and red hair *°. Setmelanotide, a synthetic a-MSH mimic, has been shown to be
successful for the treatment of obesity in patients with POMC deficiency as well as

with patients with leptin receptor deficiency 2°2.

AgRP Structure and Function

A unique feature of MCA4R signaling is that it is also regulated by an endogenous
antagonist and inverse agonist, AgRP. This feature was first brought to light due to the
unique obesity phenotype of mice with dominant mutations in the agouti locus,
specifically the lethal yellow (AY) and variable yellow (AY) alleles. The agouti gene
encodes the agouti- signaling peptide (ASiP) (Bultman et al. 1992) and controls coat
color in mice through antagonization of the melanocortin-1 receptor (MC1R) in the
skin 2. Heterozygous mice with the lethal yellow and variable yellow mutations have
yellow fur, increased hepatic lipogenesis, and increased linear growth 23. These mice
are also obese, hyperinsulinemic, and have noninsulin-dependent diabetes. The AY
and AY alleles result in ectopic expression of ASiP, including in the brain where it
antagonizes MC4R 22724, AgRP was first cloned due to its sequence similarity to agouti,
specifically by the cysteine-rich C-terminal ends 2°. In human tissues, AgRP was found
to be primarily expressed in the adrenal gland, subthalamic nucleus, and the

hypothalamus. Additionally, AgRP expression was upregulated in leptin-deficient and



leptin receptor-deficient mice, suggesting that AgRP has a role in regulating food
intake. This was further validated by Graham and colleagues in 1997 by isolating the
AgRP gene and showing that overexpression of AgRP leads to obesity in transgenic

mice 26,

Figure 3 Lethal yellow agouti mouse (Ay)
Dominant mutations in the agouti allele result in
ectopic expression of agouti, an endogenous
antagonist of MC1R. Agouti antagonism of both
MC1R in the skin and MC4R in the central nervous
system results in a mouse that has yellow fur and
is obese?’.

AgRP is released from neurons in the arcuate nucleus of the hypothalamus in response
to energy deficit and is a potent antagonist and inverse agonist at MC3R and MC4R
2829 AgRP inverse agonism at these receptors leads to increased feeding and
decreased energy expenditure ?°. Central administration of AgRP (83-132) induces
food intake in animals for up to 7 days after injection 3°. Given AgRP’s ability to
stimulate long-term feeding and decrease energy expenditure, central melanocortin

antagonism may have clinical benefit for treating cachexia, a wasting disease



associated with some cancers. Furthermore, AgRP has been shown to reverse the

symptoms of cancer cachexia in animal models 31,

AgRP-induced feeding is longer in duration that all known feeding stimulators. As a
result, several studies have been aimed at understanding the interplay between AgRP
structure and its long-lasting orexigenic effects. Full-length AgRP is a 132 residue pro-
protein that is post-translationally processed by pro-protein convertase 1/3 into its
mature form AgRP(83-132) 32. AgRP (83-132) contains five disulfide bonds, three of
which form an inhibitor cystine knot (ICK) motif 33. An AgRP variant that only
encompasses this ICK core, AgRP(87-120), is sufficient for MC3/4R binding and
antagonism 3%, However, regions of polypeptide flanking the ICK core are both highly

conserved and necessary for prolonged AgRP-induced feeding.



Active loop
Required for melanocortin
receptor binding

C-terminal loop

N-terminal segment

87 Inhibitor Cystine Knot (ICK) core 120
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feeding, AgRP-induced opening of Kir7.1, and

electrostatic interactions with heparan sulfate

Figure 4 Nuclear magnetic resonance structure (Protein DataBank: 1HYK) of mature
AgRP-WT(83-132) The inhibitor cystine knot (ICK) core is in red, the N-terminal
segment is in magenta and the C-terminal loop is in blue. Disulfide-bonds are in
yellow. The ICK core that contains the active loop is sufficient for MC3/4R binding and
antagonism. However, the N-terminal segment and C-terminal loop that flank the ICK
core are highly conserved and required for AgRP-induced long-term feeding.

Recent studies highlight the importance of AgRP’s non-ICK sequence. AgRP (83-132),
but not AgRP(87-120), has been shown to hyperpolarize MC4R neurons and decrease
the frequency of action potential firing 3°. Additionally, central administration of AgRP
peptides with varying charge in the non-ICK segments showed that positive charge
density within the non-ICK segments is positively correlated with feeding and weight
gain 3436, A peptide variant possessing additional positive charges, AgRP 4K, is able to

enhance feeding in rats even beyond that of wild-type AgRP. In contrast, AgRP 4Q, a

peptide with non-ICK charges removed, results in a weak 24-hour feeding response

10



that returns to baseline in just 2 days. The significance of AgRP’s non-ICK segments
can be largely explained by the presence of accessory proteins that modulate MC4R
signaling. These accessory proteins will be the focus of subsequent sections in this

chapter.

Mutations in MC4R and Metabolic Disease
The loss of MC4R results in late-onset obesity in mice and MC4R insufficiency in mice
leads to hyperphagia, increased fat mass, dysregulated glucose homeostasis, and

37739 As expected, the MC4R null phenotype is strikingly

reduced energy expenditure
similar to the agouti obesity phenotype. An interesting feature of MC4R-deficiency is
that that mice that are heterozygous for the MC4R null allele have an obesity
phenotype that is intermediate to wild-type mice and mice that are homozygous for
the mutant allele 3. The haploinsufficiency of MC4R is also present in humans. In
1998, the first two obesity-causing frameshift mutations were discovered in two
different patients, both resulted in truncated MC4R protein and both were
heterozygous mutations %!, Gene dosage effects are uncommon with GPCRs and
most morbid obesity-causing mutations in humans are either homozygous and
compound heterozygous mutations as seen with leptin, leptin receptor, and POMC

gene mutations. Over 200 obesity-associated MC4R mutations have now been

identified and it is now evident that mutations in MC4R are the most common

11



monogenetic cause of human obesity, accounting for approximately 5% of

investigated obese patients 4274,

Figure 5 Loss of MCA4R results in severe
obesity in mice. Heterozygous mutations in
MCA4R are the most common genetic cause
for obesity in humans “°.

MC4R-null wild type

MC4R variants have been functionally characterized based on their surface
expression, ligand binding, and ability to stimulate cAMP in vitro when transfected
into mammalian cells. Based on these pharmacological studies, there are five classes
of MC4R mutations #7. Class | mutants are null mutations that result in defective
protein synthesis or increased rate of degradation. Class Il mutants are mutants that
are improperly trafficked and retained in the ER, most likely due to misfolding. Class
Il mutants makes up the largest class of MC4R mutants. Class Il mutants are properly
trafficked to the cell surface but have defective ligand binding. This category also

includes receptors that have enhanced inhibition by AgRP. Class IV mutants are

12



expressed at the cell surface, can bind ligands, but are defective when it comes to Gs
signaling. MC4R has been shown to have a high level of constitutive activity, possibly
through its own N-terminal domain acting as a tethered ligand #%%°. MC4R mutants
with decreased constitutive activity also fall under class IV. Finally, class V accounts
for variants that have unknown defects. This classification system does not consider
downstream effects such as desensitization and f-arrestin recruitment, alternative

signaling pathways, or receptor signaling that is mediated by accessory proteins.

Alternative MC4R-signaling Pathways and Accessory Proteins

MC4R has long been known to signal through the Gs pathway, leading to increase
levels of intracellular cAMP through activation of adenylate cyclase, which then
activates protein kinase A. However, there are obesity-causing mutations in MC4R
that do not result in impaired Gs/cAMP signaling °°. There is now growing evidence for
alternative MC4R-signaling pathways. GPCRs can also couple to Gq and Gi1, which
activates phospholipase C 8 (PLCS) which hydrolyzes phosphatidylinositol phosphate
(PIP2) into diacylglycerol (DAG) and inositol triphosphate (IP3). DAG activates protein
kinase C (PKC) while IP3 signaling leads to Ca?* release into the cytoplasm. The
treatment of mouse MC4R-expressing cells with a-MSH results in an increase of
intracellular Ca?* >>2, The relevance of MC4R signaling through the Gq/11 pathway was
further solidified by showing that PVH-specific loss of Gq and Gi1 leads to severe

hyperphagic obesity, increased linear growth, and animals that no longer display

13



MCA4R agonist-induced inhibition of food intake °3. It has also been shown that AgRP
induces [-arrestin mediated endocytosis of MC3R and MC4R and also activates the
Gi/o signaling pathway >#°°. From these studies, AgRP not only antagonizes agonist
binding and inhibits constitutive activity of MC4R but also reduces receptors levels at

the cell surface and inhibits cAMP through Gis.

It is now apparent that melanocortin signaling is more complex than previously
understood and cannot be explained simply by agonist/antagonist modulation of the
Gas pathway. There is neuroanatomical evidence that supports independent actions
of a-MSH and AgRP. Specifically, POMC synapses target PVH dendrites while AgRP
synapses target PVH cell soma >°. Additionally, there are several accessory proteins
that have now been shown to be involved in the regulation of MC4R. AgRP’s ability to
promote a prolonged orexigenic response has always been of particular interest.
Syndecan-3, a cell surface heparan sulfate proteoglycan, has been implicated in
facilitating AgRP signaling by localizing AgRP at MC4R neurons in the PVH >7=>°, This is
further supported by the fact that AgRP has been shown to be a heparan sulfate
binding protein . AgRP and a-MSH are able to regulate an inwardly-rectifying
potassium channel (Kir7.1) through MC4R 3°. This occurs in a G protein-independent
fashion; however, the mechanism by which MC4R couples to Kir7.1 is unknown.
Finally, agonist binding at MC4R has been shown to be modulated by the

melanocortin receptor accessory protein 2 (MRAP2) ¢17%5, Understanding the role of
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syndecans in MC4R signaling, the molecular basis of MC4R’s G-protein independent
modulation of Kir7.1, and the mechanism by which MRAP2 regulates MC4R will help

to redefine the current model of melanocortin and GPCR signaling.

§4¢
§88

MRAP2
Increases MC4R’s
sensitivity to agonist

Syndecan-3
Localizes AgRP at the
membrane of MC4R neurons

Modulated by ligand-bound MC4R
in a G-protein independent manner

Figure 6 Accessory proteins that modulate MC4R signaling. Syndecan-3, a cell surface
proteoglycan, has been implicated in AgRP’s prolonged orexigenic effects by localizing
AgRP at the membrane of MC4R neurons and protecting AgRP from proteolytic
degradation. Kir7.1, an inwardly rectifying potassium channel, has been shown to
hyperpolarize or depolarize MC4R neurons in response to AgRP or a-MSH binding to
MCA4R, respectively. The mechanism by which MC4R couples to Kir7.1 is independent
of G-protein signaling. The Kir7.1 model is from the lab of Professor Jared Denton at
Vanderbilt University. MRAP2 is an accessory protein that regulates several
hypothalamic GPCRs that are important in the regulation of food intake. MRAP2
enhances MC4R signaling by increasing MC4R’s sensitivity to a-MSH.

Syndecans
Syndecans are a class of cell-surface heparan sulfate proteoglycans (HSPGs). As its

name suggests, HSPGs are characterized their covalently attached heparan sulfate
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glycosaminoglycan chains (GAG). These glycosaminoglycan chains are between 40-
300 sugars long, highly heterogenous, and polyanionic due to the presence of sulfate
groups and uronic acids ®®. In addition to heparan sulfate chains, syndecan-1 and
syndecan-3 also contains chondroitin sulfate chains near the plasma membrane ¢’.
HSPGS can either be membrane-bound, in secretory-vesicles, or secreted into the
extracellular matrix and are known to bind a variety of extracellular ligands such as
chemokines, cytokines, and growth factors. Additionally, membrane-bound HSPGs
such as syndecans can also act as coreceptors. All four members of the syndecan
family are characterized by their attachment to the cell membrane through a single
transmembrane core protein with GAG chains covalently linked through threonine
and serine residues. Syndecan-3 was first cloned from neonatal rat Schwann cells and
then later in humans, where it was found to localize in the brain, adrenal glands, and
spleen %%, Syndecans can undergo ectodomain shedding which involves cleavage of
a proteolytic site on the extracellular site of the protein. Specifically, syndecan-3 is
shed from the cell surface of neurons by matrix metalloproteases 7°. Syndecan-3 has
also been implicated in neuronal development as there is high expression of

syndecan-3 in the developing nervous system, specifically along axons 7.

There are several lines of evidence that suggest syndecan-3 plays a key role in the

regulation of energy balance through the modulation of MC4R signaling. Food

deprivation leads to an increase in hypothalamic syndecan-3 levels and transgenic
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expression of syndecan-1 in the hypothalamus leads to hyperphagia, severe mature-
onset obesity, and diabetes. These mice are also phenotypically similar to agouti lethal
yellow, AgRP-overexpression, MC4R null, and POMC null mice *’. Cell surface
syndecan-3 is thought to potentiate AgRP signaling by localizing AgRP at MC4R
neurons since hypothalamic AgRP protein levels are significantly reduced in mice
lacking syndecan-3 °°. Consistent with this observation, syndecan-3 null mice are more
sensitive to MC4R agonist, MTII *8, Furthermore, in vitro experiments in HEK293 cells
show significant cAMP inhibition by AgRP when MCA4R is co-expressed with syndecan-
3 >/, Ectodomain shedding of syndecan-3 by matrix metalloproteases also appears to
be important for the regulation of food intake. A pan-selective matrix metalloprotease
inhibitor increases food intake in fasted rats. Additionally, the mRNA expression of
tissue inhibitor metalloprotease-3 (TIMP-3), which is known to inhibit several

metalloproteases, is increased in response to food deprivation °8.

