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Abstract 

Mechanisms and Therapeutic Potential of the  

Agouti-Related Peptide’s Long-Term Orexigenic Effects 

Rafael Ildefonso Palomino Jr. 

 

The agouti-related peptide (AgRP) is a central nervous system-derived peptide that 

holds a critical role in appetite and energy balance. Through its interactions with the 

melanocortin-4 receptor (MC4R), AgRP promotes an anabolic physiological state 

that leads to increased feeding, reflex hyperphagia, and storage of energy, all to 

ensure a state of positive energy balance. While the magnitude of this effect has 

been long observed through exogenous administration of the peptide, more recent 

neurobiological studies have revealed that AgRP-secreting neurons respond to and 

manipulate feeding with significant temporal variance. AgRP appears to be unique in 

a physiological context with regards to its time course of action. Furthermore, due to 

the extraordinary long-term response driven by AgRP administration, it is considered 

a lead for cancer cachexia and other wasting disorders. Its impressive chemical 

stability also makes it an ideal scaffold for drug and imaging purposes. This 

dissertation aims to understand the mechanisms of AgRP’s extended orexigenic 

properties by addressing a long-standing incongruity in AgRP biology using 

biophysical tools. We use isothermal titration calorimetry and NMR, along with a 

panel of designed AgRP variants to characterize peptide interactions with 

glycosaminoglycan components of syndecans, which are hypothesized to potentiate 

AgRP action. We found compelling evidence that the mature AgRP(83-132) is a 
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heparan sulfate binding protein and uses electrostatic complementarity primarily 

driven by nonreceptor-binding segments. To leverage these unique properties for 

AgRP’s therapeutic potential, we also utilize peptide chemistry to increase its utility 

as a drug or scaffold. We successfully engineered a head-to-tail cyclized versions of 

AgRP and its analog, agouti-signaling peptide (ASIP). Cyclization did not lead to 

enhanced stability for AgRP, though ASIP did display increases in serum resistance 

to proteolytic digestion. This study sets the stage for cyclization optimization of 

AgRP. This dissertation represents an advancement in our understanding of AgRP 

action and its potential as a therapeutic. In both cases, it is AgRP’s unique, long-term 

activity that motivated this work. As the neurobiology of feeding circuits continues to 

be driven forward, studying AgRP and its role within these circuits contributes the 

molecular pieces to the large and complex model of energy balance and its related 

diseases.  
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The Origins of Hunger 

Every day, we rely on our bodies to make unconscious decisions to consume food 

and liquid for fueling everything from our most fundamental necessities, such as 

breathing, to the complex sequence of coordination and muscle contraction involved 

in executing a double-leg takedown. Our physical and social environments help 

dictate when we have opportunities to eat, but it is ultimately our metabolic pathways 

that aid in the initiation, cessation, and time between meals. (Speakman et al., 2011). 

As we might be able to guess based on weight-loss or muscle gain attempts, our 

environment and food availability can make such undertakings much more 

challenging. The increase in the number of hyperpalatable foods, foods that are 

highly palatable and calorie dense, is a driver of increasing meal size and is 

hypothesized to have influenced today’s rise in body fatness (Guyenet and Schwartz, 

2012). Taking a more molecular approach to energy balance, we find a remarkable 

orchestration of satiation and satiety. From the moment we ingest food of any 

composition, we initiate this system to begin regulation of the meal. This regulation 

occurs through hormones derived from our digestive system that reach all the way to 

the forebrain and are ultimately integrated in the hypothalamus. It is there where we 

find a system critical to our long-term balance of energy. The agouti-related peptide 

(AgRP) and melanocortin-4 receptor (MC4R) act as a rheostat to promote food 

consumption and depress energy expenditure. However, this system does not work 

alone and is best appreciated in the context of our energy homeostasis machinery. 
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Satiety Signals 

The signals that ultimately converge in the central nervous system begin their work 

almost immediately upon meal initiation after the chewed food has been turned into a 

bolus consisting of food, saliva, and digestive enzymes. The first signals that act to 

sense our meal are gastric mechanoreceptors that are indifferent to the caloric 

density or macronutrient composition, responding only to the volume of the food itself 

(Davis and Smith, 1990; Langhans and Geary, 2009). Responses specific to the 

nutrients (as opposed to simply food volume) we ingest occur after passage through 

the stomach. When these post-gastric signals are inhibited, the decision to end a 

meal is simply a function of food volume, highlighting the necessity of gut signaling 

for making considerations of a food’s protein, fat, and carbohydrate composition 

(Phillips and Powley, 1996). Indeed, one of the primary functions of post-gastric 

satiety signals is slowing gastric emptying rates to allow considerations for caloric 

and macronutrient make-up (Moran, 2006). This slowing provides ample time to 

extract nutrients from food, and to some degree dictates the time between meals 

(Davis and Smith, 1990).  

 

Along with gastric emptying into the small intestine, a suite of other physiological 

responses must be coordinated to prevent malabsorption of nutrients (Chambers et 

al., 2013). Once in the stomach, the now acidic chime must pass into the small 

intestine and become neutralized by bicarbonate-containing bile. Pancreatic juices 

break down macronutrients through its composition of amylases, lipases, and 
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trypsinogen. These first steps of digestion, along with contractions of the digestive 

tract, insulin release, satiety perception in the brain, and other functions require 

highly tuned sensing of environmental inputs.  

 

Cholecystokinin (CCK), glucagon-like peptide 1 (GLP1), oxyntomodulin, peptide YY, 

and apolipoprotein A-IV are all examples of such inputs and are satiety peptides 

released from intestinal cells that regulate the processes mentioned above (Ritter, 

2004). CCK is stimulated in proportion to the nutrient content of a meal, especially 

fatty acids. Fatty acids interact with the G-protein coupled receptors GPR40/120 

located on intestinal I cells, which stimulate the release of CCK into portal circulation 

(Liou et al., 2011a, 2011b). This hormone signals to the pancreas to produce 

enzymes, and it also stimulates gallbladder contraction (Malagelada et al., 1973). As 

expected for such a signal, blockade of CCK receptors leads to increases in meal 

size (Moran et al., 1992), one requirement of a hormone to be classified as an 

endogenous satiety peptide. The entire collection of satiety signals act in the 

periphery and hindbrain to control short-term consumption and termination of meals. 

The cascade continues marching towards the hypothalamus for long-term energy 

homeostasis.  

 

Short Term and Long Term Energy Balance 

The connection between the gut and brain is primarily attributed to the vagus nerve. 

Inputs from vagal sensory fibers convey information further to the nucleus of solitary 

tract (NTS), which can also sense hormones and nutrients directly as it lies outside 
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of the blood-brain barrier (Ritter, 2004). While further processing occurs in the 

hypothalamus, this hindbrain-gut connection is itself sufficient for certain aspects of 

controlling meal size. A fascinating example of this is in decerebrate rats, which have 

their forebrain-hindbrain connection surgically disconnected. These animals are still 

able to respond to satiety signals such as CCK (Grill and Norgren, 1978; Grill and 

Smith, 1988); however, they lose the ability to adapt their energy intake and 

compensate for meal size in the long-term (Kaplan et al., 1993). In one example, 

these rats, along with their intact controls, were fed three meals per day over the 

course of a week, and then challenged to maintain that caloric intake when only 

given two opportunities to feed. Intact mice were able to compensate for this by 

increasing their meal size, while the decerebrates could not, despite being able to 

terminate meals in response to satiety signals. This disconnect between short- and 

long-term feeding clearly highlights that communication with circuits in the forebrain, 

particularly the hypothalamus, are needed for long-term control of energy balance 

(Figure 1).  
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Figure 1 Overview of satiety and long-term hunger. After the consumption of 
food, short-term satiety signals begin to control the rates of digestion to prevent 
malabsorption. These molecules include cholecystokinin (CCK) and glucagon-like 
peptide 1 (GLP-1) that also signal directly to terminate meals in the short-term 
primarily through vagal afferents innervating the periphery. Macromolecules are able 
to directly signal similar pathways. Long-term signals such and ghrelin and leptin 
signal to the central nervous system and set the sensitivity of short-term signals to 
satiety signals in proportion to body fat levels. 

 

Perhaps the most well-known regulator of long-term energy balance is leptin. 

Primarily produced in white adipose tissue, leptin helps regulate short-term 

hunger/meal consumption as well as long-term changes in body fat. Secretion of 

leptin occurs in proportion to body fat levels and exerts its effects in a variety of 

tissues including peripheral and central targets (Emond et al., 1999; Margetic et al., 
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2002; Moran et al., 2006). While plasma leptin levels predictably correlate with stable 

body mass, levels also change acutely to short-term changes in energy balance 

before those changes manifest themselves in body weight (Chin-Chance et al., 

2000). While leptin’s targets include hindbrain neurons, particularly regions that 

modulate food reward and motivation, it is leptin sensing in the hypothalamus that is 

considered crucial for long-term energy homeostasis. It is here that leptin, in 

response to changes in body fat levels, acts to decrease energy intake and increase 

energy expenditure. Leptin’s action on hypothalamic neuronal populations tunes the 

background sensitivity to the anorectic effects of satiety hormones such as CCK 

(Emond et al., 1999; Morton et al., 2005; Woods and Langhans, 2012). This action in 

the hypothalamus is directly opposed by ghrelin, a 28-amino acid peptide derived 

from that gastric mucosa that is implicated in meal initiation (Cummings et al., 2001; 

Pfluger et al., 2008). Ghrelin circulates in proportion to body mass and is further 

influenced by the time of day and even meal related cues. (Tschöp et al., 2001; 

Zizzari et al., 2011). This highly-coordinated adjustment of the sensitivity to satiety 

and satiation signals in the hypothalamus converges on a region known as the 

arcuate nucleus. 

 

The Hungry Hypothalamus 

The hypothalamus has been recognized as being central to the regulation of energy 

balance for decades. This role was demonstrated by observing the effects on 

adiposity that neuronal lesions in specific brain regions resulted in, determining 

which structures were required to be destroyed in order to bring about “this 
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derangement in fat metabolism” (Hetherington and Ranson, 1942). The arcuate 

nucleus has been determined to be such a region and is ideally located to not be 

fully protected by the blood-brain barrier, allowing for sampling of circulating 

hormones and macronutrients (Broadwell and Brightman, 1976). In this region exist 

two opposing groups of cells that relate to energy balance. ARCPOMC neurons 

express the catabolic propeptide pro-opiomelanocortin (POMC), while ARCAgRP 

neurons coexpress the anabolic peptides AgRP and neuropeptide YY (NPY) as well 

as release the γ-aminobutyric acid (GABA) neurotransmitter (Hahn et al., 1998; Tong 

et al., 2008). These neurons project to cell populations in the paraventricular nucleus 

and converge on a group of neurons that express MC4R, the common receptor of 

both AgRP and the primary anorexigenic processing product of POMC, α-

melanocyte stimulating hormone (α-MSH) (Shah et al., 2014). 

 

There is a direct line of communication between ghrelin/leptin and these arcuate 

neurons. Ghrelin’s receptor targets include ARCAgRP neurons, and activation of these 

receptors leads to increased mRNA expression of the orexigenic AgRP neuropeptide 

(Kamegai et al., 2000). Ghrelin also exerts its orexigenic effects at these neurons by 

altering their firing rates. Neuronal firing is high before feeding, though interestingly 

falls upon simply the presentation of food. However, feeding is required to sustain 

ARCAgRP neuron inhibition (Betley et al., 2015; Chen et al., 2015). Leptin receptors 

are present on the surfaces of both ARC neuron populations, and leptin induces 

depolarization and increased frequency of action potentials in anorexigenic ARCPOMC 

neurons, while also reducing ARCAgRP neuron inhibition of the same ARCPOMC 
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neurons (Cowley et al., 2001) (Figure 2). Furthermore, leptin action at ARCAgRP 

neurons acts to reduce expression of AgRP and NPY (Morrison et al., 2005). 

Physiological feeding states in vivo also modulate the firing properties of arcuate 

neurons. Fasting induces a significant increase in basal action potential frequency of 

ARCAgRP neurons, and this is inhibited by exogenous leptin in a dose-dependent 

manner (Krashes et al., 2013; Takahashi and Cone, 2005). This simple behavioral 

manipulation demonstrates the robustness and sensitivity of these neurons to 

physiological hunger. 