AgRP is known to be a heparan sulfate binding protein and associates with
glycosaminoglycan chains through complementary electrostatic interactions . Work
by Palomino et al. mapped out regions of AgRP that are relevant to this electrostatic
interaction®®. The introduction of additional lysine residues in AgRP increases overall
positive charge as well as increases its affinity to heparan sulfate 3. In fact, there is a
striking positive relationship between AgRP net positive charge and its ability to

increase body weight in treated animals 34. Electrostatic interactions between AgRP
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and negatively charged heparan sulfate glycosaminoglycans on syndecan-3 are
thought to increase local concentrations of AgRP and protect AgRP from proteolytic
degradation. This supports a model where syndecan-3 significantly increase AgRP’s

half-life, driving AgRP-induced long-term feeding.

Central administration of AgRP variant with
increased positive charge and a higher
affinity for heparan sulfate

Central administration of AGRP variant with
decreased positive charge and a lower
affinity for heparan sulfate

AgRP

MC4R

Syndecan-3 l

|

Increased food intake,
Lowered energy
expenditure

Figure 7 The orexigenic and metabolic effects of AgRP are positively correlated with
AgRP’s overall positive charge and affinity for heparan sulfate. AgRP has been
demonstrated to be heparan sulfate binding protein and heparan sulfate is one of the
major glycosaminoglycans that decorate syndecan-3. Additionally, hypothalamic
levels of AgRP are significantly reduced in mice lacking syndecan-3.
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lon Channels

G-protein-coupled inwardly rectifying potassium channels (GIRKs), also known as Kir3
channels, are activated by G-proteins, through direct binding of GB/y subunits 7273,
GIRKs are activated by pertussis toxin-sensitive G-protein complexes, specifically Gio
73, When MC4R is expressed in a hypothalamic cell line, it signals in a pertussis toxin-

sensitive manner °°

. Additionally, AgRP selectively activates this Gi, signaling
pathway. Based on this evidence, it is possible that MC4R signaling can activate GIRKs

in vivo.

MCA4R also modulates inwardly-rectifying potassium channels that are outside of the
Kir3/GIRK family. MC4R couples to Kir7.1, an inwardly-rectifying potassium channel,
in a novel G-protein-independent manner 3. Electrophysiology on MC4R neurons
from murine hypothalamic slice preparations showed that treatment with a-MSH
depolarized neurons and increased the frequency of action potential firing, while
AgRP hyperpolarized these neurons and inhibited action potential firing. The
depolarization from a-MSH could not be blocked by GDPSS, an inhibitory GDP
analogue or by GTPyS, a nonhydrolyzable GTP analogue, as well as several other
inhibitors of G-protein signaling, supporting a G-protein independent mechanism.
Current-voltage analysis and a panel of Kir channel blockers were used to pinpoint
Kir7.1 as the channel responsible for the a-MSH -induced depolarization. The

regulation of Kir7.1 by MC4R ligands was further validated using a thallium flux assay
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to measure the flow of Tl ions through Kir7.1 in HEK293 cells that are co-expressing
MCA4R. Prolonged G-protein-coupled signaling through MC4R causes desensitization,
however, TI* flux through Kir7.1 is hypersensitized by pre-treatment with a-MSH.
Additionally, these experiments also showed that AgRP’s non-ICK segments are
essential for AgRP’s modulation of Kir7.1 as AgRP (83-132), but not AgRP(87-120),
biases the opening of Kir7.1. Interestingly, MC1R also couples to Kir7.1 and mutations

in Kir7.1 cause defects in pigmentation in zebrafish 74.

Tissue-specific deletion of Kir7.1 in MC4R neurons in mice lead to late-onset obesity,
increased linear growth, glucose intolerance, and resistance to the anorexic effect of
administered melanocortin peptides 7. Unexpectedly, AgRP-induced feeding is still
intact in these mice. The exact mechanism by which MC4R regulates Kir7.1 is unclear.
There is evidence that co-expression of GPCR’s alters Kir7.1 glycosylation in HEK293
cells and that the glycosylation state of Kir7.1 affects its permeation properties 7°.
Further studies are needed to determine exactly how MC4R ligands modulate Kir7.1,
however, this novel G-protein-independent signaling pathway supports independent
actions of AgRP and a-MSH and may help explain AgRP-induced prolonged feeding

and MC4R’s gene dosage effects.

20



Melanocortin Receptor Accessory Protein 2 (MRAP2)

The role of the melanocortin accessory protein 1 (MRAP1) as an obligate accessory
protein of MC2R was determined in 2005 after the protein was first identified in 2002
from adipocytes 7778, Mutations in MRAP1 result in unresponsiveness to ACTH, a
phenotype that is also consistent with mutations in MC2R. MRAP1 is required for
trafficking, ACTH-binding, and signaling of MC2R 7772, Previously, expression of
functional MC2R through transfections was notoriously challenging and was only

achieved in cell lines that were adrenocortical in origin &°.

MRAP2, a homolog of MRAP1, is expressed in the brain and the adrenal gland and
shares 39% amino acid identity to MRAP1 in the N-terminal and transmembrane
domains 8. MRAP1 and MRAP2 can interact with all five melanocortin receptors. The
human MRAP2 gene has 4 exons and codes for a 205 residue protein that has a single
glycosylation site at residue 9. MRAP1 and MRAP2 are both single-pass
transmembrane proteins (type 1) that have dual topology at the cell surface, meaning
they can be threaded through the membrane in both orientations 7>#2. This unusual
topology was discovered using bimolecular fluorescence complementation
experiments and with epitope detection using antibodies raised against the N- or C-
terminal ends of MRAP1 or MRAP2. MRAP1 and MRAP2 are the only two proteins that
are known to have dual topology in the eukaryotic proteome. They also both form

dimers or higher order oligomers at the cell surface 728182,
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MRAP2 is an important component for the regulation of energy balance. Whole body
and brain-specific deletion of MRAP2 results in severe obesity in mice, with increased
body length and increased white adipose tissue size 1. In this study, MRAP2 was found
to enhance MC4R’s response to cAMP. In zebrafish, MRAP2a, the larval form of the
protein, inhibits MC4R signaling while MRAP2b, which is expressed later on in
development, increase sensitivity of MC4R to a-MSH 82, Obesity-associated mutations
in MRAP2 have also been reported in human 68384 MRAP2 is clearly an important
modulator of MC4R signaling. Interestingly, mice with MC4R knockout alone are more
obese than mice with deletion of both MC4R and MRAP2 %, This is not consistent with
MRAP2 only acting through MC4R and suggests that MRAP2 may also promote

feeding through a different mechanism.

MRAP2 has now been shown to regulate several GPCRs in the hypothalamus that are
important for food intake that are outside of the melanocortin receptor family.
MRAP2 promotes feeding through both inhibition of prokineticin receptor-1 and
potentiation of growth hormone secretagogue receptor 1a (GHSR1a, ghrelin receptor)
85-87 Specifically, MRAP2 is important for starvation sensing in AgRP neurons that
express GHSR1a 8. MRAP2 inhibits constitutive activity of GHSR1a, enhances its G-
protein dependent signaling, and inhibits recruitment of B-arrestin 8. MRAP2 also

decreases food intake through inhibition of the orexin receptor 1 (OX1R) . MRAP2
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copurifies with OX1R and significantly decreases surface expression of the OX1R.
MRAP2 unarguably plays a key role in the regulation of energy homeostasis. However,
there are several aspects of MRAP2’s biology that are still unknown, such as the
mechanisms by which MRAP2 regulates GPCRs. This endeavor will be challenging due

to MRAP2’s promiscuity.
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Figure 8 MRAP2 regulates several hypothalamic GPCRs that are important for the
regulation of energy homeostasis. MRAP2 promotes feeding in the ARC through
potentiation of the ghrelin receptor in ARC AgRP neurons and inhibition of
prokineticin receptor 1 signaling. MRAP2 also inhibits feeding in the PVH through
enhancement of MC4R signaling and inhibition of orexin receptor 1 trafficking and
signaling.

Dissertation Motivation and Specific Aims
In the past decade, the advancements in genetic techniques such as optogenetics and

DREADDS (designer receptors exclusively activated by designer drugs) has fueled
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several discoveries aimed at untangling the complexities of the melanocortin neural
circuit. Using DREADD technology to activate ARC AgRP neurons, there is now direct
evidence that AgRP neuropeptide release from these neurons is sufficient for a
delayed but prolonged feeding response, while NPY and GABA mediate acute effects
8 Additionally, through channel rhodopsin-assisted circuit mapping, authors were
able to confirm that PVH MC4R neurons are in fact the downstream target for ARC
AgRP-driven hunger °°. There are ARC AgRP efferents to different brain regions that
express MC4R such as the lateral hypothalamus and the anterior bed nucleus of the
stria terminalis, and while they are sufficient to drive feeding, these projections do
not promote food intake through inhibition of MC4R. These experiments that allow
for direct stimulation of AgRP and MC4R neurons are critical for understanding how
these neurons regulate food intake. AgRP neuron activation likely coincides with AgRP
neuropeptide release, however, the mechanistic details after AgRP neuropeptide
release remains largely unknown. Chapter 2 of this dissertation aims to elucidate the
molecular details of AgRP-induced long-term feeding and how accessory proteins
such as syndecan-3 potentiate AgRP’s orexigenic effects. We show that AgRP’s non-
ICK sequence and charge have a clear role in the enhancement of AgRP’s orexigenic
effects. Additionally, we have gained a great amount of insight into the long-term
metabolic effects of AgRP-treated animals and the role accessory proteins play in

facilitating AgRP action.
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MRAP2 is an important modulator of MC4R signaling and is essential for energy
homeostasis across different species, from zebrafish to humans 66284 Despite
MRAP2’s emerging role in the regulation of several GPCRs that are critical for food
intake, there are very limited structural studies on MRAP2. Based on biochemical
experiments, MRAP2 and its homolog MRAP1 form highly unusual anti-parallel dimers
at the cell surface 882, It is unclear how MRAP2’s oligomerization and dual orientation
relate to its ability to modulate MC4R. In order to investigate the mechanism by which
MRAP2 regulates MC4R and other GPCRs, we must first understand the molecular
details that drive MRAP2’s unusual topology and structure. Chapter 3 of this
dissertation highlights key differences between MRAP2 and MRAP1 in terms of the
structural features that drive dual orientation and oligomerization. Additionally, we
show that MRAP2 can oligomerize in a different orientation than previously shown.
Uncovering the molecular features that dictate MRAP2's structure and how it relates
to MC4R function will undoubtably aid in our understanding of GPCR-accessory
protein biology as a whole, as well as improve therapeutic efforts aimed at modulating

these receptors.
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Summary

The endogenous melanocortin peptide agouti-related protein (AgRP) plays a well-
known role in foraging, but its contribution to metabolic regulation is less understood.
Mature AgRP(83-132) has distinct residues for melanocortin receptor binding and
heparan sulfate interactions. Here, we show that AgRP increases ad libitum feeding
and operant responding for food in mice, decreases oxygen consumption, and lowers
body temperature and activity, indicating lower energy expenditure. AgRP increased
the respiratory exchange ratio, indicating a reduction of fat oxidation and a shift
toward carbohydrates as the primary fuel source. The duration and intensity of AgRP's
effects depended on the density of its positively charged amino acids, suggesting that
its orexigenic and metabolic effects depend on its affinity for heparan sulfate. These
findings may have major clinical implications by unveiling the critical involvement of
interactions between AgRP and heparan sulfate to the central regulation of energy

expenditure, fat utilization, and possibly their contribution to metabolic disease.

Introduction

There is a pressing need to identify the underlying mechanisms of metabolic disease.
The central melanocortin system regulates feeding, body weight, and energy
expenditure. However, the contribution of the central melanocortin peptide agouti-
related protein (AgRP) and its interaction with heparan sulfate to metabolic regulation

has not been characterized. Here, we found that AgRP increases both ad libitum food
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intake and motivation for food in an operant paradigm and reduces energy
expenditure and fat oxidation, which has been linked to a higher risk for metabolic
disease. Both orexigenic and metabolic actions of AgRP depended on the density of
AgRP positive charges, which determines its affinity for heparan sulfate independently
of the binding of AgRP to central melanocortin receptors. These results support a role
for heparan sulfate in the regulation of energy homeostasis by the melanocortin

system.

The central melanocortin system includes neurons in the arcuate nucleus (ARC) of the
hypothalamus that coexpress agouti-related protein (AgRP) and neuropeptide Y (NPY)
and the neurotransmitter y-aminobutyric acid (GABA) and neurons that coexpress
proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript
(CART) L. Evidence from mutant mice and human mutations indicates that the central
melanocortin system plays a key role in coordinating nutrient intake, energy
metabolism, fat accumulation, and body weight 2-°. However, the contribution of
AgRP to metabolic regulation is not well understood because of its coexpression with

GABA and NPY, which is also a key regulator of appetite and energy balance 72,

Neuropeptide Y/AgRP-coexpressing neurons promote feeding and weight gain,

whereas POMC neurons attenuate feeding and promote weight loss °. Both NPY/AgRP

and POMC/CART neurons express receptors for the adipocyte-derived hormone leptin
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and insulin that, together with other hormones (e.g., the gut peptides ghrelin and
peptide YY, among others) and nutrients, such as glucose, fatty acids, and peptides,
allow them to sense peripheral energy status and needs !. Circulating leptin and
insulin interact with neurons in the ARC through special properties of the blood-brain
barrier in this region of the hypothalamus, resulting in the inhibition of NPY/AgRP

neurons and activation of POMC/CART neurons, leading to a reduction of food intake

9

Numerous studies support a central role for NPY/AgRP neurons in regulating energy
expenditure, food intake, and body weight. NPY/AgRP neurons mediate insulin's
central effects on hepatic glucose production 192, Fat accumulation and obesity
comprise the primary phenotype of lower central melanocortin-3 receptor (MC3R)
and MC4R loss-of-function 278, Insulin receptor signaling in NPY/AgRP neurons in the
ARC inhibits hepatic glucose production via vagus nerves that are associated with food
intake 1912, Additionally, NPY/AgRP neurons control insulin sensitivity by regulating
brown adipose tissue (BAT) 3. The deletion of suppressor of cytokine signaling 3
(SOCS3) in NPY/AgRP or POMC/CART neurons enhanced insulin signaling and
improved whole-body glucose metabolism in diet-induced obese mice °. The deletion
of activating transcription factor 4 (ATF4) in NPY/AgRP neurons resulted in a lean
phenotype with an increase in energy expenditure and resistance to high fat diet

(HFD)-induced obesity 4.
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The melanocortin system includes five G protein-coupled receptors (GPCRs) that
contribute to diverse physiological processes >7'7. Agonists of MCRs derive from
POMC through proteolytic cleavage to produce adrenocorticotropic hormone (ACTH)
and various melanocyte-stimulating hormone (MSH) variants, such as a-MSH, B-MSH,
and y-MSH. MCI1R is involved in skin and hair pigmentation by regulating the
production of melanin >7'7. MC2R is mainly expressed in the adrenal cortex where it
serves as an ACTH receptor, inducing glucocorticoid production 8. MC3Rs and MC4Rs
are expressed in the brain and involved in the regulation of energy homeostasis and
metabolism *7Y7. o-MSH is released by POMC/CART neurons and acts as the
endogenous agonist of central MC3Rs and MC4Rs. Central MC4Rs and peripheral
MC1Rs exhibit elevated basal activity in the absence of agonists, and their activity is
regulated by two pivotal endogenous peptides that act as inverse agonists: AgRP in
the central nervous system (CNS) and agouti-signaling protein (ASP; the main product

of the agouti gene in the skin) 1>7,

AgRP is a key modulator of central MC3Rs and MC4Rs *°. Full-length AgRP is a 132-
residue pro-protein that is posttranslationally processed by pro-protein convertase
1/3 into its mature form, AgRP(83-132) 2°. AgRP(83-132) contains five disulfide bonds,
three of which form an inhibitor cystine knot (ICK) motif (Figure 1), which is sufficient
for MC3/4R antagonism, whereas positively charged residues in the N-terminal

segment and C-terminal loop allow AgRP to bind heparan sulfate independently of its
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receptor affinity and signaling ability through a reduction of cyclic adenosine

monophosphate (cAMP) 21723,

A B
Active loop
Required for MC
receptor binding
AgRP-4Q, =6 PN S—S
AgRP-WT C— 0
AgRP-4K o8 D —0 080

C-terminus N-terminus

AgRP-4Q AgRP-4K

Figure 1 Structure and Electrostatic Potential Maps for AgRP and Charge-Modified
AgRP Variants. A, Nuclear magnetic resonance structure (Protein DataBank: 1HYK) of
mature AgRP-WT(83-132) depicting the inhibitor cystine knot (ICK) core (green) and
non-ICK N-terminal segment (pink) and C-terminal loop (orange). Disulfide-bonds are
in yellow. The ICK core that contains the active loop is sufficient for MC3/4R binding
and antagonism. However, the N-terminal segment and C-terminal loop that flank the
ICK core are highly conserved and required for AgRP-induced long-term feeding. B,
Schematic diagram of the location of lysine mutations in AgRP-4K and glutamine
mutations in AgRP-4Q. All charge mutations are located outside of the ICK core. C,
Electrostatic potential surface maps for AgRP-4Q, AgRP-WT, and AgRP-4K, calculated
by Adaptive Poisson-Boltzmann Solver (APBS). AgRP-4K adds positive charges to an
existing positively charged patch that is present in AgRP-WT.
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Heparan sulfate proteoglycans were originally considered structural elements of the
extracellular matrix, but they have subsequently emerged as key modulators of
biological processes 242>, Sulfate groups provide docking sites for numerous positively
charged peptide ligands, including AgRP, that are involved in diverse biological

processes 2425,

The contribution of AgRP and its interaction with heparan sulfate to metabolic
regulation has not been previously characterized. The present study investigated the
effects of AgRP peptides, including AgRP(83-132) (i.e., the mature form of AgRP) and
two charge-modified AgRP variants that differed in their affinity for heparan sulfate,
on food intake and energy metabolism. We found that the intracerebroventricular
(ICV) administration of AgRP in addition to ad libitum feeding in the home cage
increased operant responding for food in a manner that depended on the density of
AgRP positive charges, which determined its affinity for heparan sulfate. Similarly, we
found that AgRP decreased energy expenditure and shifted fuel utilization from fatty
acids toward carbohydrates, which also required heparan sulfate binding. Lower fatty
acid oxidation at rest promotes an increase in fat storage and is associated with a
higher risk of type 2 diabetes and metabolic syndrome 26728, All of the AgRP variants
reduced body temperature and activity, suggesting lower energy expenditure.
However, the effects of the variant that had a lower density of positive charges had

faster onsets and were less protracted.
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Overall, the present results indicate that the orexigenic effects of AgRP are
accompanied by complex metabolic changes that are characterized by lower energy
expenditure, a reduction of fat oxidation, and a shift in substrate utilization toward
carbohydrate oxidation. Although the AgRP variants that were tested did not differ in
receptor affinity or in vitro potency, their in vivo potency and duration of action
significantly depended on positively charged amino acids that mediate heparan

sulfate binding.

Results

Binding of AgRP and Charge-Modified AgRP Variants to Heparan Sulfate Glycan
Arrays

As shown in Figure 2, the mature form of AgRP (AgRP[83-132]), henceforth referred
to as wild-type AgRP (AgRP-WT), binds broadly to different heparan-sulfate-derived
oligosaccharides in glycan arrays. AgRP binding affinity was correlated with the state
of sulfation and length of the heparan sulfate oligosaccharides. AgRP binding
appeared to be favored by 6S and NS sulfation but not by 3S sulfation. We next
compared the binding of AgRP-WT and two charge-modified AgRP variants, including
AgRP-4Q (in which positive charges were eliminated by replacing Arg and Lys residues
with GIn) and AgRP-4K (in which additional positively charged amino acids were
included by mutating Gly123 and Ala125 and the two Ser residues in the N-terminal

segment to Lys) 22. These modifications have been shown to not affect MC3R or MC4R
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binding 2. As shown in Figure 3, these two charge-modified AgRP variants resulted in
alterations of the affinity for heparan sulfate in a glycan array using immobilized
hexasaccharide that was representative of a highly sulfated heparan sulfate. AgRP-4Q
exhibited negligible binding to sulfated hexasaccharide, whereas AgRP-4K exhibited

approximately 50-times greater binding than AgRP-WT (Figure 3).
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Figure 2 Glycan Array Analysis of AgRP Binding to Heparan Sulfate Oligosaccharides.
A, Fluorescent image of the glass slide glycan arrays showing fluorescence signals
(green dots) of AgRP binding to 52 immobilized heparan sulfate oligosaccharides (low-
molecular-weight heparan sulfate, LMHS). B, Bar graph showing the relative
fluorescence intensity of AgRP binding to the heparan sulfate oligosaccharides arrays.
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Heparan sulfate oligosaccharides 22 and 41 show the highest intensity. C, The
structures of the different heparan sulfate oligosaccharides on the slide microarray in
A. Data are represented as mean + SEM.
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Figure 3 Binding of AgRP and Charge-Modified AgRP Variants to a Heparan Sulfate
Hexasaccharide Glycan Array. A, AgRP(83-132) (AgRP-WT) and AgRP-4K, in which
Gly123 and Ala125 and the two Ser residues in the N-terminal segment were replaced
with Lys, showed concentration-dependent binding to a glycan array of the heparan
sulfate hexasaccharide GIcNS6S-GlcA-GIcNS6S-IdoA2S-GIcNS6S-GIcA-NH2 (Array 34 in
Figure 2 is the hexasaccharide used in this figure). The printed concentration of
hexasaccharides was from 100 uM and serially diluted by a dilution factor of 2 down
to a minimum concentration of 0.4 uM. Each concentration had 10 replicates. AgRP-
4Q, in which Arg and Lys residues were replaced with GIn, showed negligible binding
to the heparan sulfate hexasaccharide glycan array. B, Semiquantitative
determination of binding of AgRP variants to heparan sulfate hexasaccharide glycan
array. The signal intensity (arbitrary units) was determined by Imagel software. The
AgRP-4K binding curve showed a dramatic leftward shift that was indicative of
approximately 50-times greater binding affinity for the heparan sulfate
hexasaccharide glycan array than AgRP-WT. Data are represented as mean + SEM.

Effects of Charge-Modified AgRP Variants on ad libitum Food Intake and Body
Weight

We first tested the effects of AgRP-WT and AgRP variants with a decrease or an
increase in positive charges (AgRP-4Q and AgRP-4K, respectively) on ad libitum food

intake in mice in their home cages (Figure 4). Each AgRP variant was injected ICV into

the lateral ventricle. Food consumption and body weight were measured daily. As
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shown in Figure 4, the ICV administration of AgRP-WT and AgRP-4K but not AgRP-4Q
significantly increased food intake and body weight. AgRP-4K exerted a more

pronounced and long-lasting effect than AgRP-WT.
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Figure 4 Effects of AgRP and Charge-Modified AgRP Variants on Ad Libitum Food
Intake and Body Weight. Baseline levels of A, food intake and E, body weight were
recorded daily for seven days, and then the AgRP peptides were injected ICV in the
lateral ventricle (1 nmolin 1 pyL of saline). B, The mature wild-type form of AgRP (AgRP-
WT) significantly increased the amount of food that was consumed. The two-way
repeated-measures ANOVA revealed a significant main effect of days (F8,152 = 3.65,
p = 0.0006) and a significant AgRP variant x days interaction (F8,152 = 3.736, p =
0.0005) n = 10-11/group. The post hoc analysis showed that the increases in food
consumption were statistically significant on the second and third days of AgRP
administration. *p < 0.05, compared with mice that were injected with vehicle; ***p
< 0.001, compared with vehicle group (post hoc test). n = 10-11/group. C, The mutant
form with lower positive charges (AgRP-4Q) did not significantly alter ad libitum food
consumption. D, The mutant form with higher positive charges (AgRP-4K) caused a
significant and long-lasting increase in food intake, which peaked on the second day
of injection. The two-way repeated-measures ANOVA revealed significant main
effects of AgRP (F1,25 = 143.2, p < 0.0001) and time course (F8,200 = 25.65, p <
0.0001) and a significant AgRP x time course interaction (F8,200 = 20.85, p < 0.0001).
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F, AgRP-WT caused a transient significant increase in body weight on day 5 post-
injection. G, AgRP-4Q did not affect body weight. H, AgRP-4K caused a significant
increase in body weight that started on day 3 post-injection, which lasted through the
testing period. The two-way repeated-measures ANOVA revealed significant main
effects of AgRP (F1,25 =9.403, p < 0.01) and time course (F8,200 = 127.5, p < 0.0001)
and a significant AgRP x time course interaction (F8,200 = 125.2, p < 0.0001). ***p <
0.001, compared with vehicle group (post hoc test). n = 13—14/group. Data are
represented as mean + SEM.