 

Figure 2 The anabolic and catabolic arms of the arcuate nucleus. The arcuate 
nucleus of the hypothalamus is a critical center of long-term energy balance. 
ARCAgRP neurons secrete the orexigenic molecules AgRP, NPY, and GABA, partially 
in response to increased ghrelin signaling and decreased leptin signaling. These 
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neurons send projections to the paraventricular nucleus, among other brain regions, 
where AgRP is able to act at MC4R to promote increases in appetite. Low ghrelin 
and high leptin signaling triggers ARCPOMC neurons to release MSH, which also acts 
at MC4R to inhibit feeding. ARCAgRP neuron firing also acts to inhibit ARCPOMC firing. 
 

A puzzling observation of ARCAgRP neuron function relates to the phenotypes 

observed when perturbed. Deletion of NPY or AgRP peptides or neonatal ablation of 

ARCAgRP neurons does not consistently lead to significantly altered food 

consumption. Addressing this incongruity, selective ablation of ARCAgRP neurons in 

adult mice has leads to cessations of feeding, and ultimately starvation. Deletion at 

this stage also leads to a loss of responsiveness to exogenous ghrelin, further 

implicating these ACR targets as the primary orexigenic pathway for ghrelin (Bewick 

et al., 2005; Gropp et al., 2005; Wu et al., 2008).  These techniques have recently 

been used to understand the compensations that occur when ablation occurs early in 

life. When ARCAgRP neurons are compromised, food palatability and dopamine 

signaling drive feeding behavior when highly palatable food is presented (Denis et 

al., 2015). Thus, when these neurons are impaired early in life, compensation occurs 

allowing for normal intake of traditional food, but leaving these animals susceptible to 

stress-induced anorexia and hyper-palatable food hyperphagia.  

 

Emerging Neurobiological Advances in the Circuitry of Energy Balance 

Taken together, experiments that target either adult or neonatal deletion of ARC 

neurons reveal that these populations are necessary for body weight homeostasis 

but do not demonstrate their sufficiency. The question of sufficiency has recently 
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been able to be addressed due to technological advances in optogenetic and 

chemogenetic neuron stimulation (Sternson et al., n.d.). Notably, the advent of 

designer receptors exclusively activated by designer drugs (DREADD) allows for 

selective manipulation of molecularly defined neurons. DREADDs have no ability to 

bind endogenous ligands but respond to pharmacologically inert chemicals that 

exclusively activate the receptors, allowing researchers to activate or inhibit neuronal 

activity (Rogan and Roth, 2011). 

 

In a landmark study investigating the sufficiency of ARC populations in feeding, 

Aponte et al. used channelrhodopsin-2 ontogenetic stimulation of both ACRPOMC and 

ARCAgRP neurons (Aponte et al., 2011). In this paradigm, activation of ARCAgRP 

neurons induces voracious feeding, with ARCPOMC stimulation having the opposite 

effect. A fascinating aspect of this study demonstrated that while ARCPOMC activation 

required melanocortin receptor signaling, ARCAgRP acute inhibitory effects were not 

reliant on this pathway, indicating the ability of these neurons to directly stimulate 

feeding circuits. It should be noted that melanocortin circuit inhibition was achieved 

with a lethal yellow (Ay) background where agouti-signaling peptide (ASIP), an AgRP 

analog, is ectopically expressed and binds the same classes of central melanocortin 

receptors as AgRP. The sufficiency of ARCAgRP neurons for feeding has been 

corroborated by DREADD technology as well. Acute stimulation of these neurons 

leads to rapid feeding that is quickly reduced upon inhibition of neuronal activity. In 

addition to increases in bodyweight, fat mass, food intake, and reduced energy 
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expenditure, these neurons also appear to increase motivation and food-seeking 

behavior (Krashes et al., 2011). 

 

Despite the high interest in the neurobiology of these circuits and increased 

sophistication for conducting these inquiries, very little of this research acknowledges 

the discrete molecules that the neurons produce and release. GABA, NPY, and 

AgRP all independently stimulate feeding with temporal variance when administered 

exogenously, but their individual contribution to neuronal firing is rarely tested. One 

of the only studies to tie these two together used DREADD technology to activate 

ARCAgRP neurons in mice genetically altered to systematically test the contributions 

of each component. Mice were engineered to individually (or in combination) disrupt 

release of GABA, delete NPY, and delete MC4R signaling. The results indicated 

rapid stimulation of feeding requires GABA and NPY. Conversely, AgRP 

neuropeptide is sufficient and necessary for a prolonged feeding response that is 

delayed compared to GABA and NPY release via acute neuron stimulation (Krashes 

et al., 2013). This experiment is illustrated in Figure 3.  
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Figure 3 Illustrative overview of Krashes 2013. A, Krashes et al. created rodent 
mutations that impaired the various molecular components of ARCAgRP secretion. 
AgRP signaling was disrupted by deletion of central MC4Rs, NPY was deleted 
directly, and GABA was inhibited by deletion of the GABA transporter. Activation of 
ARCAgRP neurons with DREADD technology normally leads to ravenous acute 
feeding, but the triple knockout of the above components leads to no feeding. B, 
When each molecular component is isolated by creating double knockouts of the 
other contributors, feeding responses (brown pellets indicate relative food 
consumption) were either rapid or delayed. NPY and GABA were both sufficient for 
acute feeding. However, when neurons were activated via DREADD and only AgRP 
neuropeptide was secreted, there was a significant delay in feeding response. 
Despite this, late onset hyperphagia caused the rodents to ultimately consume the 
same amount of food over 24 hours as each of the other two components despite 
this late start in feeding. 
 
 

The most recent attention to ARCAgRP neurocircuitry has focused on the rapid 

physiological inhibition by simply the presentation of food (Betley et al., 2015; Chen 
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et al., 2015; Garfield et al., 2016). The contrasting long-term consequences of AgRP 

neuropeptide release upon neuron stimulation are less appreciated in neurobiology. 

These characteristics are particularly interesting in that acute stimulation of these 

neurons produces effects that do not always require downstream melanocortin 

signaling. Fast time-scale inhibition upon the presentation of food and the lack of 

necessity of a functional melanocortin system for acute stimulation of ARCAgRP 

neurons compliment the long-term feeding effects displayed by AgRP neuropeptide. 

As shown by Krashes et al. (Krashes et al., 2013), AgRP is only required for 

sustained and delayed feeding outside of the acute timescale of NPY and GABA 

released by the same neurons. At the molecular level, the effects of AgRP on 

melanocortin receptors, which are expressed in downstream paraventricular nucleus 

neurons, have equally complex questions that remain regarding long-term feeding 

and control of energy homeostasis.  

 

AgRP, MC4R, and Hunger at the Molecular Level 

A connection exists between energy homeostasis and mammalian pigment 

production that originates in the structure and function of melanocortin receptors and 

their peptide ligands, α-MSH, ASIP, and AgRP. This impressive array of control 

exerted by the melanocortin system has been appreciated dating back to 1976. It 

was here that connections were made between the stimulation of steroidogenesis 

and melanophores and the stimulation of lipolysis in rabbit adipocytes. These parallel 

functions were attributed to α-MSH (Ramachandran and Lee, 1976). The opposing 
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signal was later identified after the cloning of the dominant agouti allele responsible 

for exclusive production of yellow pigment as well as obesity. As with early POMC 

work, this opposing signal, the agouti gene, appeared to be a secreted peptide. 

Ectopic expression of this gene was implicated in acting on a similar pathway as in 

pigment control to cause alterations in fat accumulation (Miller et al., 1993). This 

potential link between energy balance and pigment production was solidified in 1993 

when the product of the agouti gene (ASIP) was partially purified and shown to block 

α-MSH stimulation of adenylyl cyclase at MC1R, and ultimately eumelanin synthesis. 

Remarkably, ASIP also antagonized α-MSH at the central MC4R. This milestone 

explained the original observations found in the lethal yellow Ay mouse, which have a 

yellow coat and severe obesity and diabetes (Lu et al., 1994) (Figure 4). Not only did 

the opposing signal for eumelanin block the relevant receptor in melanocytes, it was 

now tied to a receptor sub-type of the central nervous system.  
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Figure 4 The agouti mouse possessing the lethal yellow mutation. Mice 
possessing lethal yellow, such as the mouse on the left, ectopically express ASIP. 
ASIP normally binds MC1R in the skin to control pigment production. Production of 
ASIP in the central nervous system allows it to bind MC4R as well, producing mice 
with obesity and diabetes.  
 

The next question was naturally related to what endogenous ligand might act on this 

central melanocortin receptor. Fortunately, ASIP itself possess a structural feature 

exceedingly rare in mammalian peptides. At the gene level, this distinguishing 

feature of ASIP is the cysteine spacing found in the cysteine-rich C-terminal domain. 

This signature was used in conjunction with an expressed sequence tag database to 

discover the gene encoding AgRP. Expression of AgRP mRNA was measured in 

ob/ob mice. These rodents are a genetic model of obesity that lacks the ability to 

produce leptin. AgRP was found to be increased 5-fold in these mice, as would be 

expected if it played a role in energy homeostasis as the Ay mouse suggested. 

Subsequent crude purifications of expressed AgRP were used to assess reactivity at 

each of the five melanocortin receptor subtypes, and it was found to specifically 
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antagonize α-MSH at the CNS-derived MC3R and MC4R (Ollmann et al., 1997; 

Wolff et al., 1999) (Figure 5). The connection between pigment and obesity was 

complete.  

 

Figure 5 The central melanocortin system. Melanocortin-4 receptor (MC4R) and 
MC3R, though to a lesser degree of understanding, are G-protein coupled receptors 
(GPCRs) expressed at the cell surface of neurons in the hypothalamus. MSH is the 
endogenous agonist, coupling MC4R to stimulatory G-proteins that ultimately 
produce a lean phenotype observed when agonist is centrally administrated. AgRP’s 
role in increasing appetite is closely tied to its antagonist role at this receptor, 
blocking MSH from binding. MC4R knockout mice are also obese, implying a 
constitutive activity that AgRP may also directly modulate as an inverse agonist.  
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AgRP Structure and Function 

As previously discussed, the agouti-related peptide is expressed in a subpopulation 

of neurons localized in the arcuate nucleus. Produced initially as a 132 amino acid 

propeptide, AgRP undergoes post-translational processing by proprotein 

convertases to release a cysteine-rich C-terminal domain (Creemers et al., 2006; 

Jackson et al., 2006). This domain contains ten cysteine residues that form five 

disulfide bonds with approximately the same spacing and connectivity as ASIP 

(Jackson et al., 2002; McNulty et al., 2001; Yu and Millhauser, 2007). Three of the 

disulfide bonds form an inhibitor cystine knot (ICK) motif, a molecular knot that 

confers peptides with exceptional stability and is found mostly in invertebrate toxins 

(Moore et al., 2012). The agouti-family of ICK peptides are currently the only 

example of this motif found in mammals. In both ASIP and AgRP, the constraints 

imposed by the disulfide bonds allow for the formation and presentation of three 

distinct, flexible loops named the N-terminal, active, and C-terminal loops. Both ASIP 

and AgRP require the active loop triplet, RFF, for high affinity binding to any 

melanocortin receptor, while the N-terminal loop facilitates MC3/4R specificity (Tota 

et al., 1999). These features and structure are summarized in Figure 6. The peptides 

diverge in the utility of their respective C-terminal loops. ASIP specificity to MC1R is 

dependent on this loop, while AgRP is unable to bind MC1R with any appreciable 

affinity (Patel et al., 2010). In fact, deletion of the C-terminal loop and a four amino 

acid N-terminal extension, both non-ICK segments, has no effect on the MC3/4R 

binding or pharmacological properties of AgRP, as demonstrated with miniAgRP(87-

120) (Chai et al., 2003; Jackson et al., 2002; Tota et al., 1999). Chapter 2 of this 
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dissertation explores mechanism behind the in vivo functions of these segments in 

greater detail.  

 

Figure 6 The structural features of AgRP. Mature AgRP is a 50 amino acid 
peptide that adopts an inhibitor cystine knot fold facilitated by the formation of 5 
disulfide bonds. A four amino acid N-terminal segment extends from the first cysteine 
and is not required for melanocortin binding. The constraints of the disulfide bonds 
present three loops, of which the active and N-terminal loops are required for in vitro 
binding and activity. Like the N-terminal segment, the C-terminal loop is dispensable 
for MC4R binding in cell culture, but required for full in vivo activity 

 

Pharmacological characterizations initially confirmed AgRP’s antagonizing effects at 

MC4R, but also began to expand its classification. Constitutively active MC4R 

generated in cell cultures (including in neuronal cell lines) show AgRP acts as an 

inverse agonist by directly inhibiting basal activity irrespective of agonist presence. 

Structurally, both of these functions only depend on the inhibitor cysteine knot core. 
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Thus, it has been hypothesized that AgRP may act in multiple physiological contexts 

in the brain, dependent on the receptor status (Chai et al., 2003; Haskell-Luevano 

and Monck, 2001; Nijenhuis et al., 2001; Ollmann et al., 1997).  