Effects of Charge-Modified AgRP Variants on Operant Responding for Food

We then tested the effects of AgRP variants in an operant food self-administration
paradigm. The mice were trained in an operant chamber to obtain food pellets by
pressing a lever on the wall. During the training phase, an FR1 schedule was used,
whereby one active lever press resulted in the delivery of one food pellet. After the
acquisition of stable lever-pressing behavior, the mice were gradually switched to an
FR5 schedule and then remained at this FR throughout the remainder of the
experimental period. AgRP-4Q, the variant with a decrease in positive charges,
significantly and rapidly increased food responding on the first day of the injection,
but the effect subsided within a few hours (Figure 5A). AgRP-4K, the variant with an
increase in positive charges, induced a delayed increase in responding for food,
starting approximately 10 h after the injection. However, the AgRP-4K-induced
increase in responding for food was quite protracted and statistically significant for
five days (Figure 5B). Altogether, these results indicated that the positive charge and

affinity of AgRP for heparan sulfate were associated with an increase in food intake

and motivation for food.
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Figure 5 Effects of AgRP and Charge-Modified AgRP Variants on Operant Food Self-
Administration. A, AgRP-4Q significantly increased food self-administration during
the dark phase on the first day of injection. This feeding-promoting effect of AgRP-4Q
subsided rapidly in the following periods. The two-way repeated-measures ANOVA
revealed significant main effects of AgRP variant (F1,16 = 7.452, p = 0.015) and time
(F7,112 = 183.4, p < 0.0001) and a significant AgRP variant x time interaction (F7,112
=2.577, p=0.017). ***p < 0.001, relative to the level before AgRP injection. B, AgRP-
4K induced a longer-lasting increase in food self-administration compared with AgRP-
4Q. Data are represented as mean + SEM.

Effects of Charge-Modified AgRP Variants on Energy Expenditure and Fuel Source
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We next investigated the effects of AgRP variants on energy expenditure and fuel
source using CLAMS chambers. One hour before being placed in the CLAMS chamber,
the mice received an injection of AgRP-WT, AgRP-4Q, or AgRP-4K. Body temperature,
V02, and carbon dioxide production (VCO2) were recorded continuously for five days.
The respiratory exchange ratio (RER; i.e., the ratio of VCO2 to VO2) was calculated to
estimate the fuel source that was utilized for energy production, based on the
difference in the number of oxygen molecules that are required for the oxidation of

glucose vs. fatty acids.

All three AgRP variants reduced body temperature, suggesting a decrease in energy
expenditure (Figure 6A). The reductions of body temperature that were induced by
AgRP-WT and AgRP-4K had later onsets and were more protracted than the reduction
that was induced by AgRP-4Q (Figure 6A). AgRP-WT also significantly reduced VO2 for
a protracted time (Figure 6B, left). AgRP-4K, but not AgRP-4Q, showed a similar
protracted trend toward a VO2 reduction, but this reduction did not reach statistical

significance (Figure 6B, right).
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Figure 6 Effects of AgRP and Charge-Modified AgRP Variants on Energy Expenditure
and Fuel Source Energy expenditure was assessed by body temperature and VO2 in
the CLAMS. A, All three variants of AgRP—AgRP-WT (left), AgRP-4Q (middle), and
AgRP-4K (right)—significantly decreased body temperature, suggesting that AgRP
reduces energy expenditure. The effect of AgRP-4Q (center) had a faster onset and
was less protracted than the effects of AgRP-WT (left) and AgRP-4K (right). Two-way
repeated-measures ANOVA revealed significant AgRP variant x hours interactions for
all three variants (AgRP-WT: F99,990 = 2.225, p < 0.0001; AgRP-4Q: F99,856 = 1.754,
p < 0.0001; AgRP-4K: F99,891 = 2.828, p < 0.0001). B, VO2 was significantly decreased
by AgRP-WT, indicating that AgRP reduced energy expenditure. C, Effects of AgRP on
the respiratory exchange rate (RER) in the CLAMS. AgRP-WT (left) and AgRP-4K (right)
but not AgRP-4Q (middle) significantly increased the RER specifically during the light
phase (AgRP-WT: F4.577,45.77 = 10.73, p < 0.0001; AgRP-4K: F6.708,60.37 = 24.91, p
< 0.0001; AgRP-4Q: F3.734,37.20 = 11.38, p < 0.05), indicating that AgRP reduced fat
oxidation and increased carbohydrate utilization as the predominant fuel source. *p
< 0.05, compared with vehicle group (post hoc test). Data are represented as mean #
SEM.
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AgRP-WT and AgRP-4K, but not AgRP-4Q, significantly increased the RER at rest
(during the light, inactive phase), indicating a reduction of fat oxidation and a shift in
fuel utilization toward carbohydrates at rest (Figure 6C). AgRP-4K also caused a
significant short-term elevation of VCO2 (not shown). Collectively, these results
indicate that AgRP decreases energy expenditure, reduces fat oxidation, and increases
carbohydrate oxidation. AgRP-WT significantly decreased energy expenditure,

measured by VO2.

All three AgRP variants reduced body temperature, regardless of their positive
charges. However, reductions of body temperature that were induced by AgRP-WT
and AgRP-4K (i.e., the more positively charged AgRP variants with affinity for heparan
sulfate) had a more delayed onset, were more protracted, and were associated with

a decrease in fat oxidation and an increase in carbohydrate oxidation.

Effects of Charge-Modified AgRP Variants on Activity, Feeding, and Drinking in
CLAMS Chambers

Activity was assessed by the triple-axis detection of animal motion using the infrared
photocell technology of the CLAMS. All three variants of AgRP significantly decreased
total activity, ambulation, and rearing during the dark cycle (Figure 7). The AgRP-4Q-
induced reduction of activity had a faster onset and a shorter duration than the AgRP

variants that had greater positive charges, suggesting that heparan sulfate binding
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contributes to the duration of the AgRP-induced downregulation of activity. Access to
food and water can be simultaneously monitored automatically in the CLAMS. AgRP-
WT and AgRP-4K but not AgRP-4Q significantly increased both food and water intake
(Figures 8 and 9). These results indicate that the AgRP variants decreased activity,
regardless of their positive charges. However, the reductions of activity that were
induced by the more positively charged AgRP variants (AgRP-WT and AgRP-4K) had a
more delayed onset, were more protracted, and were associated with increases in

food and water intake.
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Figure 7 Effects of AgRP and Charge-Modified AgRP Variants on Activity. AgRP
significantly decreased activity in mice, including total activity, ambulation, and
rearing (vertical activity) in the CLAMS. The effect of AgRP-4Q (center) had a faster
onset and was less protracted than the effects of AgRP-WT (left) and AgRP-4K (right).
A, All three variants of AgRP—AgRP-WT (left), AgRP-4Q (middle), and AgRP-4K
(right)—reduced total activity, particularly during the dark phase. Total activity during
the light phase was unaffected. The two-way repeated-measures ANOVA revealed a
significant AgRP variant x hours interaction for all three variants (AgRP-WT: F9,90 =
6.535, p < 0.0001; AgRP-4Q: F9,81 = 2.824, p = 0.0001; AgRP-4K: F9,90 = 8.464, p <
0.0001). B, Ambulation. The two-way repeated-measures ANOVA revealed a
significant AgRP variant x hours interaction for all three variants (AgRP-WT: F9,90 =
4.824, p < 0.0001; AgRP-4Q: F9,81 = 2.844, p = 0.0058; AgRP-4K: F9,90 = 6.222, p <
0.0001). C, Rearing. The two-way repeated-measures ANOVA revealed a significant
AgRP variant x hours interaction for two of the variants (AgRP-WT: F9,90 = 3.226, p =
0.0020; AgRP-4K: F9,90 = 3.767, p = 0.0005). *p < 0.05, **p < 0.01, ***p < 0.001,
significant difference between AgRP and vehicle groups. The data are presented in the
form of a 12 h/12 h light/dark cycle. D, dark phase; L, light phase. *p < 0.05, **p <
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0.01, compared with vehicle group (post hoc test). Data are represented as mean *
SEM.
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Figure 8 Effects of AgRP and Charge-Modified AgRP Variants on Food Intake in the
CLAMS. Mice received AgRP-WT, AgRP-4Q, and AgRP-4K injections in the lateral
ventricles, and food intake was monitored in the CLAMS for the following five days. A,
AgRP-WT and C, AgRP-4K but not B, AgRP-4Q increased food intake compared with
the vehicle-treated group. All of the CLAMS experiments were performed under a 12
h/12 h light/dark cycle. D, dark phase; L, light phase. *p < 0.05, **p < 0.01, compared
with vehicle group (post hoc test). Data are represented as mean * SEM.
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Figure 9 Effects of AgRP and Charge-Modified AgRP Variants on Water Intake in the
CLAMS. A, AgRP-WT and C, AgRP-4K but not B, AgRP-4Q increased water intake. The
two-way repeated-measures ANOVA revealed significant main effects of AgRP-WT
(F1,18 = 4.499, p = 0.048) and AgRP-4K (F1,18 = 6.265, p = 0.022). D, dark phase; L,
light phase. *p < 0.05, **p < 0.01, compared with vehicle group (post hoc test). Data
are represented as mean + SEM.
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Discussion

Neurons in the ARC of the hypothalamus that express the peptides AgRP and NPY and
the neurotransmitter GABA promote feeding and weight gain and repress energy
expenditure, whereas neurons that express POMC and CART inhibit food intake °. The
specific contributions of these peptides and their classic neurotransmitter systems to
feeding have only recently begun to be elucidated, but their respective functions in

metabolic control are less characterized 2°.

Interactions between AgRP and its central receptors are believed to be facilitated by
heparan sulfate proteoglycan binding, which has been proposed to act as a co-
receptor and storage mechanism for heparan sulfate binding peptides such as AgRP
242530 Consistent with this view, the genetic ablation of heparanase, which selectively

31 Conversely, heparanase-

cleaves heparan sulfate chains, increases fat mass
overexpressing transgenic mice have lower body fat, despite an increase in food
intake, and exhibit a greater utilization of fat as the main fuel source 3. The activation
of NPY/AgRP neurons in the ARC by designer receptor exclusively activated by
designer drugs (DREADDs) technology or optogenetics increases both ad libitum food
intake and the motivation to work for food reinforcement in mice 3%33. However, AgRP

neurons were found not to be required for feeding responses that are induced by

palatable food that recruits hedonic neural circuits 34.

56



The present study investigated the effects of AgRP and its interaction with heparan
sulfate on food intake and metabolism using AgRP(83-132), the mature form of AgRP
(AgRP-WT), and two charge-modified AgRP variants (AgRP-4K and AgRP-4Q) with
either a higher or lower density of positively charged amino acids outside the ICK
motif, resulting in either higher or lower affinity for heparan sulfate, respectively.
Because the ICK motif mediates the AgRP interaction with MC3/4R, AgRP-WT, AgRP-

4Q, and AgRP-4K all have identical receptor affinities and potency in vitro .

We found that the ICV administration of AgRP enhanced both ad libitum food intake
in the home cage and the motivation for food in an operant paradigm, which were
correlated with the density of positive charges of the AgRP variants. The AgRP-induced
increase in ad libitum food intake was abolished in AgRP-4Q_ (i.e., the AgRP variant
that had the least positive charges that also exhibited deficient heparan sulfate
binding) and more pronounced and protracted with AgRP-4K (i.e., the most positively
charged AgRP variant that also exhibited the greatest affinity for heparan sulfate).
However, a rapid but transient increase in operant responding for food was observed
in mice that were treated with AgRP-4Q. The increase in operant responding for food
was delayed in mice that were treated with AgRP-4K, but the increase was protracted
and lasted for approximately four days. These results indicate that in addition to ad
libitum food intake, AgRP increases the motivation for food, and both of these effects

depended on its affinity for heparan sulfate. AgRP-WT and AgRP-4K also increased
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water intake, which was correlated with the increase in feeding and thus may reflect
a general increase in consummatory behavior that was induced by the AgRP variants
that exhibited higher positive charges and thus higher heparan sulfate binding affinity.
All of the AgRP variants that were tested herein reduced body temperature,
suggesting a decrease in energy expenditure. The effect on body temperature of
AgRP-4Q, the variant with a lower density of positive charges, had a faster onset and
was less protracted. AgRP-WT decreased oxygen consumption (VO2), indicating lower
energy expenditure. A similar, although nonsignificant, trend toward a decrease in
VO2 was observed with AgRP-4K, the variant with higher positive charges, but not

AgRP-4Q, the variant with lower positive charges.