 

While the distribution and differential activity profiles of central melanocortin 

receptors are currently being assessed by increasingly sophisticated tools, the 

general physiological outputs of exogenous AgRP and α-MSH administration are 

much more well-studied. Central administration of these molecules showcases the 

impressive control exerted on energy balance by melanocortin peptide ligands. α-

MSH or cyclic analogs inhibit feeding in multiple in vivo models of obesity when 

administered centrally via intracerebroventricular injections (Brown et al., 1998; Fan 

et al., 1997; Thiele et al., 1998). From an effect and magnitude standpoint, AgRP’s 

effects are even more drastic. Single doses as low as 100 pmol administered in the 

same fashion produce robust increases in food intake that persist for an entire week 

(Hagan et al., 2000). This length of time has yet to be replicated with other potently 

appetite-stimulating molecules. In addition to demonstrating AgRP’s time course of 

action, these studies also allude to a more complex model of signaling than just 

simple antagonistic occupation of α-MSH binding sites. α-MSH cyclic analogues are 

quite effective at abolishing AgRP’s effects on feeding when administered 24 hours 

after AgRP infusion. However, once the effects of these analogs dissipate after 48 

hours, rodents continue their increase in feeding and body mass as before (Hagan et 

al., 2000). If AgRP only displaces agonist, this should not be the case. The 

implication here is that AgRP can signal directly on its own. 
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As previously discussed, AgRP constitutes one component of an orexigenic trio of 

molecules released by ARC neurons, along with NYP and GABA neurotransmitter. 

Being a neurotransmitter, GABA acts on much faster timescales than AgRP. 

However, NPY also does not replicate AgRP’s action and stimulates feeding only in 

the short term. While both peptides induce immunoreactivity in hypothalamic regions 

acutely after administration, AgRP differentiates itself in the long term. NPY elicits no 

changes in immunoreactivity after 24 hours, while AgRP continues activating key 

areas including extrahypothalamic region such as the NTS (Hagan et al., 2001). 

AgRP’s curious and impressive longevity is in stark contrast to a paradigm of 

competitive antagonism or of MC4R being the only molecule AgRP binds. 

 

The Role of MC4R and Biased GPCRs 

In the simplest model (as in Figure 5), AgRP inhibits activation of MC3R and MC4R, 

though the effects of MC4R activation are much better understood. α-MSH and 

molecules that activate these receptors suppress food intake and increase energy 

expenditure. Mice deficient in MC4R do not respond to administration of α-MSH or 

analogs (Marsh et al., 1999). This loss leads to an obese phenotype characterized 

by hyperphagia, hyperinsulinemia, and hyperglycemia. In these ways, the phenotype 

is very similar to that of ectopic expression of ASIP (Balthasar et al., 2004, 2005; Fan 

et al., 1997; Huszar et al., 1997). 

 

AgRP and α-MSH project axons to densely populated regions of MC4R expression. 



	 22	

Increases in immunoreactivity in the paraventricular nucleus (PVN) initially identified 

this region as being rich in MC4R (Benoit et al., 2000). More recently, MC4R 

compartmentalization in the hypothalamus has revealed that distinct populations of 

cells expressing the receptor have slightly different effects. While the PVN retains its 

primary importance for MC4R expression, other central nervous system sites 

contribute as well, though this remains less understood. LoxP-modified, null MC4R 

allele mice that can have the receptor reactivated by cre-recombinase display a 

severe obesity phenotype as expected before activation. When PVN expression is 

restored, only 60% of that obesity is prevented, and energy expenditure is 

unaffected. This indicates that non-PVN MC4Rs mediate a significant amount 

physiological roles in energy balance (Balthasar et al., 2005). The energy intake arm 

of homeostasis remains primarily credited to PVH MC4R, however, 

extrahypothalamic MC4Rs have been credited with effects on energy expenditure, 

hyperglycemia, and hepatic insulin action (Rossi et al., 2011). 

 

As a G-protein coupled receptor, the seven-transmembrane helical protein couples 

to G-proteins intracellularly, beginning a signaling cascade that ultimately produces a 

physiological effect. The primary mode of MC4R-induced signaling has been 

attributed to activation of GS protein coupling (Büch et al., 2009a). At the time that 

the melanocortin receptors were cloned, it was this simple coupling through a single 

G protein subtype that was thought to be responsible for successful signal 

transduction. Today, it is understood that GPCRs are significantly more dynamic in 

their signaling properties. Receptors are able to exist in a wide array of active 
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confirmations that selectively couple to other classes or G proteins, or even beta-

arrestins, which typically cause receptor internalization, but are now appreciated to 

regulate their own GPCR-dependent pathways (Liu et al., 2012; Shukla et al., 2014). 

 

Specifically, with respect to the melanocortin system, assays in various cell lines 

have corroborated in vivo evidence that AgRP does not mediate all of its effects 

simply through Gs-coupled MC4R activation (Breit et al., 2011) (Figure 7). AgRP has 

been implicated as a biased agonist in that it is able to stimulate, independently of 

agonist blocking, Gi/o and potentially Gq pathways (Breit et al., 2011; Büch et al., 

2009b; Pritchard and White, 2005). Beta-arrestin mediated endocytosis has also 

been linked to AgRP signaling, in which the number of MC4Rs accessible at the cell 

surface is reduced (Breit et al., 2006). While downstream pathways of AgRP 

stimulation remain to be elucidated, non-cAMP pathways have been identified to be 

turned on. Gi/o signaling has been linked to ERK1/2-MAPK signal activation with 

AgRP acting as a biased agonist to promote these pathways over other cascades 

(Chai et al., 2006, 2007; Mo and Tao, 2013).  
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Figure 7 Alternative signaling pathways promoted by AgRP. As opposed to 
relatively static models of GPCRs occupying only active or inactive states, current 
research supports dynamic receptors that are able to occupy a variety of states that 
interact with an assortment of signaling molecules. In this sense, ligands may bias 
the receptor to one or more of these pathways. Classically, AgRP is a competitive 
antagonist by blocking MC4R from receiving an active state signal. As an inverse 
agonist, AgRP could directly promote a structural rearrangement of MC4R to the 
inactive state. Evidence arising from neuronal cell culture supports AgRP’s blockage 
of stimulating Gs proteins, but also reveals that AgRP binding to MC4R causes a 
structural change and subsequent coupling to Gi/o proteins. Furthermore, AgRP 
promotes MC4R coupling to beta-arrestins causing arrestin-induced endocytosis, 
and potentially other signaling cascades.  
 

Dissertation Motivation 

Understanding the complexity of AgRP and MC4R signaling become particularly 
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important when considering what AgRP does in its capacity as a regulator of energy 

balance as well as its potential use as a therapeutic. Cachexia is a wasting disorder 

associated with the atrophy of body mass and reduction of appetite that is 

particularly devastating to cancer and AIDS patients. AgRP and its mimetic are 

considered therapeutic leads in the treatment of this disorder (Amitani et al., 2013; 

Krasnow and Marks, 2010; Peter et al., 2013). Utilizing AgRP as a drug is particularly 

challenging, however, as demonstrated by the numerous side effects of molecules 

made to target MC4R. Small molecule agonists of MC4R have a history of failure in 

being specific to the receptor leading to altered sexual function and increased blood 

pressure, among other side effects. Even with AgRP being specific for central 

melanocortin receptors, barriers around its size, blood-brain barrier permeability, and 

not fully understood signaling capabilities make it imperative to investigate the 

fundamental signaling properties and use them to inform modifications to create a 

more drug-like peptide (Kievit et al., 2012). Continuing to develop the map of AgRP 

signaling and all of the other molecules involved will add to our knowledge of a 

critical feeding circuit and provide information that informs advancements in the 

therapeutic potential of the peptide. 

 

Non-Dissertation Contributions to Melanocortin Complexity 

During the period that the two primary studies presented in this dissertation were 

conducted, the author also contributed on several other projects that contributed 

significant advancements to our understanding of AgRP and MC4R signaling. The 

discovery of a new melanocortin ligand that had been implicated in canine coat color, 
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beta-defensin 103 (Candille et al., 2007) motivated further work to determine the 

molecular mode of receptor binding (Nix et al., 2013). Human beta-defensin 3 

(HBD3) was found to bind both MC1R and MC4R primarily through global 

electrostatic similarity. In an effort to validate this model of ligand recognition, we 

synthesized other members of the beta-defensin family using orthogonal and semi-

orthogonal chemical synthesis methods to correctly form the disulfide bonds critical 

to their structures. Performing a molecular similarity analysis revealed some of these 

to be potential new ligands of MC1R, and more generally expanded on the central 

role that electrostatics play in this receptor-ligand system (Nix et al., 2015) 

 

More recently, we provided AgRP(83-132) to a group investigating the role of inward-

rectifying potassium channels to melanocortin signaling. Strikingly, AgRP and α-MSH 

were found to regulate neuron firing of PVN neurons through MC4R in a G-protein 

independent manner. AgRP was classified as a biased agonist by facilitating opening 

of the channels through MC4R binding independently of α-MSH antagonism, thereby 

hyperpolarizing neurons. Driven by our interests in AgRP structure and function, we 

identified a functional role that AgRP non-ICK segments may contribute. AgRP(87-

120), while equivalent to wild-type in antagonism and inverse agonism at MC4R, was 

abolished of its biased agonist role in these potassium channels (Ghamari-Langroudi 

et al., 2015). Unpublished experiments with other AgRP variants agree with this 

finding, setting the stage for further investigations as to the structure-function 

interplay of AgRP as an inward-rectifying potassium channel biased agonist.  
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While these contributions represent truly novel paradigm shifts, and in both cases 

required significant time and effort, they are not discussed further in this dissertation 

due to a lack of contribution in the conception and writing. Instead, two projects are 

highlighted here that approach AgRP from distinct perspectives.  

 

Dissertation Summary 

In Chapter 2 of this dissertation, we present evidence to a mechanism of the long-

term effects of AgRP that has long been plagued by discordant findings between 

animal models and AgRP processing. Building off of previous work in our lab 

(Madonna et al., 2011) where variations in non-ICK amino acids lead to drastic 

differences in rat feeding, we build a case that the mechanism of this finding is 

related to interactions with syndecans through heparan sulfate glycosaminoglycans. 

 

Chapter 3 attempts to improve on the inherent stability of AgRP using peptide 

chemistry to develop more potent therapeutics. Head-to-tail peptide cyclization has 

only recently been applied to ICK peptides, and it is unknown as to whether their 

stability can be increased further. This is important as they are already considered 

important molecules for drugs and drug/imaging scaffolds. Other families of ICK 

peptides show varying degrees of improvement from cyclization, and our contribution 

extends the applicability of this chemistry to the only mammalian knottins, ASIP and 

AgRP. 

 

Taken together, this dissertation sheds new light on long-standing questions 
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regarding structural discrepancies between AgRP and ASIP, attempts to unify two 

seemingly incompatible but important observations in AgRP activity and processing, 

and highlights the agouti-family of knottins as being amenable to peptide chemistry 

used in modern peptide drug design.  

 

Figure 8 New paradigms in melanocortin signaling over the time course of this 
dissertation. As opposed to the simple model presented in Figure 5, our 
understanding of melanocortin signaling has increased greatly. New ligands of the 
melanocortin system have been discovered in beta-defensins, though their relevance 
in feeding is unclear. AgRP has been classified as a biased agonist to Kir7.1 
potassium channels, causing MC4R to couple to the channels in a G-protein 
independent manner. Chapter 2 of this dissertation investigates the role of syndecan-
derived glycosaminoglycans in modulating the localization of AgRP near its receptor. 
Chapter 3 attempts to utilize peptide cyclization to create more potent ligands for use 
of therapeutics for cachexia. 
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Throughout this introduction, there have been several recurring themes. First, AgRP 

and MC4R hold a critical position in the control of energy homeostasis and physically 

lie in an anatomical region that is known to integrate a host of peripheral signals. The 

evidence for this presented has been primarily from exogenous administration of 

ligands or genetic models in rodents, but the importance is also manifested by 

disruptions of human energy homeostasis. Mutations at MC4R contribute the most 

common monogenetic defect that is associated with severe obesity (Farooqi and 

O’Rahilly, 2005, 2008). Plasma levels of AgRP are correlated with body mass 

(Hoggard et al., 2004; Katsuki et al., 2001) and certain polymorphisms predispose 

individuals to anorexia nervosa (Adan et al., 2003). Second, there is a disconnect 

between AgRP’s action as a long-term stimulator of feeding and the short-term 

timescale that ARCAgRP neurons turn on and off in response to food presentation. 

Third, signaling at MC4R is multifaceted and variations in activity are related to 

receptor dynamics, distribution, downstream signaling, and accessory molecules. 

These themes have motivated the continued study of this anabolic component of 

energy balance (Figure 8), and through this work, we have further advanced our 

understanding of the long-term and complex signaling of a highly potent modulator of 

energy homeostasis.  
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Summary 

Syndecans potently modulate AgRP signaling in the central melanocortin 

system. Through heparan sulfate moieties, syndecans are thought to anchor 

the agouti-related peptide (AgRP) near its receptor, enhancing its orexigenic 

effects. Original work proposed that AgRP's N-terminal domain facilitates this 

interaction. However, this is not compatible with evidence that this domain is 

post-translationally cleaved. Addressing this long-standing incongruity, we 

used calorimetry and magnetic resonance to probe interactions of AgRP 

peptides with glycosaminoglycans including heparan sulfate. We show that 

mature, cleaved, C-terminal AgRP, not the N-terminal domain, binds heparan 

sulfate. NMR shows that the binding site consists of regions distinct from the 

melanocortin receptor-binding site. Using a library of designed AgRP variants, 

we find that the strength of the syndecan interaction perfectly tracks 

orexigenic action. Our data provides compelling evidence that AgRP is a 

heparan sulfate binding protein, and localizes critical regions in the AgRP 

structure required for this interaction. 

 

Introduction 

AgRP-releasing neurons play a central role in regulating hunger and body weight 

homeostasis (Liu et al., 2013) . With cell bodies located in the arcuate nucleus (ARC) 

of the hypothalamus, AgRP neurons detect signals from circulating hormones such 

as leptin, ghrelin and insulin, and respond through axonal projections to several 
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distinct brain regions, including the paraventricular nucleus (PVN) and the lateral 

hypothalamus (LH) (Krashes et al., 2014). These orexigenic signals are opposed by 

the release of α-melanocyte stimulating hormone (α-MSH) in overlapping brain 

regions by pro-opiomelanocortin (POMC) neurons. AgRP neurons are essential for 

stimulating feeding in response to food deprivation, while ablation of these neurons 

leads to stress induced-anorexia (Denis et al., 2015). AgRP neuron activity is 

transient and returns quickly to basal levels once feeding commences (Chen et al., 

2015). Yet, when compared to NPY and GABA, which are also released from AgRP 

neurons, AgRP neuropeptide is uniquely responsible for sustaining long- term 

feeding (Krashes et al., 2013). 

 

AgRP signaling acts through the central melanocortin system, a critical hypothalamic 

pathway that consists of two G-protein coupled receptors, melanocortin receptors 3 

and 4 (MC3/4R), and their peptide ligands. At MC4R, the receptor most directly 

linked to body weight regulation, AgRP acts as an antagonist and inverse agonist to 

stimulate feeding and promote positive energy balance (Chai et al., 2003; Haskell-

Luevano and Monck, 2001, p.; Ollmann et al., 1997). The antagonizing action of 

AgRP inhibits binding of agonist α-MSH, also expressed in the arcuate nucleus. 

Recently, AgRP has been demonstrated to modulate inward-rectifying potassium 

channels through MC4R in a G-protein-independent manner (Ghamari-Langroudi et 

al., 2015). In humans, genetic disruptions of MC4R function lead to severe obesity 

(Farooqi and O’Rahilly, 2005), while plasma levels of AgRP correlate with body mass 

(Shen et al., 2002)(Hoggard et al., 2004). In rodents, centrally administered AgRP 
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stimulates feeding above baseline for up to seven days (Hagan et al., 2001). The 

ability of this system to regulate energy balance to such a dramatic extent gives it 

potential to treat debilitating waste disorders, and AgRP and its mimetics are 

considered prime therapeutic leads in the treatment of cachexia (Krasnow and 

Marks, 2010).  

  

Produced initially as a proprotein, AgRP is post-translationally cleaved by proprotein 

convertases to release the mature, disulfide-rich 50 amino acid AgRP(83-132) 

(Creemers et al., 2006). The ten cysteines within this core form five disulfide bonds, 

three of which adopt an inhibitor cystine knot (ICK) fold found most commonly in 

invertebrate toxins (McNulty et al., 2001). A miniaturized variant of the peptide, 

AgRP(87-120), retains full affinity and cAMP inhibitory action at MC4R as the wild-

type peptide (Jackson et al., 2002). We have previously demonstrated that regions of 

AgRP outside of the ICK core, while not required for receptor binding, are necessary 

for increasing feeding and appetite in rats, and contain positively charged residues 

well-conserved amongst mammalian sequences. Figure 1 summarizes these 

structural features of AgRP. Strikingly, we found that truncations or mutations that 

reduce positive charge in this non-ICK region (R/KàQ) attenuate feeding, while 

mutations that increase charge significantly increase feeding. The most positively 

charged variant extended the number of days feeding above baseline well past that 

of AgRP(83-132), and lead to a 25% greater increase in body mass over  

five days (Madonna et al., 2011).  
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Figure 1 AgRP (83-132) structure (PDB: 1HYK) and schematic indicating ICK 
and non-ICK regions. AgRP’s structure includes the functional domains shown here 
and their contribution to MC4R binding. Disulfide bonds are shown in yellow. The 
schematic highlights the N-terminal segment and C-terminal loop, which are 
conserved in mammalian sequences. The active loop possesses an RFF triplet 
(residues 111-113) necessary for melanocortin receptor binding. Positively charged 
residues within these non-ICK domains are indicated. 

 

Syndecans, a family of heparan sulfate proteoglycans, have been suggested to act 

as accessory molecules to enhance the efficacy of AgRP at MC4R (Reizes et al., 

2006). Membrane-bound syndecans are involved in many physiological processes 
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Not Required for MC Binding
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via interactions with other proteins through negatively charged heparan sulfate 

glycosaminoglycan (GAG) chains attached to the core protein (Bishop et al., 2007). 

Via GAGs, syndecans tether and present proteins at specific locations, often near 

other receptor proteins, and also provide protection from proteolysis (Duchesne et 

al., 2012; Lortat-Jacob et al., 1996; Sadir et al., 2004; Stanford et al., 2009). The 

tethering of chemokines by GAGs is crucial for the formation of gradients that directs 

leukocyte trafficking to damaged tissues. In the melanocortin system, mounting 

evidence suggests that syndecans significantly potentiate the effects of AgRP action. 

Ectopic expression of syndecans leads to severe obesity and type-II diabetes in mice 

(Reizes et al., 2001), with the phenotype being similar to that of the MC4R knockout 

and lethal yellow phenotypes. Similarly, transgenic mice that produce constitutively 

shed syndecan-1 are resistant to obesity. The regulation of syndecan-3, expressed 

in the hypothalamus, was found to be controlled by energy balance, where fed mice 

possess more syndecan-3 in its cleaved form, and fasted mice contain more cell 

surface bound syndecan-3. Directly testing effects on the melanocortin system in cell 

culture revealed that syndecan-3 co-transfected with MC4R in HEK cells potentiates 

the cAMP inhibitory actions of AgRP. In comparison to syndecan overexpression, 

genetic disruption of hypothalamic syndecan-3 leads to a lean phenotype and 

reduced sensitivity to food deprivation (Zheng et al., 2010). This same work 

demonstrated that syndecans directly potentiate the action of AgRP at MC4R. 

Furthermore, AgRP peptide localization near MC4R was significantly reduced 

compared to wild-type mice without reductions in neuropeptide Y (NPY) localization, 

which is expressed by the same neurons. This result was observed without any 
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alterations in AgRP, NPY, or α-MSH expression levels. Adding to this hypothesis, 

heparanase was recently found to be an important regulator of body mass in an 

MC4R dependent manner, more generally implicating the role of GAGs in MC4R 

(Karlsson-Lindahl et al., 2012).  

 

Not only do these results provide compelling evidence to a role for syndecans in 

MC4R signaling, but they also point to a mechanism for increased feeding found 

previously for our charged AgRP variants. Despite this, questions remain as to 

whether the mature form of AgRP possesses molecular features necessary to 

interact with syndecans via GAGs. While the unstructured N-terminal domain of 

AgRP has been suggested to drive this interaction (Reizes et al., 2001), subsequent 

work by Creemers et al. and our lab demonstrated that this region is post-

translationally cleaved before secretion to release the physiologically relevant 

AgRP(83-132). Lack of cleavage at this site decreases the efficacy of the peptide 

(Creemers et al., 2006; Jackson et al., 2006). These results are in opposition to the 

paradigm above, as suggested by physiological experiments, that AgRP interacts 

with syndecans. 

 

Here, we describe the interaction of AgRP(83-132), the cleaved N-terminal domain, 

and our designed AgRP variants, with size heterogeneous heparin and heparan 

sulfate, along with defined heparin oligosaccharides. We find that AgRP(83-132) 

binds with high affinity to heparin and heparan sulfate, while a synthetic N-terminal 

domain of AgRP fails to show in vitro binding. Remarkably, our truncated and 
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designed AgRP mutants display a differential binding affinity to GAG polymers that 

perfectly matches the feeding trend we observed in rats. The differences in these 

peptides reside solely in the non-ICK domains. We then show evidence for general 

electrostatic complementarity rather than a specific GAG binding epitope that is 

driven by these non-ICK domains. Together, these studies define AgRP(83-132) as a 

heparan sulfate binding protein and provide mechanisms for variants that 

significantly alter in vivo feeding, addressing a long-standing discrepancy between 

models of heparan sulfate proteoglycan modulation of MC4R and its molecular basis. 

 

Results 

Only AgRP(83-132) binds heparin, not the unstructured N-terminal domain 

There exists virtually no literature examining the interaction of AgRP and either 

syndecans or protein-binding GAGs. Low-resolution experiments have identified the 

extended, unstructured N-terminal domain of AgRP (residues 21-82) as being 

responsible for syndecan binding, with AgRP(83-132) demonstrating no 

affinity(Reizes et al., 2001). Proteins must be able to bind heparin in vitro to be 

classified as a heparan sulfate binding protein (HSBP) (Xu and Esko, 2014). To 

directly test this proposed mechanism of GAG binding, we used isothermal titration 

calorimetry (ITC) to measure the thermodynamic properties of mixed molecular 

weight heparin (17-19kDa) and AgRP peptides in solution. Heparin consists of 

repeating disaccharide units composed primarily of iduronic acid and glucosamine 

and possesses a high degree of sulfation. Heparin provides a convenient first test of 

GAG binding due to this high level of sulfation, as well as the fact that heparin is 
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commercially available in large quantities. We initially set out to measure the 

differences in binding affinity between heparin AgRP(83-132) compared to full-length 

AgRP (FLAgRP). Due to the difficulties in solubilizing FLAgRP at concentrations 

appropriate for ITC, we used solid phase peptide synthesis to chemically prepare the 

unstructured N-terminal domain separate from AgRP(83-132). We reasoned that if 

the N-terminal domain retained the molecular determinants of GAG binding, it alone 

would display affinity by ITC. 

 

We titrated heparin into a solution of the N-terminal domain to measure heparin 

affinity. To our surprise, the titrations produce no measurable heat of binding, 

indicating that this unstructured region does not bind heparin. Repeating the 

experiment with AgRP(83-132) produces a robust heat of binding and a dissociation 

constant of KD = 20 ± 6 nM, as shown in Figure 2. The interaction is enthalpically 

driven and gives a stoichiometry of n=15.19. This stoichiometry indicates that each 

heparin fragment of average MW=18000kDa contains roughly 15 AgRP monomers.  
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Figure 2 ITC results of size-heterogeneous heparin titrated into solutions of the 
Cys-rich AgRP(83-132) and the unstructured N-terminal domain. The Cys-rich 
domain of AgRP(83-132) and the flexible N-terminal domain (shown above) were 
synthesized as individual peptides. Heparin was titrated into solutions of each, and 
thermodynamic parameters, including dissociation constants were obtained. While 
the N-terminal domain exhibited no binding, AgRP(83-132) had a dissociation 
constant of KD = 20 ± 6 nM 

 

These data do not support the hypothesis that the N-terminal domain of AgRP, which 

is now known to be post-translationally cleaved, interacts with the GAG components 

of syndecans. In direct contrast, the mature, structured C-terminal domain AgRP(83-

132) displays a very high affinity to heparin in solution, comparable to other HSBP 

(Xu and Esko, 2014).  