AgRP-WT and AgRP-4K, but not AgRP-4Q, induced a protracted and significant
increase in the RER at rest (during the light phase), indicating a reduction of fat
oxidation and a shift toward carbohydrates as the predominant fuel source 3°38. In
humans, overnight fasting is associated with high rates of fat oxidation (low RER),
which is blunted in individuals with a family history of type 2 diabetes, reminiscent of
the present results in AgRP-WT- and AgRP-4K-treated mice ?8. Reduced fatty acid
oxidation at rest promotes increased fat storage, whereas exercise training can
promote higher rates of fatty acid oxidation at rest as well as during acute exercise
2639 A high RER at rest (reduced fat oxidation and greater carbohydrate oxidation) in

moderately overweight men has been linked to greater metabolic syndrome risk
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compared with a low RER (greater fat oxidation at rest) 2’. The increase in the RER in
AgRP-WT- and AgRP-4K-treated mice appears to be consistent with findings of higher
fat oxidation in mice with perinatal deletions of NPY/AgRP neurons and mice with the
transgenic overexpression of heparanase, which selectively cleaves heparan sulfate

chains 3149,

The present results showed that AgRP increased both ad libitum food intake and
operant responding for food, and these orexigenic effects of AgRP were accompanied
by metabolic changes that were characterized by lower energy expenditure and a
reduction of fat utilization as the fuel source. These actions generally depended on
the density of positively charged amino acids, indicating that the affinity of AgRP for
heparan sulfate is a key determinant of both the orexigenic and metabolic effects of
AgRP. The delayed and protracted kinetics of most actions of AgRP-WT and AgRP-4K,
which can interact with heparan sulfate unlike AgRP-4Q, are consistent with a role for
heparan sulfate proteoglycans in the extracellular matrix in controlling the diffusion
of heparan/heparin-binding peptides that act as storage mechanisms 24253, This
function of heparan sulfate proteoglycans in the extracellular matrix results in the
establishment of gradients of signaling peptides during development and has been
proposed to act as a repository of growth factors that possibly results in their
sequestration or localization in the proximity of receptors and prolongation of their

action 242530,
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The differential effects of AgRP on feeding and various aspects of metabolic regulation
that were observed in the present study may reflect complex anatomical relationships
between NPY/AgRP neurons in the ARC and their energy-relevant connections 442,
Populations of NPY/AgRP neurons with segregated axonal projections that
differentially innervate target brain regions have been observed with cell-type-
specific neuron manipulations 4%*2. A low rate of ARC neuron collateralization has
been reported in rats and mice 13, The optogenetic activation of NPY/AgRP neurons
has shown that different projections of NPY/AgRP neurons are involved in the long-
term regulation of feeding behavior through POMC/CART neurons and the acute
control of appetite through an interconnected forebrain circuit that includes the
paraventricular nucleus of the hypothalamus, anterior bed nucleus of the stria
terminalis, and lateral hypothalamus, among other regions that are involved in
feeding behavior 4*?, The regulation of different NPY/AgRP neuronal populations
appears to be specific. For example, the responsiveness to ghrelin and food
deprivation characterizes both intrahypothalamic and extrahypothalamic NPY/AgRP
neuronal projection subpopulations. The leptin receptor is expressed in NPY/AgRP
neurons that project outside of the hypothalamus but not in neurons that project
within the hypothalamus #¥*2. These considerations suggest that distinct NPY/AgRP
neuronal projections may subserve the regulation of energy metabolism and food

intake and that the duration and intensity of AgRP's actions on food intake and
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metabolism are differentially affected by the positive charges of AgRP and its affinity

for heparan sulfate.

Conclusions

The present results indicate that the orexigenic effects of AgRP are accompanied by
complex metabolic changes that are characterized by lower energy expenditure, a
reduction of fat oxidation, and a shift in substrate utilization toward carbohydrate
oxidation. To investigate the effects of AgRP and its interaction with heparan sulfate
on food intake and metabolism, we used the mature form of AgRP and two additional
charge-modified AgRP variants with either a higher or a lower density of positively
charged amino acids outside the receptor-binding motif, resulting in either an
increase or a decrease in binding to heparan sulfate, respectively. The AgRP variants
that were tested had identical MC3/4R receptor affinity and in vitro potency, but we
observed significant differences between their orexigenic and metabolic responses in
vivo. The in vivo potency and duration of action of AgRP largely depended on
positively charged amino acids that mediate heparan sulfate binding independently
of MC3/4R receptor binding. Overall, the present results support a role for AgRP and
its interaction with heparan sulfate in the regulation of energy expenditure and

metabolic balance between carbohydrate and lipid utilization.

Limitations of the Study
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Despite convincing evidence that heparan sulfate proteoglycans are key modulators
of the actions of AgRP, we cannot exclude the potential contribution of other
complementary mechanisms for AgRP positive charges in potentiating and prolonging
its orexigenic and metabolic effects. For instance, AgRP positive charge density may
have effects at the receptor level, such as the stabilization of alternative active states
of MC3Rs and MC4Rs, and may act as a biased agonist at MC4Rs on the regulation of
Kir7.1 potassium channels or on the recruitment of B-arrestins ¥4, Future studies will
also investigate whether AgRP is also bound by other glycosaminoglycans, such as

chondroitin sulfate.

Experimental Procedures

Peptide Synthesis, Purification, and Folding

The AgRP peptide sequences were previously described in Madonna et al., 2012. The
peptide was produced on a CEM Libertyl microwave peptide synthesizer using
standard Fmoc (fluorenylmethyloxycarbonyl chloride) chemistry. Amino acids were
purchased from AAPPTec and assembled on H-Rink amide ChemMatrix resin. Fmoc
protecting groups were removed using 20% piperidine and 0.1 M
hydroxybenzotriazole (HOBt) in dimethylformamide (DMF). Each amino acid was
double coupled using four molar equivalents of Fmoc-amino acid, five molar
equivalents of diisopropylcarbodiimide (DIC), and 10 molar equivalents of HOBt in

DMF. Cleavage of the peptide from resin was performed in a trifluoroacetic acid
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(TFA)/triisopropylsilane (TIS)/1,2-ethanedithiol (EDT)/phenol (90:4:4:2) mixture for 90
min. The resin was filtered, and the filtrate was added to 90 mL of cold dry diethyl
ether. The precipitate was collected by centrifugation, and the diethyl ether was
discarded. Oxidative folding was achieved in folding buffer (2.0 M GuHCI/0.1 M Tris,
3 mM GSH, 400 uM GSSG [pH 8-8.5]) at a peptide concentration of 0.1 mg/mL and
stirred for 24 h. Folding was monitored by reverse-phase HPLC, which revealed one
major species that was used in subsequent experiments. The folded products were
purified on a C18 reverse-phase HPLC column and identified as fully oxidized peptides
and confirmed with the correct molecular weight by electrospray ionization-mass

spectrometry.

Glycan Array Fabrication

Amine(-NH2)-linked heparan sulfate glycan compounds (Glycan Therapeutics) were
immobilized on NHS-activated surface-coated slides (Nexterion Slide-H, Applied
Microarrays) using a robotic microarray printer (Microgrid 1lI, Digilab) that was
equipped with StealthSMP4B microarray pins (Telechem) to couple heparan sulfate
glycan compounds by covalent binding via (-NH2) reactive chemistry. Custom printing
was performed by the robotic pin deposition of 0.6 nL of (-NH2)-conjugated heparan
sulfate glycan compounds in print buffer (150 mM phosphate [pH 8.5], which
contained 0.01% Tween 20) onto NexterionSlide H glass slides (Applied Microarrays).

Slide printing with the heparan sulfate glycan compounds was kept at 80% relative
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humidity for 1 h, followed by desiccation overnight. Printed slide microarrays were
placed in a sealed slide box and stored at —20°C. Before use, unreacted NHS groups
on the printed slides were immersed in blocking buffer (50 mM ethanolamine in 50
mM borate buffer [pH 9.2]) for 1 h. The slides were then rinsed with water and dried

before the binding assays.

Heparan Sulfate-AgRP Binding Assay

The printed slides were pre-wetted with Tris-Metal-Salts (TMS) buffer (25 mM Tris,
2.7 mM KCl, 2 mM CaCl2, 2 mM MgCl2, and 137 mM NaCl [pH 7.4], containing 0.05%
Triton X-100). Peptides of AgRP(83-132) and AgRP charge variants were then diluted
to 50 pg/mL in TMS buffer and directly applied to the pre-wetted arrays. After
incubation at room temperature for 1 h, the AgRP solution or its variants were
removed, and the arrays were washed with TMS buffer three successive times. A pre-
complexed antibody mixture of Rb anti-human AgRP (10 pg/mL, Novus Biologicals)
and anti-Rb 1gG-Alexa 488 (5 ug/mL, Life Technologies) was subsequently added to
the arrays and incubated for an additional 1 h at room temperature. The slides were
washed by successive rinses with TMS, TMS without Triton X-100, and deionized H20.
The washed arrays were dried by centrifugation and immediately scanned for green
fluorescence using an InnoScan confocal microarray scanner (Innopsys, Carbonne,
France). Images were analyzed using Mapix software and processed with Imagel

software.
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Animals

Male C57BL/6 mice, 20-24 weeks old, were single-housed in a climate-controlled
vivarium on a 12 h/12 h light/dark cycle (lights on 6:00 AM to 6:00 PM) and fed a
standard diet (58 kcal% carbohydrate, 17 kcal% fat, and 25 kcal% protein; LM-485;
Teklad Diets, Madison, WI, USA). Daily food consumption was measured by weighing
the pellets in the home cage every day at the same time while the mice's body weights
were recorded. All of the procedures adhered to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (eighth edition) and were approved

by the Institutional Animal Care and Use Committee of The Scripps Research Institute.

Ad Libitum Food Intake and Operant Responding for Food

Daily ad libitum food consumption was measured manually by weighing the standard
laboratory chow (Teklad LM-485, catalog no. 7012, Teklad Diets, Madison, WI, USA)
that was placed in the home cage. Body weights at the corresponding times were also
monitored daily. For operant responding for food, the mice were trained to lever-
press for food pellets in operant chambers (Med Associates, St. Albans, VT, USA) as
described previously with minor modifications. For three days before training, 20 food
pellets (14 mg, Bio-Serv, 64.5 kcal% carbohydrate, 10.1 kcal% fat, and 25.4 kcal%
protein; total energy, 3.35 kcal/g) were placed in the home cage to prevent potential

effects of neophobia on operant performance. The mice were trained 1 h/day under
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a fixed-ratio 1 (FR1) schedule, in which each active lever-press resulted in the delivery
of one pellet, accompanied by illumination of the cue light above the lever that
signaled a 5-s timeout period. Water was available from a sipper in the front side of
the wall opposite the levers and food receptacle. After the mice developed stable
responding for food (220 rewards received per session and >275% total responses at
the active lever over three consecutive sessions), the response requirement was
gradually increased from FR1 to FR5 until stable responding was reached for two

consecutive sessions.

Comprehensive Lab Animal Monitoring System

The comprehensive lab animal monitoring system (CLAMS; Columbus Instruments) is
an open-circuit indirect calorimeter that allows simultaneous multiple parameter
scoring, including measurements of gas concentrations and flow, core body
temperature, activity, feeding, drinking, etc. Oxygen consumption (VO2) is a measure
of the volume of oxygen that is used to convert energy substrate into adenosine
triphosphate. Energy expenditure can thus be assessed by measuring core body
temperature and VO2. The mice were acclimated to the CLAMS chambers for 72 h
before they received an injection of AgRP and then were recorded for five days after
the injection. Food and water were provided in the chamber ad libitum throughout
the experiments. The RER (i.e., the ratio of VO2 to CO2 production) can be used to

estimate the fuel source. An RER = 0.7 indicates that fatty acids are the predominant
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fuel source for oxidative metabolism. An RER = 0.85 suggests a mix of fat and

carbohydrates. An RER 21.00 indicates that carbohydrates are the primary fuel source

35-38

Intracranial Cannula Implantation and ICV Microinjection Procedure

Intracranial stereotaxic surgery was performed as described previously #°. Briefly, the
mice were immobilized in a stereotaxic frame in the flat-skull position (Kopf
Instruments), and a cannula (26 gauge, Plastics One, Roanoke, VA, USA) was
implanted in the lateral ventricle (anterior/posterior, -0.22 mm; medial/lateral, 1.0
mm; dorsal/ventral, -1.5 mm). The mice were allowed to recover from surgery for 7—
10 days. On the test day, a stainless-steel injector (33 gauge, extended 1 mm below
the tip of the cannula; Plastics One, Roanoke, VA, USA) was inserted into the cannula,
and the AgRP solution (1 nmole in 1 pL of saline) was delivered slowly at a rate of 0.5
uL/min through the injector by a syringe pump (KD Scientific). The injector remained
in place for 2 min to allow for diffusion and then was withdrawn slowly to avoid

backflow of the fluid.

Data Analysis
Two-way repeated-measures analysis of variance (ANOVA) was used to assess the
main effects of AgRP treatment. Significant differences between the AgRP group and

vehicle control group were assessed using Fisher's Least Significant Difference post
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hoc test. Values of p < 0.05 were considered statistically significant. All of the
behavioral data are expressed as means + SEM and were analyzed using GraphPad

Prism 8.0 software.
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Summary

The melanocortin receptor accessory protein 2 (MRAP2) plays a pivotal role in the
regulation of several G-protein coupled receptors (GPCR) that are essential for energy
balance and food intake. MRAP2 loss-of-function results in obesity in mammals.
MRAP2 and its homolog MRAP1 have an unusual membrane topology and are the
only known eukaryotic proteins that thread into the membrane in both orientations.
In this study, we demonstrate that the conserved polybasic motif that dictates the
membrane topology and dimerization of MRAP1 does not control the membrane
orientation and dimerization of MRAP2. We also show that MRAP2 dimerizes through
its transmembrane domain and can form higher order oligomers that arrange MRAP2
monomers in a parallel orientation. Investigating the molecular details of MRAP2
structure is essential for understanding the mechanism by which it regulates GPCRs

and will aid in elucidating the pathways involved in metabolic dysfunction.

Introduction

The melanocortin receptor accessory protein 2 (MRAP2) regulates several G-protein
coupled receptors (GPCRs) that play a critical role in the regulation of energy
homeostasis, and heterozygous MRAP2 variants have been identified in obese
humans®™. MRAP2 modulates the signaling of the melanocortin-4 receptor (MC4R),

one of the five GPCRs in the melanocortin receptor family>. MC4R and MRAP2 are
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expressed in the paraventricular nucleus of the hypothalamus (PVH), a critical region
for the control of food intake. MC4R is essential for energy homeostasis and
heterozygous mutations in MC4R are the most common monogenic cause of human
obesity®’. In zebrafish, MRAP2 allows for developmental control of MC4R signaling®.
Zebrafish MRAP2a, which is restricted to larval development suppresses MC4R
signaling while MRAP2b, which is expressed in adult zebrafish, increases MC4R’s
sensitivity to its agonist a-melanocyte-stimulating hormone. Furthermore, MRAP2
enhances signaling through MC4R in vitro and overexpression of MRAP2 in MC4R-
containing PVH neurons leads to a reduction in food intake and increased energy
expenditure in female micel®. Targeted deletion of MRAP2 in mice results in an obese
phenotype, however, mice lacking only MC4R are more obese than mice lacking both
MRAP2 and MC4R!. This suggests that there are other mechanisms by which MRAP2
also promotes feeding. It is now understood that MRAP2’s regulation over GPCRs is
not limited to the melanocortin receptor family. MRAP2 has been shown to promote
feeding through inhibition of the prokineticin receptor-1 as well as to decrease food
intake through inhibition of the orexin receptor®'°. Additionally, MRAP2 regulates
hunger sensing by potentiating ghrelin signaling through its interaction with the
growth hormone secretagogue receptor 1a (GHSR1a) in the arcuate nucleus of the

hypothalamus (ARC)*%12,
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MRAP2, as well as its well-studied homolog MRAP1, are single-pass transmembrane
proteins that can insert into the membrane in both orientations — N-terminal domain
out or in (Figure 1A, 1B) 131>, Like MRAP1, MRAP2 can homodimerize and form anti-
parallel dimers!®’. MRAP2 and MRAP1 are the only two proteins in the eukaryotic
proteome that are currently known to exhibit this unusual membrane orientation. The
orientation of most membrane proteins is predicted by the “positive inside rule,”
where the charged amino acids flanking the transmembrane domain determine the
overall orientation such that the more positive region faces the cytosol 8%, Based on
this rule, MRAP1 is predicted to insert into the membrane in both orientations, which
agrees with experimental data. Using the same line of logic, MRAP2 is predicted to
have its N-terminal domain in the cytosol. Nevertheless, recent findings show that
MRAP2 has dual topology. It is evident that the “positive inside rule” is not sufficient

for explaining MRAP2’s membrane orientation.
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motif from MRAP1

Figure 1 MRAP2 is an oligomeric, single-pass transmembrane protein that is critical
for the modulation of GPCRs that are essential for energy homeostasis. A, Schematic
depicting MRAP2’s dual topology. B, Protein alighment of human MRAP2 and human
MRAP1. The transmembrane domain is underlined in orange. MRAP2 and MRAP1 are
most conserved in their N-terminal and transmembrane domains. C, Schematic of
MRAP2 protein. MRAP2 is glycosylated at residue 9, shown in yellow. The N-terminal
domain (NTD) and C-terminal domain (CTD) are in green. The transmembrane (TM)
domain is in orange. The conserved, polybasic motif required for the dual topology
and dimerization of MRAP1 is in blue.

Despite the important role MRAP2 plays in the modulation of energy homeostasis,
the sequence features within MRAP2 that dictate membrane orientation and
dimerization are unknown. MRAP1’s membrane orientation and oligomeric state are
dependent on a short polybasic segment adjacent to the transmembrane domain 314,

While this motif is conserved in MRAP2, we show that this sequence does not dictate

MRAP2’s membrane orientation or dimerization in cell culture. Additionally, using
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truncation mutations, we identify the transmembrane domain of MRAP2 as the
minimal dimerization domain. Finally, we show that contrary to the assumption that
MRAP2 can only form anti-parallel dimers, MRAP2 can form parallel dimers as well as
higher order oligomers. Our results not only highlight important differences between
MRAP1 and MRAP2 but also offer new insight into MRAP2 structure. Understanding
the molecular details that determine MRAP2’s oligomeric state and membrane
orientation will aid in elucidating the mechanism by which MRAP2 regulates GPCRs

that are essential for metabolic processes.

Results

The conserved polybasic motif (38-44) that is required for dual topology and
dimerization of MRAP1 is not required for dual topology and dimerization of
MRAP2.

The dual topology and oligomeric state of MRAP1 is dictated by a short polybasic
segment in the N-terminal domain that is directly adjacent to the transmembrane
domain (Figure 1C). Sebag and Hinkle showed that mouse MRAP1 lacking residues 31
to 37 (MRAP1 A31-37) has a fixed membrane orientation such that the N-terminus of
MRAP1 is extracellular and the C-terminus is cytosolic.’®> This polybasic motif that
determines the membrane orientation of MRAP1 is conserved in MRAP2. In order to
investigate whether this sequence is required for dual topology of MRAP2,

immunocytochemistry and microscopy were used to detect cell surface MRAP2 from
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intact, non-permeabilized cells that are transiently transfected with either N-
terminally FLAG epitope-tagged or C-terminally FLAG epitope-tagged MRAP2 in
human embryonic kidney 293T (HEK293T) cells (Figure 2A). Both the N-terminal
domain and the C-terminal domain of wild-type MRAP2 were detected extracellularly.
Unexpectedly, both the N-terminal domain and the C-terminal domain of MRAP2
lacking the polybasic motif (MRAP2 A38-44) were also detected on the cell surface.
Immunocytochemistry and flow cytometry were used to measure the cell surface N-
terminal domain to C-terminal domain ratio of wild-type MRAP2 A38-44 (Figure 2B).
As expected, we find that wild-type MRAP2 has a cell surface N-terminal domain to C-
terminal domain ratio of approximately 1. As a control, RAMP3, a single-pass
transmembrane protein that was previously shown to favor a conformation with an
extracellular N-terminus'*%° does in fact have an N-terminal domain to C-terminal
domain ratio of approximately 2. We confirm that while deletion of the polybasic
motif in MRAP2 does result in a modest preference for an extracellular N-terminal
domain, MRAP2 A38-44 still has dual topology. Additionally, the presence of an
immunoreactive “doublet band” for MRAP2 A38-44 indicates that the N-terminal
asparagine residue exists in both glycosylated and unglycosylated forms (Figure 2C).
This further indicates dual topology of MRAP2 A38-44 since the N-terminus must be
in the ER lumen for glycosylation to occur. These results show that the conserved
polybasic segment that is required for the dual topology of MRAP1 is not required for

the dual topology of MRAP2.
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MRAP1 A31-37 cannot form dimers, likely due to the fact that it has a fixed membrane
orientation.'? To determine whether MRAP2 A38-44 can form dimers or higher order
oligomers, HEK293T cells were co-transfected with both FLAG- and HA-epitope tagged
versions of either wild-type MRAP2 or MRAP2 A38-44. Co-immunoprecipitation,
followed by western blotting showed that both wild-type MRAP2 and MRAP2 A38-44
form dimers or higher order oligomers (Figure 2D). The same experiment was
performed in Chinese hamster ovary (CHO) cells and yielded the same results (Figure
3). Densitometry analysis was used to measure the amount of FLAG-tagged material
that was co-purified with HA-tagged protein (Figure 2E). From this analysis, MRAP2
A38-44 has a lower propensity for forming dimers than wild-type MRAP2. Overall,
these results indicate that the conserved polybasic motif that is required for dual
topology and dimerization in MRAP1 is not required for either dual topology or

dimerization of MRAP2.
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Figure 2 The conserved motif required for dual topology and dimerization of MRAP1
is not required for dual topology and dimerization of MRAP2. A, Both the N-terminus
and C-terminus of MRAP2 WT and A38-44 are detected from intact, unpermeabilized
HEK293 cells, as seen by immunofluorescence. B, Flow cytometry was used to
determine the N-terminal to C-terminal fluorescence ratio for MRAP2 WT, A38-44,
and RAMP3 from intact cells expressing N-terminally tagged constructs and C-
terminally tagged constructs. Expression levels for each construct were normalized
using parallel experiments with permeabilized cells. Analysis was performed using
three independent experiments. C, Immunoblot showing two protein species for
FLAG-MRAP2 and FLAG-A38-44. Treatment with PNGase F results in a single,
deglycosylated protein species. D, Immunoblot showing co-immunoprecipitation of
HA- and FLAG-tagged MRAP2 and HA- and FLAG-tagged A38-44. E, Densitometry
analysis was used to measure the relative amounts of protein immunoprecipitated.
The amount of FLAG-MRAP2 and FLAG-A38-44 immunoprecipitated was set to 100%.
The data show that MRAP2 A38-44 has a lower propensity for forming higher order
oligomers than WT MRAP2. Analysis was performed using six independent
experiments. Error bars are SEM. ***p < 0.001, **p < 0.01
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Figure 3 Co-immunoprecipitation of MRAP2 HA- and FLAG-tagged constructs from
CHO cells. CHO cells are co-transfected with HA- and FLAG-tagged MRAP2 constructs.
Co-immunoprecipitations from cell lysates followed by immunoblotting show that
neither the N-terminal domain, nor the C-terminal domain, nor residues 38 to 44 are
required for MRAP2 dimerization.

MRAP2 dimerizes through its transmembrane domain

MRAP2 is known to form dimers or higher order oligomers but the dimerization
domain has not been identified. In order to identify the dimerization domain,
constructs were created that either truncate the C-terminal domain (NTD-TM) or N-
terminal domain (TM-CTD). HEK293T cells were co-transfected with both FLAG- and
HA-epitope tagged constructs in the following combinations: TM-CTD + TM-CTD, NTD-
TM + NTD-TM, or NTD-TM + TM-CTD. Co-immunoprecipitation, followed by western
blotting show that neither the N-terminal domain nor the C-terminal domain are

required for dimerization (Figure 4A). Specifically, TM-CTD can be co-

immunoprecipitated with itself and with NTD-TM (Figure 4A, lanes 3, 5 and 6) and
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NTD-TM can be co-immunoprecipitated with itself (Figure 4A, lane 4). The experiment
was also performed in CHO cells and yielded the same results (Figure 3). Based on
these results MRAP2 dimerizes through its transmembrane domain. An alternative
but unlikely hypothesis is that either the N-terminal domain or the C-terminal domain

is sufficient for dimerization.

The GxxxG motif is common in transmembrane helix interactions??2, We then
investigated whether the glycine residues within the transmembrane domain of
MRAP2 are required for dimerization. HEK293T cells were co-transfected with both
HA- and FLAG-tagged MRAP2 WT or MRAP2 G48L+G52L. Co-immunoprecipitations
from cell lysates followed by immunoblotting show that the glycine residues within

the transmembrane domain are not required for MRAP2 dimerization (Figure 4C).
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Figure 4 MRAP2 dimerizes through its transmembrane domain. A, HEK293 cells are
co-transfected with HA- and FLAG-tagged MRAP2 constructs that possess either N-
terminal domain truncations (TM-CTD) for C-terminal domain truncations (NTD-TM).
Co-immunoprecipitations from cell lysates followed by immunoblotting show that
neither the N-terminal domain nor C-terminal domain are required for dimerization
of MRAP2. B, Schematic depicting the co-immunoprecipitated HA- and FLAG-tagged
MRAP2 dimers. C, HEK293 cells are co-transfected with HA- and FLAG-tagged MRAP2
WT or MRAP2 G48L+G52L. Co-immunoprecipitations from cell lysates followed by
immunoblotting show that the glycine residues within the transmembrane domain
are not required for MRAP2 dimerization.