 

Designed AgRP mutants differentially bind heparin and heparan sulfate 

As our initial experiments showed that AgRP(83-132) binds heparin with high affinity, 

we next explored whether the positively charged amino acid residues in the non-ICK 
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regions of the peptide had any influence on this binding. These regions were 

previously found to be critical for feeding in rats without having any effect on 

melanocortin receptor binding or cAMP inhibition, and it was hypothesized that this 

could be due to regulation by GAGs via heparan sulfate proteoglycan 

presentation(Madonna et al., 2011). We synthesized variants of AgRP from that 

study with truncations of these non-ICK regions (AgRP87-132, AgRP83-120, 

AgRP87-120) along with designed mutants where i) positive charged was added as 

lysine residues (AgRP4K) or ii) existing positively charged residues were mutated to 

glutamine (AgRP4Q). All sequences are summarized in Table 1. 

 

Table 1 Sequences of AgRP variants used in this study.  The mature, C- terminal 
domain AgRP(83-132) is displayed first. AgRP(87-120) represents the  minimal ICK 
domain required for high affinity in vitro binding. Non-ICK positive charges are 
highlighted in blue, and the removal of positively charged amino acids in AgRP4Q is 
shown in red 
 
We subjected each of the peptides to the same ITC experiments with heparin as 

described in the previous section and found dramatic differences in affinities among 

them. Sample ITC data of heparin titrations are shown in Figure 3. Of the three 

truncated peptides, the ability to bind heparin is abolished in AgRP(87-132) and 

AgRP(87-120). AgRP(83-120) retains some affinity, but has over a four-fold higher 

SSRR  CVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCR  KLGTAMNPCSRT

            CVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCR  KLGTAMNPCSRT

SSRR  CVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCR  

            CVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCR  

SSQQ  CVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCR  QLGTAMNPCSQT

KKRR  CVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCR  KLKTKMNPCSRT

AgRP(83-132)

AgRP(87-132)

AgRP(83-120)

AgRP(87-120)

AgRP4Q

AgRP4K

. 

AgRP Variant Sequences
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dissociation constant, KD = 80 ± 20 nM. We found substantial differences in AgRP4Q 

and AgRP4K as well. AgRP4Q is absent of any heparin affinity, showing no 

appreciable heat of binding in the ITC experiment. The peptide lacks two arginines 

from the four amino acid N-terminal segment as well as a lysine and arginine in the 

C-terminal loop, all of which are mutated to glutamine. AgRP4K displays significantly 

enhanced affinity for heparin. This peptide substitutes four non-charged amino acids 

in the N-terminal segment and C-terminal loop for lysines, which gives a dissociation 

constant of KD = 4.6 ± 0.5 nM.  

 

Figure 3 Raw isotherms of heparin and heparan sulfate ITC titrations into 
AgRP peptides. Left, (A-F), Size heterogeneous heparin was titrated into AgRP 
variants as indictaed. Right, (A-F), The same experiments were also performed with 
heparan sulfate, the more physiologically relevant GAG.  

 

While heparin binding is a requirement for HSBPs, the polysaccharide does not 

accurately represent the physiologically relevant GAG found on syndecans and other 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
-120

-100

-80

-60

-40

-20

0

20-1.0

-0.8

-0.6

-0.4

-0.2

0.0

-10 0 10 20 30 40 50 60 70 80 90 100 110

Time (min)

Molar Ratio
0.00 0.05 0.10 0.15 0.20 0.25

-2.00

0.00

-0.04

-0.02

0.00

0.02

0.04

0 10 20 30

Time (min)

Molar Ratio
0.00 0.02 0.04 0.06 0.08 0.10 0.12

-80.00

-70.00

-60.00

-50.00

-40.00

-30.00

-20.00

-10.00

0.00

10.00-0.80

-0.70

-0.60

-0.50

-0.40

-0.30

-0.20

-0.10

0.00

0.10
0 10 20 30 40 50

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

0.00

-0.10

-0.05

0.00

0.05

0.10
0 10 20 30

Time (min)

Molar Ratio

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

-50.00

-40.00

-30.00

-20.00

-10.00

0.00

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

0 10 20 30 40 50 60

Time (min)

Molar Ratio

0.00 0.05 0.10 0.15 0.20 0.25

-160

-140

-120

-100

-80

-60

-40

-20

0

20
-5

0

5
0 10 20 30 40 50 60 70

Time (min)

Molar Ratio

AgRP(83-132)
AgRP(87-132) AgRP(83-120)

AgRP(87-120) AgRP4K AgRP4Q

A B C

D E F

0.0 0.5 1.0
-10.00

-8.00

-6.00

-4.00

-2.00

0.00
-0.60

-0.50

-0.40

-0.30

-0.20

-0.10

0.00

0.10

0.20
0 10 20 30 40 50 60 70

0.00 0.05 0.10 0.15 0.20 0.25
-2.00

0.00

-0.20

0.00

0.20
0 10 20 30

Time (min)

Molar Ratio
0.0 0.5 1.0

-8.00

-6.00

-4.00

-2.00

0.00
-0.50

-0.40

-0.30

-0.20

-0.10

0.00

0 10 20 30 40 50 60

0.0 0.5

-4.00

-2.00

0.00

2.00

4.00

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30
0 10 20 30 40

Time (min)

Molar Ratio
0.0 0.5

-25.00

-20.00

-15.00

-10.00

-5.00

0.00

-0.80

-0.60

-0.40

-0.20

0.00

0 10 20 30 40 50 60

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
-2.00

-1.00

0.00

1.00

2.00-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30
0 10 20 30

Time (min)

Molar Ratio

AgRP(83-132) AgRP(87-132) AgRP(83-120)

AgRP(87-120) AgRP4K AgRP4Q

A B C

D E F

Heparin Titration Heparan Sulfate Titration



	 52	

heparan sulfate proteoglycans. All cells possess syndecans, and heparan sulfate 

(HS) is their primary GAG component. Structurally, HS varies most from heparin 

regarding its degree of sulfation at C2 of the uronic acids, and C3/C6 at the 

glucosamine residues. In general, HS possess fewer stretches of polymer that are 

highly sulfated and negatively charged, and thus would be expected to bind proteins 

with less affinity in electrostatically driven interactions. HSBPs should still display an 

affinity for HS in vitro. We used HS derived from bovine kidney with an average 

molecular weight of 14 kDa to test AgRP(83-132) and the same panel of truncates 

and designed variants retained their differential GAG-binding properties. Sample ITC 

data of heparan sulfate titrations are shown in Figure 3, and data are summarized in 

Table 1. As expected, there is a general trend of reduced affinity for HS compared to 

heparin, presumably due to the reduced global negative charge inherent to HS. 

AgRP(83-132) binds to HS with a  dissociation constant of KD= 8.2 ± 0.6 μM, which 

is comparable to the affinity of other HSBPs for heparin. As with heparin, AgRP(87-

132), AgRP(87-120), and AgRP4Q show no binding by ITC, while AgRP(83-120) 

displays a reduced affinity compared to AgRP(83-132), KD= 15 ± 3 μM. AgRP4K 

retains a remarkably high affinity for HS, with KD= 0.54 ± 0.1 μM. The stoichiometry 

for AgRP(83-132) is n=7, indicating that each HS fragment contained roughly seven 

AgRP monomers, and predicted a minimum protein binding region to be an HS 

heptamer. Stoichiometry measurements did not differ greatly among the peptides 

exhibiting HS binding.  
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Table 2 ITC results with AgRP variants. Each AgRP variant was titrated with either 
size heterogeneous heparin or heparan sulfate. Thermodynamic data was measured 
including dissociation constants and stoichiometry. GAG-binding appears to be 
directly correlated to non-ICK positive charge. Experiments were repeated with each 
peptide 2-4 times and the reported error is the standard deviation of each set of 
measurements. 

 

As seen in Figure 4, these calorimetry results (plotted as heparin and heparan 

sulfate KD) show a remarkable relationship with our previous feeding studies (vertical 

bars) using this panel of AgRP variants (Madonna et al., 2011). AgRP4Q, AgRP(87-

132), and AgRP(87-120) exhibit no affinity towards either heparin or HS, and are the 

variants that produce the smallest 24-hour feeding response in our previous feeding 

study (Madonna et al., 2011). Interestingly, in that study, truncates AgRP(87-132) 

and AgRP(83-120) did not produce equivalent feeding responses, and our data here 

show that they similarly do not produce equivalent responses to heparin/HS binding. 

AgRP(83-120) has a high affinity for both GAG ligands, matching the increase in 

feeding it produced compared to the other truncated versions of AgRP. We find 

similar trends with AgRP(83-132), AgRP4Q, and AgRP4K. AgRP4Q has a 
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significantly smaller effect on 24-hour feeding compared to the other designs, and 

here, did not bind heparin or HS. AgRP4K’s effect on feeding is dramatic and 

significantly higher than that of AgRP(83-132), again, matching the trend for GAG 

binding. Our previous study (Madonna et al., 2011) also examined long-term effects 

on energy balance and change in body mass, though these were only measured in 

the non-truncate peptides. Consistent with 24-hour feeding, body mass increased in 

the order AgRP4Q, AgRP(83-132), and AgRP4K, again matching the trend for 

increased GAG binding.  

 

Figure 4 Comparison of ITC data with rat feeding data from *Madonna et 
al.Each AgRP variant was titrated with either size heterogeneous heparin or heparan 
sulfate. Thermodynamic data was measured including dissociation constants and 
stoichiometry. GAG-binding appears to be directly correlated to non-ICK positive 
charge. 
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AgRP GAG binding sites do not appear to be specific 

We used nuclear magnetic resonance spectroscopy (NMR) to determine the contact 

surface responsible for the AgRP/GAG interaction. Recombinant expression in E. 

coli produced 15N-labeled versions of AgRP(83-132) suitable for chemical shift 

perturbation heteronuclear single quantum coherence (HSQC) experiments. Initially, 

we attempted to titrate size heterogeneous heparin chains into solutions of the 

peptide but experienced severe solubility issues with sub-stoichiometric amounts of 

heparin. Turning to our ITC experimental results, we calculated that AgRP 

monomers would interact with roughly GAG heptamers. After optimizing 

experimental conditions for several candidate GAG ligands, we found that heparin 

hexasaccharides (dp6) were most suitable for NMR. We confirmed the relevance of 

dp6 by ITC, titrating the hexasaccharide into solutions of AgRP at physiologically 

relevant pH. We determined that the interaction is roughly 1:1 with an n=0.8 and 

dissociation constant of KD=6.4 ± 0.5 μM (data not shown). 

 

We titrated heparin dp6 at increasing concentrations into solutions of 50 μM 

AgRP(83-132) at pH=6 to observe the highest number of resonances. Figure 5A 

shows regions of this 15N-1H HSQC spectra of AgRP(83-132) overlaid with that of 

AgRP/dp6 complexes at ratios of 1:0.5, 1:1, 1:2, 1:4, and 1:7 AgRP:dp6. All peaks 

from unbound AgRP have corresponding ligand bound peaks, indicating the 

preservation of the peptide’s structure. Peaks from the numerous arginine side 

chains were aliased and could not be definitively assigned. Inspection of the titration 
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data shows a number of peaks that shift in a manner consistent with fast-exchange 

on a chemical shift timescale. Importantly, peaks from both non-ICK regions, the N-

terminal segment and C-terminal loop, appear to shift with the addition of heparin 

dp6.  

 

Figure 5 HSQC chemical shift perturbation data from titration of heparin into 
AgRP peptides. A, HSQC data of AgRP(83-132) titrated with heparin dp6 showing 
residues from both C-terminal loop (K121, L122, A125) and N-terminal segment (R86) 
shifting. B, Data plotted as delta chemical shifts and are considered to be shifting 
significantly if over the mean or one standard deviation of all chemical shifts. Non-ICK 
regions, which are important for GAG binding by ITC, are boxed.   
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We calculated average chemical shifts and noted which residues shifted greater than 

the mean and greater than one standard deviation, and considering these to be 

significant (Williamson, 2013). This analysis is shown in Figure 5B. A number of 

significantly shifted residues appear within the C-terminal loop and N-terminal 

segment, including the positively charged R86 and K121. We also note regions 

between the C-terminal loop and N-terminal segment display dramatic shifts, 

including L90 and H91. Interestingly, G123 and A125 both exhibit significant 

perturbation as part of the C-terminal loop. This observation is noteworthy as it is 

where two of the four lysine mutations occur in AgRP4K. A relatively smaller 

distribution of shifted residues occurs within the MC4R-binding ICK-core. None of the 

positively charged residues in this domain display perturbation, including R111, part 

of the RFF triplet required for high-affinity receptor binding. We were unable to 

assign resonances for the N-terminal Ser83 and Ser84, presumably due to solvent 

exchange. Taken together, our findings explain the relative GAG affinities of the 

AgRP analogs in Table 1.  Specifically, despite carrying positive charge, the C-

terminal loop alone is not capable of conferring a strong GAG interaction.  However, 

the AgRP fold organizes this loop to be proximal to the N-terminal extension, 

synergistically forming an extended positive patch capable of high affinity GAG 

binding. 

 

We next set out to characterize the binding surfaces of AgRP4Q and AgRP4K, the 

variants with the most extreme differences in feeding and HS binding, in the same 

manner as with AgRP(83-132). Both peptides were expressed in E. coli using 
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recombinant techniques and 15N-labeled in minimal media. The 15N-1H HSQC 

spectra of both peptides were well dispersed and overlapped with AgRP(83-132) to a 

large extent, indicative of the peptide adopting a similar fold. Not unexpectedly, 

titration of heparin dp6 into a 50 μM solution of AgRP4Q does not yield any 

appreciable chemical shift perturbations, with spectra of the peptide with increasing 

concentrations of ligand being virtually indistinguishable from apo-AgRP4Q (Figure 

6).  

 

Figure 6 HSQC spectra of AgRP4Q overlayed with spectra of AgRP4Q titrated 
with 1, 2, 4, and 7 equivalents of heparin dp6. Lack of any significant chemical 
shifts indicate that there are no interactions between AgRP4Q and heparin. These 
data are in agreement with the lack of appreciable heat of binding found in 
calorimetry assays with the peptide and heparin/ heparan sulfate. While AgRP4Q 
substitutes Gln residues for four positively charged non-ICK  amino acids, the ICK-
core still possess three Arg residues. 
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We were unable to perform the same NMR analysis with AgRP4K due to persistent 

solubility issues, likely arising from a much higher affinity for heparin dp6 compared 

to AgRP(83-132). As smaller heparin fragments can be employed to obtain structural 

information about HSBPs (Murphy et al., 2007), we turned to heparin dp2 

disaccharides. We first titrated heparin dp2 into solutions of AgRP(83-132) to 

determine binding differences between it and dp6. While there are differences in 

perturbations, the general trends observed from the experiments with dp6 are 

consistent with the smaller oligosaccharide. Using heparin dp2 with AgRP4K, we 

found no issues with solubility as we did with dp6. As seen in Figure 7, heparin dp2 

titration leads to multiple regions of the AgRP4K shifting in fast exchange as with 

AgRP(83-132). A large concentration of these shifting peaks occurs in the non-ICK 

regions, including the positively charged residues R885, R86, K121, and R131. As 

with AgRP(83-132), position 123 also shifts significantly, here where it has been 

mutated to lysine from glycine. Overall, the data suggest that rather than relying on a 

specific region, AgRP(83-132) relies on general electrostatics to bind GAGs in a 

manner that is distinct from melanocortin receptor binding. 
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Figure 7 HSQC chemical shift perturbation data from titration of heparin into 
AgRP peptides. A HSQC data of AgRP4K titrated with heparin dp2 showing 
residues from both C-terminal loop (K121, L122, K123, K125) and N-terminal 
segment (R85, R86) shifting. B, Data plotted as delta chemical shifts and are 
considered to be shifting significantly if over the mean or one standard deviation of 
all chemical shifts. Non-ICK regions are boxed and we were able to observe both C-
terminal loop mutations of AgRP4K, G123K and A125K.  
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potential can be a better predictor of GAG-binding regions. As our NMR data did not 

reveal a linear binding sequence for heparin oligosaccharides, we sought to 

determine the electrostatic topology of AgRP(83-132) and compare this with these 

NMR experimental results.  

 

We first visualized our NMR data by plotting residues exhibiting shifts greater than 

the average and one standard deviation onto a surface representation of AgRP(83-

132). Inspection of the surface map for AgRP(83-132) confirms that there is not a 

specific site or GAG-binding epitope, though there are areas that seem to be less 

affected by heparin dp6 as revealed by the relative lack of perturbed residues upon 

180° rotation. Using the built-in feature in Chimera, we solved the linearized Poisson-

Boltzmann (LPB) equation for the structure of AgRP(83-132) to determine the 

electrostatic surface properties. Figure 6A shows the comparison of the surface 

potential map and NMR chemical shift data. AgRP(83-132) displays mostly positive 

charge density throughout. By far the highest concentration of positive charge 

density occurs in the C-terminal loop. Comparing the electrostatics with our 

experimental results, we see that the regions most affected are mostly contained in 

the areas with concentrated positive charge, particularly in the C-terminal loop. 

Furthermore, the majority of the positively charged surface is contained on one face 

of the peptide in a similar manner as residues perturbed by dp6.  

 

We then visualized AgRP4K’s binding surface for heparin dp2 from NMR in a similar 

fashion and also determined its surface electrostatics. AgRP4K’s electrostatic 
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surface is very similar to that of AgRP(83-132). The differences are seen primarily 

through an even greater concentration of positive charge in the C-terminal loop of 

AgRP4K. Comparison of the electrostatic surface with NMR data from heparin dp2 

titration is shown in Figure 6B. Once again, the perturbed regions of the peptide 

overlap well with the most positively charged surfaces of AgRP4K, especially in the 

C-terminal loop. Compared to AgRP(83-132), AgRP4K possesses positive charge 

density on both halves of the peptide, and the NMR data mimic this difference. The 

calculation of AgRP4Q’s surface electrostatics produced little positive charge 

density, which was in agreement with the lack of any chemical shifts resulting from 

titration with heparin dp6. 

 

Figure 8 Comparison of GAG-binding and electrostatic surfaces of AgRP 
peptides. A, Top, NMR chemical shift perturbation data from heparin dp6 titration 
depicted on surface of AgRP(83-132). Residues shifting above the average chemical 
shift and one standard deviation are colored as noted. Bottom, same perspective of 
AgRP(83-132), with surface electrostatics as calculated by APBS shown. The 
dashed red circle highlights the non-ICK segments and the region between them, 
and the RFF triplet is indicated with solid red circles. B, Top, NMR chemical shift 
perturbation data from heparin dp2 titration depicted on the surface of AgRP4K. 
Residues shifting above the average chemical shift and one standard deviation are 
colored as noted. Bottom, same perspective of AgRP4K, with surface electrostatics 
as calculated by APBS shown.  
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These comparisons between peptide electrostatic surface and NMR perturbation 

surface are in agreement with the hypothesis that AgRP peptides rely on general 

electrostatic complementarity to bind GAGs rather than containing a defined epitope. 

The region with the most positive charge density is in the C-terminal loop, a region 

not required for high-affinity melanocortin receptor interactions. AgRP4K increases 

charge density by adding two lysine mutations in this loop, further increasing the high 

concentration of positive charge, leading to enhanced heparin binding and increased 

feeding. 

 

Discussion 

Heparan sulfate binding proteins typically rely on electrostatic complementarity to 

bind GAGs (Faller et al., 1992; Olson et al., 1991; Ori et al., 2008), though linear 

patches of positively charged amino acids do not necessarily predict these 

interactions. They range from being mediated by specific, GAG-binding epitopes, to 

non-specific global electrostatic patches. All types are found in nature and can be 

equally important in their relevant systems (Xu and Esko, 2014). In order for a 

protein to be considered an HSBP, it has been suggested they should i) bind 

heparin, a commercially available surrogate for more relevant GAGs, in vitro ii) bind 

heparan sulfate, the major sugar component of syndecans, and iii) be present in a 

biologically relevant context, most commonly in the extracellular space. The work of 

Reizes et al. has clearly demonstrated this third criterion through a thorough set of 

animal and cell culture experiments (Reizes et al., 2001, 2003, 2006; Zheng et al., 

2010). To this point, however, the mechanism of syndecan involvement in AgRP 
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action has been contingent on the flexible N-terminal domain binding protein-bound 

glycosaminoglycans. This model is not consistent with literature demonstrating that 

this region is post-translationally cleaved away. The evidence for this N-terminal 

domain-GAG interaction is extremely limited, and a thorough examination of the 

physiologically relevant form of AgRP’s GAG-binding potential is needed to address 

this discrepancy in the literature.  

 

Our data provide compelling evidence to contradict the hypothesis that syndecan 

binding requires AgRP’s N-terminal domain. Our calorimetry data demonstrate this 

clearly with heparin, a paradigm that strongly favors showing even modest peptide-

GAG interactions using a technique that is quite sensitive. AgRP(83-132) binds 

heparin with a very high affinity comparable to other established HSBPs (Xu and 

Esko, 2014). We also show that the peptide binds to the less negatively charged 

heparan sulfate with an affinity still comparable to other peptides’ affinity for heparin. 

These experiments reveal the physiologically relevant, C-terminal domain of AgRP to 

be a HSBP. This result is significant in that it is compatible with both the extensive 

physiological basis for syndecan involvement in melanocortin signaling and the 

current model for AgRP processing and pharmacology. While the C- and N-terminal 

domains together may act synergistically to bind GAGs, our results clearly 

demonstrate that mature C-terminal AgRP alone is sufficient.  

 

We have also gained insight into divergent molecular aspects of AgRP compared to 

agouti-signaling peptide (ASiP). ASiP utilizes regions outside of its ICK and MC3/4R 
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binding core to recognize MC1R and attractin as an accessory molecule. While these 

equivalent domains of AgRP are non-essential for its function in vitro, our biophysical 

data reveal that these regions contribute to form a GAG-binding surface on the 

peptide. This provides an explanation for the observation that these non-ICK regions 

are essential for maximal in vivo feeding effects. We hypothesize that these regions 

allow AgRP to be locally recruited by heparan sulfate proteoglycans near its cognate 

receptor, increasing its local concentration as well as potentially increasing AgRP’s 

half-life (Figure 9). Our results do not indicate that there is an overlap of HS and 

MC4R binding sites. Therefore, the possibility remains that syndecans may also act 

as a co-receptor to facilitate MC4R binding, though AgRP possesses low nanomolar 

affinity in the absence of syndecans in cell culture binding assays. This model is in 

agreement with the significant reduction of peptide localization in the paraventricular 

nucleus, a critical site for MC4R function, in mice lacking syndecan-3. Using surface 

electrostatics to examine potential heparan-sulfate binding sites has been suggested 

as current best practice to identify GAG-binding regions (Xu and Esko, 2014). 

Generating a surface representation of AgRP’s electrostatics reveals a general 

agreement between the regions of highest positive charge and amino acids 

influenced by heparin titration. Large patches of positive charge, rather than a single 

site, characterize the GAG-binding site. These large patches do not include positively 

charged amino acids within the MC4R-binding ICK core.  
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Figure 9 Schematic of a proposed mechanism for MC4R modulation by 
syndecans. Full-length AgRP is post-translationally cleaved to release AgRP(83-
132). This mature form of AgRP (represented here) is able to interact with both 
heparan sulfate proteoglycans, via GAGs, and MC4R. The non-ICK regions of the 
peptide are dispensible for MC4R binding and activity, but are required for high-
affinity GAG binding. These regions have a highly electropositive surface that is 
further increased in the case of AgRP4K, and removed with AgRP4Q. Our results 
leave open the possibility of syndecans concentrating AgRP near its receptor, and/or 
acting as a co-receptor. 
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respect to MC4R binding, both our previous results and work here provide evidence 

of an important in vivo function for AgRP’s short N-terminal segment and C-terminal 
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HSBP, we established that this differential binding among AgRP variants exists, from 

a biophysical standpoint, with both heparin and heparan sulfate. The alignment 

between the trends in GAG binding and feeding adds weight to the hypothesis of 

MC4R modulation by syndecans, though this must next be directly tested 

physiologically. AgRP4K contained mutations at G123 and A125 as they were 

unlikely to play a structural role. Our current study shows that in AgRP(83-132), both 

of these amino acids are perturbed by GAGs and lie in a region of AgRP that is 

highly dense in positive charge surface. Lysine substitution was therefore 

advantageous both in terms of GAG perturbation and increasing positive charge 

density in an area already concentrated in it. The combination of NMR and 

electrostatics may be useful to guide further peptide designs that increase both 

affinity for GAGs and appetite.  