MRAP2 can form parallel dimers and higher order oligomers

Based on bimolecular fluorescence complementation experiments by Sebag and
Hinkle, MRAP2, like MRAP1, forms anti-parallel dimers'®. While previous experiments
show that MRAP1 forms exclusively anti-parallel dimers and does not form parallel
dimers, it is unclear as to whether this holds true for MRAP2. To determine whether
MRAP2 forms parallel dimers, a NanoBiT protein-protein interaction assay was

performed. The NanoBiT system is composed of a large BiT (LgBiT) and small BiT
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(SmBIT) that have very little to no luciferase activity on their own. However, when
LgBiT and SmBIT are in close proximity within the cell, the functional luciferase will
then generate a luminescent signal at even low protein expression levels, driven by
weak HSV-TK promoter. The low intrinsic affinity between the isolated SmBIT and
LgBiT lessens the likelihood of spurious dimerization driven by these segments. The
following combinations of DNA were transfected into HEK293T cells: MRAP2-LgBiT +
SmBIT-PRKACA, LgBiT-MRAP2 + SmBIiT-PRKACA, MRAP2-LgBiT + MRAP2-SmBIT, and
LgBiT-MRAP2 + MRAP2-SmBIT. PRKACA is a non-interacting cytosolic protein that is
used as a negative control. Surprisingly, when MRAP2-LgBiT and MRAP2-SmBIT are
transfected together, we see a NanoBiT luminescence signal that is significantly higher
than the negative control (Figure 5A). These results show that the C-terminal domains
are of MRAP2 are in close proximity to each other in live cells (Figure 5B).
Unexpectedly, when LgBiT-MRAP2 and MRAP2-SmBIT are transfected together, there
is less NanoBiT signal than the negative control. The absence of a significant NanoBiT
signal from the anti-parallel orientation may be due to the length of the linker
between MRAP2 and LgBiT. Once MRAP2 multimers are positioned in the membrane,
the linker may not be long enough to favorably allow for a LgBiT and SmBiT
interaction. These results indicate that the C-terminal domains of MRAP2 are in close-

proximity in the cell but does not exclude anti-parallel MRAP2 dimers.
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Figure 5 MRAP2 forms parallel dimers or higher order oligomers. A, NanoBiT signal
from live cells co-expressing MRAP2-SmBIT with MRAP-LgBiT or MRAP2-SmBIT with
LgBiT-MRAP2. SmBIiT-PRKACA is a cytosolic control construct with SmBIT fused to
cAMP-dependent protein kinase catalytic subunit alpha. Bars include data from 8 or 9
experiments. B, Schematic showing reconstituted NanoLuc luciferase from MRAP2
parallel dimers (left) and anti-parallel dimers (right) Error bars are SEM. ****p <
0.0001

To determine whether MRAP2 forms higher order oligomers, whole-cell cross-linking
and blue native polyacrylamide gel electrophoresis were employed. Whole-cells
expressing FLAG-MRAP2 were cross-linked with a membrane-permeable, lysine-
reactive cross-linker and the resulting whole cell lysates were analyzed by SDS-PAGE
and western blotting (Figure 6A). The presence of higher molecular weight bands with
the apparent molecular weights of cross-linked dimeric and trimeric MRAP2 suggests

that MRAP2 forms higher order oligomers that can be cross-linked in whole cells.

MRAP2 containing lysates from non-cross-linked cells were also separated on a
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polyacrylamide gel under native conditions with varying concentrations of n-dodecyl-
RB-maltoside detergent (Figure 6B). Consistent with the cross-linking results, non-
cross-linked MRAP2 forms higher molecular weight structures. These structures are
most likely dimers, tetramers, and octamers based on the molecular weights of the
bands. In summary, these results indicate that MRAP2 forms parallel dimers and
higher order oligomers such that the C-terminal domains of MRAP2 proteins are in

close proximity in the membrane (Figure 6C).
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Figure 6 MRAP2 forms higher order oligomers. A, HEK293T cells transfected with
FLAG-MRAP2 were incubated with an irreversible cross-linker (DSG or DSS). Proteins
in cell lysate were separated by SDS-PAGE and immunoblotted. B, HEK293T cells
expressing FLAG-MRAP2 were solubilized with varying concentrations of n-dodecyl-R3-
maltoside (DDM) and analyzed by blue native PAGE and immunoblotted. The band
around 66 kDa is the approximately the molecular weight of a FLAG-MRAP2 dimer. C,
Schematic showing possible MRAP2 higher order oligomers.

Discussion
The N-terminal and transmembrane domains of MRAP2 and MRAP1 are highly
conserved and the N-terminal domain of MRAP1 is essential for its dual topology and

homodimerization. However, we show that the mechanism that regulates MRAP2
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dimerization is distinct from that of MRAP1. Deletion of the conserved polybasic motif
that dictates MRAP1’s membrane orientation from MRAP2 does not abolish dual
membrane orientation nor dimerization of MRAP2. The “positive-inside” rule that
predicts the orientation of transmembrane domains is based on approximately 15
residues on either side of the transmembrane domain and establishes that the more
positively-charged side will end up on the cytosolic side of the plasma membrane &%,
In fact, single point mutations in dual topology membrane proteins from bacteria that
have a near zero charge bias can shift the orientations of these proteins?®. Previous
experiments that investigated MRAP1’s membrane topology are consistent with both
the positive-inside rule and algorithms that predict transmembrane helices and
membrane topology such as TMHMM?® (Figure 7). Around half of MRAP1 is
glycosylated, supporting the fact that MRAP1 can be inserted into the membrane in
both Nexo/Ceyto and Neyto/Cexo Orientations. MRAP1’s dual topology has also been
validated by bimolecular fluorescence complementation experiments and the
presence of both N- and C-terminal antibody epitopes on the cell surface *>. Based on
the positive-inside rule and computational predictions, MRAP2 is predicted to favor a
Neyto/Cexo OFientation. However, this study, along with previous studies'® support
MRAP2 having dual topology, contrary to the predicted Ncito/Cexo Orientation.
MRAP2’s dual topology defies the positive-inside rule. Our study reveals that the
molecular features that dictate MRAP1 and MRAP2 orientations are distinctly

different. These differences between MRAP1 and MRAP2 highlight the importance of
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identifying the mechanism behind MRAP2’s dual topology and this will be the subject

of future studies.
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Figure 7 MRAP2 is predicted to favor an N¢yto/Cexo Orientation. The transmembrane
helix and topology for RAMP3, MRAP1, and MRAP2 were predicted using TMHMM?2.0.
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MRAP2 has been shown to co-immunoprecipitate with several GPCRs including all five
melanocortin receptors, the orexin receptor 1 (OX1R), the prokineticin receptor 1
(PKR1), and the growth hormone secretagogue receptor 1a (GHSR1a)*>*%%. The C-
terminal domain of MRAP2 is highly conserved and is necessary for modulation of
OX1R, PKR1, and GHSR1a'%*2, While there is sufficient evidence pointing towards the
C-terminus of MRAP2 as being the most important domain for the regulation of
GPCRs, until this point, the regions of MRAP2 that are essential for its
homodimerization have not been identified. In this study, we show that MRAP2
dimerizes through its transmembrane domain. Interestingly, the transmembrane
domain of MRAP2 does not appear to be necessary for OX1R and PKR1 inhibition, but
has been shown to be play a role in potentiating GHSR1a signaling®!2. An obesity-
linked mutation within the transmembrane of MRAP2 has also been reported*.
Additionally, the transmembrane domain of MRAP1 is essential for MC2R
trafficking®>14. RAMP1 dimers are inhibited by the presence of the calcitonin receptor-
like receptor (CRLR) and RAMP1 forms heterodimers with CRLR at a 1:1 ratio,
suggesting that RAMP1 interacts with this receptor as a monomer?’. A series of MRAP-
MC2R or MRAP-MRAP-MC2R fusion proteins were used by Malik et al. to show that
MRAP1 dimers were required for MC2R activity?2. It will be interesting to see if MRAP2
dimerization is required for function in the same manner as MRAP1 or if MRAP2 binds
to GPCRs as a monomer like RAMP1. Since MRAP2 is somewhat promiscuous and

appears to interact with several GPCRs, it is possible that the oligomeric state of
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functional MRAP2 is GPCR-specific. Further experimentation is needed to determine
whether MRAP2 dimerization is necessary for its modulation of GPCRs, as well as to
identify motifs or residues within the transmembrane domain that facilitate
dimerization. Transmembrane helix-packing motifs that consist of small residues
occurring every four or seven residues have been identified??%2°, EmrE, a small
bacterial multidrug transporter, forms antiparallel dimers through conserved glycine
residues®®. However, we find that the glycine residues within MRAP2’s

transmembrane domain are not required for dimerization.

Bimolecular fluorescence complementation experiments that incorporate yellow
fluorescent protein (YFP) fragments on the N- and C-terminal ends of MRAP1 show
that MRAP1 forms exclusively anti-parallel dimers since YFP can only be reconstituted
when fragments are on opposite ends and there is no YFP complementation when
fragments are place on the same ends of MRAP1346_Similar experiments have been
performed for MRAP2 supporting anti-parallel MRAP2 dimers. However, there have
been no experiments ruling out a parallel orientation for MRAP2 dimers. Surprisingly,
we find that the C-terminal domains of MRAP2 are in close proximity in live cells. This
suggests that MRAP2 forms parallel dimers or oligomerizes in such a way that brings
the C-terminal domains in close proximity. It is important to note that the absence of
data supporting an anti-parallel MRAP2 dimer in our experiments does not eliminate

the possibility that MRAP2 can form anti-parallel dimers, rather, it is possible that the
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linkers used in our NanoBiT experiments prevent an N- to C-terminal interaction from

occurring.

We also present evidence for higher-order MRAP2 oligomers that may also explain
the presence of parallel MRAP2 dimers. At this juncture, it is not clear whether these
higher order oligomers are required for function and it is possible that the oligomeric
state of MRAP2 is dependent on the local environment that it exists in. MRAP2 has
been shown to form dimers that are resistant to reducing and denaturing conditions
from mouse tissue immunoblots'’. Similarly, the proteolipid protein (PLP), an
abundant CNS myelin protein important for the stabilization of myelin membranes,
also forms SDS-resistant dimers in the ER3L. PLP forms higher order oligomers only
after reaching the cell surface. An attractive hypothesis is that MRAP2 facilitates the
trafficking of GPCRs to the cell surface and once at the cell surface, the changes in
MRAP2’s oligomeric state could act as a molecular switch to tune its regulation over

GPCRs.

Currently, there is very little information regarding MRAP2 structure and it is not
uncommon for single-pass transmembrane proteins to have intrinsically disordered
domains making them difficult to study using classic biophysical techniques 32. These
disordered regions often have functional importance since this flexibility allows them

to interact with multiple protein partners. While the transmembrane domain of
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MRAP2 is most likely a transmembrane helix, there is very little predicted secondary
structure in the N- and C-terminal domains. Since MRAP2 has been shown to interact
with several receptors, it is possible that in the presence of these receptors, MRAP2
adopts a more rigid conformation allowing high resolution structures to become more

obtainable.

MRAP2 and MRAP1 are the only known eukaryotic proteins that adopt a highly unique
dual topology in the membrane. While the N-termini and transmembrane domains of
these homologs are highly conserved, we show key differences between MRAP2 and
MRAP1 membrane orientation and oligomerization. We provide evidence for the
transmembrane domain as being the minimal dimerization domain and identify a new
parallel orientation for MRAP2 oligomers. Elucidating the molecular framework
behind MRAP2 structure will give insight into the mechanisms by which other single-
pass transmembrane proteins and accessory proteins modulate their receptors.
Furthermore, given the essential role of MRAP2 in the modulation of GPCRs that are
critical for the maintenance of energy homeostasis, understanding the structure of
MRAP2 will aid in unraveling the complex neural circuitry responsible for the central

regulation of energy balance.
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Experimental Procedures

Expression Constructs.

3xFlag-tagged wild-type MRAP2 constructs are in pSF vectors and 3xHA-tagged
RAMP3 expression constructs are in pcDNA3.1 vectors. Wild-type expression
constructs were kindly provided by Dr. Roger Cone (University of Michigan, Life
Science Institute, Ann Arbor, MI). Mutations in MRAP2 constructs were generated
using PCR primer-based site-directed mutagenesis, using primers generated manually
and by www.primerdesigner.com?3. NanoBit vectors were purchased from Promega
(Madison, WI). MRAP2 was cloned into NanoBiT vectors by directional cloning with
the following restriction sites : Sacl and Xhol for C-terminal LgBiT and SmBIT, Sacl and

Nhel for N-terminal LgBiT and SmBIT. All constructs were verified by DNA sequencing.

Cell culture and transfections.

HEK293T cells (ATCC CRL-3216, Lot # 62729596) were cultured in Dulbecco’s Modified
Eagles Medium (DMEM) and CHO cells were cultured in F-12 medium. Both cell lines
were cultured in media supplemented with 10% fetal bovine serum and GlutaMAX
from Life Technologies (Carlsbad, CA) at 37 °C in 5% CO.. Cells were transfected with
Lipofectamine 2000 DNA transfection reagent from Invitrogen (Carlsbad, CA) 18-24

hours after plating. All experiments were performed 24 hours post-transfection.

Co-immunoprecipitation and western blot.
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HEK293T cells were co-transfected with N-terminally HA-tagged and N-terminally
Flag-tagged MRAP2 wild-type or mutant constructs using Lipofectamine 2000
following manufacturer’s instructions. After 24 hours post-transfection, cells were
washed with ice-cold phosphate buffered saline (PBS, pH 7.4) and lysed with 0.2% n-
dodecyl-B-maltoside (DDM) in PBS with EDTA and HALT protease inhibitors (Pierce
Biotechnology, Rockford, IL) added. The lysed cells were incubated on ice for 30
minutes and the lysate was clarified at 17,000 x g at 4°C for 25 minutes. Protein
concentrations were determined using a BCA protein quantitation kit (Pierce
Biotechnology, Rockford, IL) according to the manufacturer’s instructions. Samples
treated with PNGase F (New England Biolabs, Ipswich, MA) were treated according to
the manufacturer’s instructions under denaturing reaction conditions. For
immunoprecipitations, lysates were incubated with either anti-FLAG M2 agarose
beads (Sigma-Aldrich, St. Louis, MO) or anti-HA HA-7 agarose beads (Sigma-Aldrich,
St. Louis, MO) overnight at 4°C with end-over-end mixing. The same volume of lysate
was used for anti-Flag and anti-HA pull-downs. The beads were washed four times
with 0.1% % DDM in PBS. The protein from the beads were either eluted with Laemmli
buffer with DTT and boiled for 5 mins or eluted with Laemmli buffer without DTT and
reduced with DTT for 30 minutes at 37 °C after separating the beads from the sample.
The eluted proteins or whole cell lysates were separated by SDS-polyacrylamide gel
electrophoresis on a 4-20% gradient gel (Bio-Rad Laboratories, Hercules, CA) and

transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were
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blocked overnight at 4°C with 5% bovine serum albumin (BSA) in tris-buffered saline
with 0.1% Tween-20 (TBST). Either mouse M2 Flag or mouse HA-7 primary antibodies
(Sigma-Aldrich, St. Louis, MO) were used at a 1:1000 dilution in 2.5% BSA in TBST for
1 hour at room temperature. The blots were washed (4X, 3 min) with TBST. A
secondary goat anti-mouse HRP (horse radish peroxidase)-conjugated antibody
(Abcam, Cambridge, United Kingdom) was used at a 1:10,000 dilution for 1 hour at
room temperature. The blots were washed (4X, 3 min) with TBST before adding the
ECL western blotting substrate (Pierce Biotechnology, Rockford, IL). The blots were
imaged using a ChemiDoc™ XRS+ System and analyzed using Image Lab™ Software

(Bio-Rad Laboratories, Hercules, CA).