 

The implications of AgRP possessing the molecular determinants of GAG binding 

are intriguing. Critically, this reconciles the physiological importance of heparan 

sulfate proteoglycans in MC4R signaling with AgRP post-translational processing, 

strengthening the current hypothesis and providing a new context for pursuing this 

paradigm further. Considering how heparan sulfate proteoglycans act on other 

peptides, these data also propose a mechanism for AgRP’s robust long-term effects 

on energy balance, a characteristic recently corroborated at a neurobiological level 

(Krashes et al., 2013). Finally, considering that AgRP has therapeutic potential for 

wasting disorders such as cachexia, our data provide mechanistic explanations to 

describe how variants may differentially stimulate feeding in a manner distinct from 
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direct manipulation of MC4R binding. As central control of feeding and energy 

balance regulation continues to be a rich area of research, deciphering the molecular 

details that underpin this circuitry and expanding our understanding of the 

increasingly complex biology of MC4R stands to grow our understanding of energy 

homeostasis and the diseases that arise from its disruption.  

 

Experimental Procedures 

Solid phase peptide synthesis and purification 

All peptides were synthesized using Fmoc solid phase peptide synthesis on a Liberty 

1 Peptide Synthesizer from CEM Corporation (Matthews, NC) and a Discover 

Microwave unit. Peptides were assembled on a ChemMatrix H-rink amide resin from 

PCAS BioMatrix Inc (PCAS Quebec, Canada). Amino acids were purchased through 

Aapptec (Louisville, KY), HOBt hydrate and DIC were obtained from Oakwood 

Chemical (Estill, SC), piperidine from Spectrum (Gardena, CA), and all other 

reagents were purchased from Sigma-Aldrich (St. Louis, MO). Fmoc deprotection 

was achieved using a 20% piperidine solution in DMF. All amino acids were double 

coupled with microwave cycles using 4 equivalents of Fmoc-amino acid in HOBt/DIC, 

with arginine couplings also subjected to extended coupling. Coupling cycles 

concluded with a capping step using 10% acetic anhydride in DMF. AgRP(87-132) 

and AgRP(87-120) were acetylated at the N-terminus by reacting with the same 

acetic anhydride solution for 5 min. Fully synthesized peptide-resins were split into 

two reaction vessels, washed with DCM, and dried. A solution of 12 mL of TFA 

containing 0.5 mL each of TIPS/EDT/liquefied phenol (as scavengers) was added to 
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each reaction vessel of dry peptide resin and incubated for 1.5 hours. The resin was 

filtered and washed with 1 mL TFA, and the combined filtrate and wash was then 

added to 90 mL of cold, dry diethyl ether for precipitation. The precipitate was 

collected by centrifugation, and the ether was discarded. The pellet was dissolved in 

15 mL 1:1 H2O/CAN (0.1% TFA) and lyophilized. Peptides were purified by RP-

HPLC on Vydac (Hesperia, CA) preparative C18 columns, and fractions collected 

and analyzed by ESI-MS on a Micromass (Wythenshawe, UK) ZMD mass 

spectrometer. Peptides corresponding to the correct molecular weight were pooled 

together and lyophilized. 

 

Peptide folding with disulfide bond formation was accomplished by incubation in an 

oxidative folding buffer (2.0 M GuHCl/0.1 M Tris, 3mM GSH, 400 μM GSSG, pH 8.5) 

at a peptide concentration of 0.1mg/mL. Peptides were stirred gently overnight. 

Folding was monitored by RP-HPLC on a C18 analytical column. All peptides folded 

to one major peak with a mass corresponding to the formation of the correct number 

of disulfide bonds. The folded product was purified by RP-HPLC on a C18 semi-

preparative column. We assessed purity by reinjecting a small amount of folded 

peptide on an analytical RP-HPLC. Sample purity was determined to be >95%. 

Quantitative analysis of the peptide concentrations was done by UV absorption. 

 

Protein expression and purification 

We purchased plasmids from DNA 2.0 (Newark, CA) using the pJ411 vector and 

containing the sequence corresponding to MKd5-AgRP(25–132). The sequence 
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included an N-terminal 10X histidine tag and an internal TEV protease recognition 

site, ENLYFQS, with cleavage occurring after Q, thereby allowing the release of 

AgRP(83-132). AgRP4Q and AgRP4K were constructed in the same manner, with 

appropriate amino acid mutations. Protein expression was done in E. coli BL21Star 

(DE3) (Invitrogen). The 15N-labeled proteins were grown in M9 minimal media 

supplemented with 1 g/L 15N-ammonium chloride. Cells were grown at 37° C until 

they reached an OD600 of 0.6-0.8, at which point protein expression was induced 

with 1 mM n-isopropyl-1-thio-D-galactopyranoside (IPTG) overnight at room 

temperature. The full-length constructs were solubilized from inclusion bodies in 8 M 

urea and run over a Ni2+ charged immobilized metal affinity column (IMAC) on an 

AKTA purifier system (GE Healthcare). Peptides were then purified further using RP-

HPLC, and subsequently identified by mass spectrometry and lyophilized. 

 

Full-length AgRP proteins were first allowed to fold in an oxidative buffer. Folding 

was confirmed by ESI mass spectrometry. To release the disulfide-rich C-terminal 

domain, all full-length, folded proteins were dissolved in potassium phosphate buffer, 

pH=5.5, and incubated with TEV protease at a mass ratio of 5:1 peptide to protease. 

The reactions were allowed to proceed at room temperature overnight and then were 

purified using semi-preparative RP-HPLC. In all cases, peaks were observed for the 

folded C-terminal domain, the cleaved, unstructured N-terminal domain, and TEV 

protease. 
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Isothermal Titration Calorimetry (ITC) 

All heparin (H3393) and heparan sulfate (H7640) were purchased from Sigma-

Aldrich. Heparin oligosaccharides (dp6 and dp2) were produced by Iduron (U.K.) and 

purchased from Galen Laboratory Supplies (Middletown, CT). 

 

ITC experiments were conducted with a MicroCal VPITC calorimeter. In general for 

all peptides, 25-45μM AgRP peptide, and 150-250 μM heparin/heparan sulfate were 

used. For AgRP(83-132)-heparin dp6 binding, peptide concentration was 35 μM and 

dp6 concentration was 1.3 mM. Peptides were dialyzed overnight before the assay in 

a buffer containing 100 mM NaCl and 50 mM HEPES(pH=7.4). Data analysis was 

performed using the Origin calorimetry software package assuming a one site-

binding model with n values, reflecting the stoichiometry of the peptide-GAG 

complex. Experiments were repeated in each case 2–4 times, and the reported error 

is the S.D. of each set of measurements. 

 

NMR Spectroscopy 

All samples were prepared in a buffer containing 50 mM MES monohydrate, free 

acid,100 mM NaCl, 10% D2O, and 0.2 mM TMSP at pH=6. Protein was added to 

final concentration of 50-100 μM, depending on the heparin oligosaccharide being 

used. Heparin dp6 or dp2 were titrated in increasing peptide:GAG ratios (1:0.5, 1:1, 

1:2, 1:4, 1:7, 1:10). Concentrations beyond this tended to cause peptide 

precipitation. 1H-15N HSQC spectra were recorded at 25°C in-house on a Bruker 

Ascend 800-MHz spectrometer (Bruker-Biospin, Boston, MA). NMR spectra were 
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analyzed using NMR Pipe and Sparky. Structural analysis was done with UCSF 

Chimera. Assignment of resonance peaks affected by mutation for AgRP4K was 

done using three-dimensional 15N-TOCSY HSQC and 15N-NOESY HSQC NMR 

spectra of peptide alone. 

 

Electrostatic Calculations 

Electrostatic calculations were performed on AgRP(83-132) with the Adaptive 

Poisson-Boltzmann Solver (APBS) in Chimera (Baker et al., 2001). The mutations 

AgRP4Q and AgRP4K were introduced with the swapaa command in Chimera 

before calculating the surface electrostatics with APBS. 
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Summary 

As a modification to increase stability, head-to-tail peptide cyclization has 

recently been used with knottins, a class of highly stable, disulfide-rich 

peptides that derive their name from their molecular knot structure. Knottins 

are considered an important class of molecules in the development of peptide-

based drugs. The agouti-family knottins, agouti signaling peptide (ASIP) and 

agouti-related peptide (AgRP), are promising leads in treating melanoma and 

cachexia, respectively. Here, we examine the utility of cyclization on agouti-

family knottins. Using peptide hydrazides to synthesize cyclic analogs of ASIP 

and AgRP, we find the imposed chemical restraint does not alter peptide 

structure or function as melanocortin antagonists, and does not change 

internal dynamics. We compared the peptides’ stability in human serum, 

finding that cyclic ASIP has a measureable increase in resistance to 

proteolysis. This extends the applicability of cyclization to a mammalian family 

of knottins, highlighting its value and flexibility in the production of peptide 

therapeutics.   

 

Introduction 

The use of peptides as therapeutics or scaffolds to deliver therapeutic payloads, or 

imaging agents, has become increasingly popular in recent years. Peptides offer 

high levels of specificity and potency to their molecular targets (Craik et al., 2013; 

Fosgerau and Hoffmann, 2015). The drawbacks that come with the use of peptides 

over small molecules include reduced absorption, necessitating intravenous injection 
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in most cases, and a high susceptibility to proteases (Dharanipragada, 2013; 

Piekielna et al., 2013). The effort to improve peptide stability has led to an interest in 

knottin peptides, commonly observed in plants and invertebrate toxins, as highly 

stable scaffolds (Daly and Craik, 2011; Kintzing and Cochran, 2016; Moore et al., 

2012). 

 

Inhibitor cystine knot (ICK, also known as knottin) peptides are attractive scaffolds for 

medical purposes due to several desirable production and pharmaceutical qualities. 

Knottins may be prepared in a variety of ways, either chemically or using 

recombinant methods, allowing for diverse modifications. They often maintain their 

structure and function even after exposure to high temperature, extreme pH, and 

proteolytic enzymes (Kolmar, 2009, 2008; Li et al., 2014). The presence of flexible 

loop regions also makes them tolerant to mutagenesis, allowing for a variety of 

amino acid substitutions without a disruption of the backbone structure. These 

characteristics are derived from an inhibitor cystine knot core consisting of three 

disulfide bonds, one of which threads through a loop formed the other two, conferring 

the peptide with exceptional stability (Craik et al., 2001). Cyclotides possess a similar 

motif referred to as a cyclic cystine knot (CCK). Along with a conserved three-

disulfide knot connectivity, cyclotides also possess a backbone N to C-terminal 

peptide bond. This backbone cyclization combined with the CCK core work 

synergistically to make cyclotides especially resistant to thermal, chemical, and 

proteolytic degradation (Burman et al., 2014; Craik, 2009; Ji et al., 2013; Weidmann 

and Craik, 2016). 
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Motivated by these qualities of plant cyclotides, several groups have utilized 

cyclization of non-ICK peptides via chemical methods to increase their stability and 

function (Clark et al., 2010, 2005). While not fully understood, cyclization renders 

peptides less susceptible to proteases and may dampen internal dynamics, creating 

a more rigid structure (Wang et al., 2015). Improvements in peptide folding yield 

have also been observed after cyclization of non-ICK, disulfide-rich peptides, 

presumably through a reduction in entropy of the unfolded state (Daly et al., 1999). 

The benefits of head-to-tail cyclization in knottin peptides have yet to be explored to 

the same degree and as it has in non-ICK peptides. In a few cases, cyclization has 

indeed yielded an improvement in the pharmaceutical properties of knottin peptides, 

though this is not true of every case (Akcan et al., 2015; Heitz et al., 2008; Kwon et 

al., 2016). Designing knottin peptides to be more “cyclotide-like” may be a useful 

approach to facilitate drug design and requires the exploration of the effects of 

cyclization on a diverse family of knottins.  

 

One such family is the agouti-family of knottins found in humans and other 

vertebrates (Cooray and Clark, 2011). These peptides act as antagonists and 

inverse agonists of the melanocortin system, a group of G-protein coupled receptors 

and ligands that modulate an array of physiological functions. Agouti signaling 

peptide (ASIP) is involved in mammalian coat color and skin pigmentation through its 

interactions at melanocortin receptor 1 (MC1R) (Bultman et al., 1992). Agouti-related 

peptide (AgRP) binds MC3R and MC4R in the hypothalamus, regulating energy 
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expenditure and appetite (Farooqi and O’Rahilly, 2008; Hagan et al., 2001; Hoggard 

et al., 2004; Shen et al., 2002). Both are translated as peptides consisting of 

unstructured N-terminal domains, and an ICK C-terminal domain. ASIP’s 

unstructured N-terminal domain is thought to facilitate MC1R activity by binding 

attractin (Bolin et al., 1999; Hida et al., 2009; Kiefer et al., 1998), while the ICK core 

binds the receptor. AgRP’s N-terminal domain is cleaved away post-transnationally, 

leaving the ICK core and short, flanking peptide segments (Creemers et al., 2006; 

Jackson et al., 2002). Along with the three disulfide bonds forming the cystine knot, 

both peptides possess two additional disulfide bonds, yielding three distinct and 

flexible loops that are important in melanocortin receptor binding and specificity. 