Immunostaining and confocal microscopy

HEK293T cells were plated in 8-well chamber slides (ibidi GmbH, Martinsreid, Planegg,
Germany) previously coated with poly-D-lysine. Cells were transfected with either N-
terminally Flag-tagged MRAP2 or MRAP2 A38-44 and C-terminally Flag-tagged MRAP2
or MRAP2 A38-44. After 24 hours post-transfection, transfected cells were washed
twice with ice-cold PBS and fixed with 2% formaldehyde in PBS for 10 minutes at room
temperature. Cells were washed with PBS (3X, 5 min) and permeabilized samples were
incubated with 0.5% saponin in PBS for 10 minutes. Unpermeabilized cells were
incubated with PBS for 10 minutes. Cells were washed with PBS (3X, 5 min). Cells were

then blocked with 1% BSA in PBS for unpermeabilized cells or 1% BSA, 0.1% saponin
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in PBS for permeabilized cells for 30 minutes. Blocked cells were then incubated with
a mouse M2 Flag antibody (Sigma-Aldrich, St. Louis, MO) at a 1:600 dilution in 1% BSA
in PBS for 1 hour. Cells were washed again with PBS (3X, 5 min) and incubated with a
goat anti-mouse Alexa 568 antibody (highly cross adsorbed) (Invitrogen, Carlsbad, CA)
at a 1:1000 dilution in 1% BSA in PBS for 1 hr in the dark. Cell were washed with PBS
(3X, 5 min), stained with Hoechst 33342 (5 ug/mL) (Invitrogen, Carlsbad, CA) for 1
min, washed with PBS again (3X, 5 min) and slides were mounted with Fluoromount-
G mounting medium (SouthernBiotech, Birmingham, AL). Images were acquired on a

Leica SP5 confocal microscope and analyzed by Fiji Imagel.

Immunostaining and flow cytometry.

HEK293T cells were transfected with either N-terminally Flag-tagged MRAP2 or
MRAP2 A38-44, C-terminally Flag-tagged MRAP2 or MRAP2 A38-44, N-terminally HA-
tagged RAMP3, or C-terminally HA-tagged RAMP3. After 24 hours post-transfection,
transfected cells were washed twice with ice-cold PBS and fixed with 2%
formaldehyde in PBS for 15 minutes at room temperature. Fixed cells were then
washed twice with PBS and split into two separate samples. Each of the samples was
further washed with either FACS buffer without Triton X-100 (PBS pH 7.4 with 1% BSA,
1 mM EDTA, 0.05% sodium azide) for non-permeabilized samples or FACS buffer with
Triton X-100 (PBS pH 7.4 with 1% BSA, 1 mM EDTA, 0.05% sodium azide, 0.1% Triton

X-100) for permeabilized samples. Unpermeabilized cells were resuspended in FACS
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buffer and permeabilized cells were resuspended in FACS buffer with Triton X-100.
Alexa Fluor 488 conjugated anti-HA (Cell Signaling Technologies #2350, Danvers, MA)
or anti-FLAG (Cell Signaling Technologies #15008, Danvers, MA) antibodies were
added at a 1:50 dilution and cell were incubated with the fluorescent antibodies for 1
hour in the dark at 4°C. Stained cells were then washed with FACS buffer three times
and resuspended in FACS buffer before flow analysis. Cells were analyzed on a BD
LSRII and 10,000 cells were counted and analyzed for each sample. FlowJo was used
for data processing. The median fluorescence intensity (MFI) value for the
unpermeabilized cells was divided by the MFI of the permeabilized samples to

normalize for differences in protein expression levels.

NanoBiT protein-protein interaction assay.

HEK293T cells were plated in an opaque, white 96-well plate. Cells were transfected
with Lipofectamine 2000 according to manufacturer’s instructions. After 24 hours
post-transfection, media is removed and replaced with Opti-MEM (Life Technologies,
Carlsbad, CA). NanoBiT live-cell substrate was added according to manufacturer’s
instructions and incubated for 5 minutes. Luminescence was measured using a Perkin-

Elmer EnVision plate reader.

Whole-cell cross-linking.
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HEK293T cells were transfected with 3xFlag-MRAP2. After 24 hours post-transfection,
cells were washed with PBS and incubated with 1 mM disuccinimidyl suberate or
disuccinimidyl glutarate (Thermo Fisher) in PBS for 30 minutes at room temperature.
The cross-linking reaction was quenched with 30 mM Tris-HCl in PBS for 10 minutes.
Cells were then pelleted and washed with 30 mM Tris-HCI in PBS. The washed cell
pellet was lysed with 1% DDM in PBS and analyzed by SDS-PAGE and western blotting

as described in the co-immunoprecipitation and western blot section.

Native protein gel electrophoresis and western blot.

HEK293T cells were transfected with 3xFlag-MRAP2. At 24 hours post-transfection,
cells were washed with PBS and lysed with a native lysis buffer (50 mM BisTris pH 7.2,
50 mM NaCl, 10% glycerol) with protease inhibitors and varying concentrations of
DDM for 30 minutes on ice. Lysates were clarified at 17,000 x g at 4°C for 25 minutes.
Protein concentrations were determine using a BCA protein quantitation kit (Pierce
Biotechnology, Rockford, IL) according to the manufacturer’s instructions. A 10x
loading dye (5% w/v Coomassie blue G-250, 500 mM 6-aminohexanoic acid) was
added to lysates right before loading samples into a NativePAGE Bis-Tris gel 4-16%
(Life Technologies). The proteins were separated according to Wittig et al.?* and
transferred onto a PVDF membrane using a standard Tris-glycine transfer buffer with

0.05% SDS. The membrane was de-stained in methanol for 3 minutes. The membrane
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was blocked and immunoblotted as described in the co-immunoprecipitation and

western blot section.
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Behavioral responses to food deprivation are critical to survival and the circuitry that
is responsible for the homeostatic maintenance of energetic state is centered around
MCA4R signaling. This hardwired system guarantees survival by preventing starvation.
Unfortunately, in an environment of caloric abundance, such as the world we live in
today, this hardwiring has led to an obesity epidemic. Not surprisingly, MC4R has been
seen as a druggable target. Setmelanotide, an MC4R agonist, is on its way to FDA
approval to treat POMC and LEPR deficiency . To fully understand MC4R biology, we
must also understand the role of MC4R’s accessory proteins, syndecan-3 and MRAP2,

in MC4R signaling.

Syndecans and AgRP-induced Long-term Feeding

Chapter 2 of this dissertation highlights the significance of AgRP’s non-ICK segments
as well as sheds light on alternative pathways and the involvement of accessory
proteins in AgRP-driven orexigenic effects. We have shown that the duration of AgRP’s
orexigenic effects are positively correlated with AgRP’s positive charge density and
therefore, its affinity to heparan sulfate. These results strongly support the role of
syndecans in potentiating AgRP signaling. Feeding experiments with SDC3 knock out
mice treated with AgRP WT, 4K, and 4Q and imaging-based AgRP localization studies
in PVH tissue slices from these mice would likely further support the involvement of

syndecan-3. These experiments would allow direct testing of the proposed hypothesis

2
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Despite convincing evidence that syndecan-3 is a key modulator of AgRP’s prolonged
action, at this juncture, we are unable to completely rule out alternative mechanisms.
It is well known that AgRP WT blocks the effects of MTII, an MC3/4R agonist, when
co-administered in animals. However, if AgRP is injected 24 hours prior to MTII, AgRP
is no longer effective at reversing the effects of MTII 3. This points to alternative
mechanisms for AgRP’s prolonged action, other than just antagonism of melanocortin
receptor activity. The additional lysine residues in AgRP 4K may have effects at the at
the receptor level such as the stabilization of alternative active states of MC3/4R.
AgRP 4K may act as a biased agonist at MC4R and enhance the effects of MC4R’s
regulation over Kir7.1 4. The concept of AgRP and its variants as biased agonists can
also be extended to other MC4R-dependent mechanism. For example, AgRP 4K may
promote endocytosis of MC3/4R through the recruitment of S-arrestins . It is also
possible that AgRP’s non-ICK segments mediate interactions with an unknown
receptor or allosteric site. Of course, additional experiments must be performed to

validate these hypotheses.

While the experimental peptide concentrations used in chapter 2 of this dissertation
do not reflect physiological concentrations released by AgRP neurons, this work sheds
light on strategies for the design of potent orexigenic molecules for the treatment of

wasting diseases like cachexia. This work will serve as a template for further studies
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aimed at uncovering the molecular mechanisms behind AgRP’s non-ICK sequence.
Untangling the details of AgRP-driven feeding on a molecular and physiological level
will not only aid in the understanding of metabolic dysfunction but also facilitate the

design of pharmaceuticals that treat metabolic disease.

MRAP2 Structure and Function

MRAP2 is not only an important accessory protein for MC4R signaling but MRAP2 also
regulates the trafficking and signaling of several other GPCRs that are essential for
energy homeostasis. A unique feature of MRAP2 is that the protein can exist in the
membrane in both orientations such that the N-terminus of the protein can be either

6. MRAP2 from native tissues also forms detergent

intracellular or extracellular
resistant dimers ’. In order to elucidate the mechanism by which MRAP2 modulates
MC4R, we must first understand what dictates MRAP2’s structure. In chapter 3 of this
dissertation, we demonstrate that the conserved polybasic motif that dictates the
membrane topology and dimerization of MRAP2’s homolog MRAP1 does not control
the membrane orientation or dimerization of MRAP2. Additionally, MRAP2 dimerizes
through its transmembrane domain and can form higher order oligomers that arrange
MRAP2 monomers in a parallel orientation. Through these experiments, we have
gained valuable insight on the molecular mechanisms that dictate MRAP2’s unusual

structure. What still remains unknown is how these structural features of MRAP2

relate to its regulation over MC4R as well its promiscuity as a GPCR accessory protein.
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Cell-based MC4R assays that measure cAMP response and ligand binding can be
employed along with MRAP2 variants to determine which regions of MRAP2 are
necessary for its modulation of MC4R. Hypothalamic AgRP mRNA levels are reduced
in mice lacking MRAP2 2. It is also unclear whether the presence of MRAP2 changes

MC4R’s response to AgRP.

We and several others have provided biochemical characterization of MRAP2
structure in terms of membrane orientation and oligomeric state &’. However, high
resolution structures generated by either experimental or computational means are
nonexistent when it comes to MRAP2. Structural information on single-pass
transmembrane proteins has been limited despite the fact that this class of proteins
makes up approximately 6% of human genes, which codes for roughly 1300 proteins
°. Due to the conformational flexibility of single-pass transmembrane proteins, there
are currently no high resolution structures of members of this protein family.
Fortunately, there are a few high resolution structures of the transmembrane
domains of these proteins solved through solution-state NMR °. Since we have shown
that MRAP2 dimerizes through its transmembrane domain, a high resolution structure
of the transmembrane domain in its dimeric state would provide valuable residue-

specific information regarding MRAP2’s inter-dimer contacts.
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MRAP2 trafficking and folding are also of particular interest due to its unique
conformation at the cell surface. From studies of MRAP1], it is assumed that MRAP2
trafficking is similar and MRAP2’s orientation is fixed early on in biosynthesis 1°.
However, the exact mechanisms in regard to MRAP2 folding, membrane threading
and trafficking are unknown. Through whole-cell chemical cross-linking and LC-
MS/MS peptide mapping, we identified proteins that mediate proper disulfide bond
formation in the ER such as endoplasmic reticulum resident protein 44 and
thioredoxin related transmembrane protein 1 *'*? (unpublished, in collaboration with
Mike Trnka, UCSF). MRAP2 contains two C-terminal cysteine residues and it possible
that intermolecular disulfide bonds are important for MRAP2 oligomerization or that
intramolecular disulfides mediate proper folding of the C-terminal domain.
Understanding the features that dictate the structure of single-pass transmembrane
protein such as MRAP2 will not only shed light on GPCR biology but also aid in

deconstructing the complex neural circuit that drives hunger.
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