Their structures and sequences are compared in Figure 1. ASIP, through its role in 

inhibiting melanosome production, has been identified as having a therapeutic role in 

augmenting the effects of chemotherapy treatments for melanoma (Huang et al., 

2012). AgRP’s ability to drastically stimulate feeding in animal models, and its known 

role in energy balance in humans, make it a potential therapeutic for cachexia, a 

debilitating wasting disorder (Krasnow and Marks, 2010). Furthermore, a 

miniaturized form of AgRP that possesses only its knottin core, and retains full MC 

affinity and function, has been used as a cancer-imaging agent by inserting an 

integrin binding epitope into one of its flexible loops (Kimura et al., 2010). As ASIP 

and AgRP both have therapeutic potential and already bear the ultra-stable ICK core, 

they are ideal candidates for investigating the effects of cyclization on knottin 

peptides.  
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Here, we describe the head-to-tail backbone cyclization of the human agouti family 

peptides, ASIP and AgRP. Using solid-phase peptide synthesis, we prepared the 

knottins as peptide hydrazides on a hydrazine-functionalized solid phase resin. We 

used the peptide hydrazides as thioester surrogates for subsequent native chemical 

ligation and oxidative folding to form the backbone peptide bond and disulfide bonds, 

respectively. AgRP retained its native structure as confirmed by nuclear magnetic 

resonance spectroscopy, despite requiring a six amino acid linker to cyclize. We also 

found that the cyclic analogs retained their ability to bind with high affinity to their 

respective receptors. To test the effects of cyclization, we subjected them to serum 

stability assays. The cyclized form of ASIP showed an improvement at early time 

points in serum degradation while cyclic AgRP did not differ from its linear 

counterpart. Finally, we further investigated the effects of cyclization on the internal 

hydrogen bond dynamics of AgRP using NMR-derived temperature coefficients.  

 

Results 

Synthesis of Peptide Hydrazides 

There are a variety of published methods for chemical and enzymatic backbone 

cyclization, and we chose our method based several factors. First, we required a 

synthetic method compatible with Fmoc solid phase peptide synthesis (SPPS). Our 

preliminary studies of various methods revealed that working with sidechain 

protected agouti-family peptides in solution was not feasible due to solubility issues. 

While we had initial cyclization success with traditional native chemical ligation-

based methods, the formation of a C-terminal thioester significantly diminished our 
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yields. Recently, Zheng et al. described a method of peptide cyclization using 

synthesized peptide hydrazides. The peptide hydrazide is readily synthesized using 

Fmoc SPPS (though in low yields with agouti-family peptides) and is subsequently 

converted in situ to a thioester to facilitate native chemical ligation with an N-terminal 

cysteine. We utilized this approach for both agouti-family knottins. 

 

This approach necessitated the conversion of ChemMatrix trityl-OH to trityl-NHNH2 

prior to beginning the synthesis. Yields and crude purity of ASIP and AgRP are 

greatly enhanced using ChemMatrix resin, designed to facilitate the synthesis larger 

and difficult-to-make peptides. We did attempt to use 2-Cl-(Trt)-Cl resins followed by 

hydrazination, however we were unable to efficiently couple amino acids to the 

extent required for ASIP and AgRP, presumably due to those resins only being 

available with inadequate, polystyrene supports. Overnight chlorination converted the 

trityl-OH resin to trityl-Cl, which we then converted trityl-NHNH2 using hydrazine 

before beginning synthesis. 

 

ASIP required minimal alterations for cyclization. As native chemical ligation required 

an N-terminal cysteine, we chose a linear permutation of ASIP-YY that left C123 as 

the N-terminal residue and efficiently produced cyclized peptides, as indicated in 1. 

Previous work in this lab determined that solubility improves by including the 

naturally-occurring 13 amino acids prior to the first cysteine, and folding is greatly 

enhanced by the following point mutations: Q115Y, S124Y (McNulty et al., 2005). 

Linear ASIP also uses this modified sequence. The 13 N-terminal amino acids in 



	 84	

ASIP-YY appeared to be of sufficient length to bridge the gap between the termini 

based on measured distances.  

 

Figure 1 Structures and sequences of AgRP(83-132) and ASIP YY. The two 
agouti-family mammalian knottin peptides possess simililar structures derived 
from five disulfide bonds. Both peptides present three flexible loops that 
determine their melanocortin receptor sub-type specificity. The sequences and 
disulfide connectivities are shown below the structures. ASIP YY contains an 
extended flexible N-terminus to fascilitate head-to-tail cyclization, while AgRP(83-
132) required the addition of a six amino acid linker  as in AgRPSL6. Asterisks 
indicate the cysteine chosen as the N-terminal amino acid during synthesis to 
facilitate native chemical ligation. 
 

AgRP required several modifications to be synthesized and cyclized successfully. As 

with ASIP-YY, AgRP’s natural sequence does not contain an N-terminal cysteine, 

requiring the synthesis of several permutations of the peptide to determine the most 

optimal version. We were able to synthesize several iterations of linear peptide due 

to the abundant cysteines and ultimately proceeded with a sequence that gave us 

the largest crude yields and cyclization efficiency for all further synthesis, beginning 

with S93 (Figure 1). Furthermore, inspection of AgRP’s structure indicated that the 

             

    KKVVRPRTPLSAPCVATRNSCKPPAPACCDPCASCYCRFFRSACYCRVLSLN---C

SSRRCVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCRKLGTAMNPCSRTAgRP(83-132)

ASIP YY

ASIP YY

*
*
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termini would not be of sufficient length to bond without imposing a significant strain 

on the peptide backbone. Indeed, preliminary attempts in folding a version of cyclic 

AgRP without a linker region were unsuccessful. Using distances measured from the 

peptide’s structure, we incorporated a six amino acid (SG)3 linker between the N and 

C terminus. We chose to use a Ser-Gly linker to provide an inert and flexible linker 

that would retain high solubility (Robinson and Sauer, 1998). This final design with a 

starting point at S93 and six amino acid linker is referred to as AgRP SL6.  

 

All linear and cyclic peptides were synthesized using standard Fmoc chemistry and 

then cleaved from the resin using procedures described in the materials and 

methods section. Once optimized, synthesis of cyclic peptides is robust, though 

crude yields are greatly reduced compared to linear derivatives. We confirmed 

successful synthesis of the peptide hydrazide by observing a mass increase of 16 

Da.  

 

Peptide Cyclization and Folding 

We employed native chemical ligation via peptide hydrazides to cyclize linear, 

unfolded peptides. This approach allows us to work with side-chain deprotected 

peptides, greatly increasing the solubility compared to retaining those hydrophobic 

protecting groups. Working with either crude or purified starting material, we 

equilibrated peptides in 6M guanidine at pH = 3 at -15°C before the addition of 

NaNO2, converting the peptide hydrazide to a peptide azide. Finally, the addition of 

MPAA and an increase to pH 7 formed a peptide thioester followed by cyclization 
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through native chemical ligation. Appropriate mass loss following the cyclization 

reaction confirmed completion of the reaction. At this point unfolded, cyclized 

peptides require oxidative folding to form disulfide bonds. Using our standard 

oxidative folding strategies (see Materials and Methods), we observed a mass loss of 

10 Da by mass spectrometry, consistent with the formation of five disulfide bonds. 

The entire process is summarized in Figure 2. We used HPLC to follow the retention 

times of these products (Figure 3). Incubation of the folded peptides with NEM 

confirmed that there were no remaining free cysteine sulfhydryl groups.  

 

Figure 2 Cyclization and folding scheme for agouti-family knottins. Trityl-OH 
was converted first to trityl-Cl, then to trityl-NHNH2 to facilitate synthesis of peptide 
hydrazides. Standard solid phase synthesis was then performed to yield either ASIP 
or AgRP SL6. As describedin the experimental protocols, linear, unfolded peptides 
were first cyclized via ligation of peptide hydrazides. Formation of the five disulfide 
bonds was then performed in an oxidative buffer as indicated. Successful synthesis 
of cyclic peptides was confirmed with RP HPLC and mass spectrometry. 
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Structural Confirmation of Cyclized peptides 

The introduction of a head-to-tail peptide bond may impose a constraint that distorts 

the native structure. We used nuclear magnetic resonance spectroscopy (NMR) to 

confirm that the knottin structures were not perturbed. AgRP peptides were produced 

in sufficient quantities to employ natural abundance heteronuclear single quantum 

correlation (HSQC) NMR to compare the structure of chemically synthesized wild-

type AgRP to cyclic AgRP SL6. For wild-type, we observed a well-dispersed 

spectrum that is identical to our previously assigned structure (PDB: 1HYK), 

indicative of a properly folded and disulfide-bonded peptide. Under the same 

conditions, AgRP SL6 also produces well-dispersed spectra that overlaid directly 

onto that of wild-type, clearly showing that the introduction of the six amino acid 

linker and subsequent cyclization do not alter the native structure (Figure 4). While 

we did not directly assign the linker resonances, we do note the appearance of 

several new peaks that presumably arise from the linker amino acids. We also 

produced a version of cyclic AgRP with a four amino acid linker region. Interestingly, 

the same HSQC experiments did not yield appreciable signal, indicating a disruption 

of AgRP structure caused by a shorter amino acid linker. We did not pursue further 

experiments with the four amino acid linker version of cyclic AgRP. 
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Figure 3 HPLC Traces for linear (red), cyclized (green), and oxidized/cyclized 
(blue) ASIP. Cyclization and folding progress were monitored by HPLC.  The 
retention times of ASIP vary according to the nature of the peptide. The gradient 
used was 5% to 45% B over the course of 40 minutes. Each major peak was 
collected and characterized by mass spectrometry for confirmation of appropriate 
mass loss after cyclization and subsequent oxidative folding. 
 

Similar experiments were attempted for ASIP, however due to low limited solubility 

we were unable to conduct natural abundance HSQC experiments. Similarly, 

TOCSY experiments were unable to unequivocally confirm the structure of ASIP. As 

discussed below, however, we find no differences in high-affinity binding to MC1R 

between ASIP and cyclic ASIP. In previously published research from our lab, we 

found that ASIP is particularly sensitive to changes in loop sequence and/or 

structure, with even minor modifications significantly reducing affinity to MC1R (Patel 

et al., 2010). We reason that with this sensitivity to perturbation in mind, cyclization’s 

Minutes

mAU
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lack of receptor binding disruption of ASIP is evidence that the peptide’s structure 

has not been significantly altered.   

 

Figure 4 Overlaid 1H-15N HSQC of AgRP and cyclic AgRPSL6. Cyclic AgRP 
SL6 (green) overlays nearly exactly over wild-type AgRP (red) indicating that 
cyclization does not significantly alter the peptide’s fold at pH = 6.0. The 
assignments shown are from previous work with wild-type AgRP and new peaks 
arrising from the six amino acid linker of AgRPSL6 were not assigned. 

 

 

Functional assays of ASIP and AgRP 

To examine the possible consequences of cyclization on peptide function, we 

measured receptor binding by competition binding assays using europium labeled α-
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MSH. We performed measurements on HEK293 cells that expressed either MC1R or 

MC4R, for ASIP and AgRP peptides, respectively. Figure 5A shows ligand 

displacement for all peptides, with Ki values and SEM error reported in Figure 5B. 

Linear ASIP and cyclic ASIP both bind tightly to MC1R, with Ki values of 2.40 nM 

and 2.81 nM respectively. AgRP(83-132) and cyclic AgRP SL6 exhibited very high 

affinity for MC4R, Ki=1.27 nM, and 1.50 nM respectively. The limited variation in 

binding affinities indicates that cyclic derivatives of agouti-family peptides do not 

have any effect of peptide function. Along with our NMR data showing that the cyclic 

peptides retain folded structures, these data indicate that backbone cyclization does 

not lead to a disruption in structure or function of either peptide.  
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Figure 5 Competitive Binding Assays with MC1R and MC4R. A, Competition 
binding assay curves comparing linear and cyclic versions of the peptides. The 
logarithm of antagonist is plotted on the abscissa while the amount of Eu-NDP-
MSH bound, measured as relative fluorescence, is plotted on the ordinate. B, 
Table of Ki values (in nM) for linear and cyclic peptides. Cyclic peptides do not 
bind their respective receptors differently than their linear counterparts. Mean Ki 
values (in nM) were calculated by fitting the data to a sigmoidal, dose-response 
curve with variable slope. 3All competitive binding experiments were performed 
in triplicate or greater. Standard error of the mean (SEM) is listed for each 
peptide. 
 

Serum Stability Results 

To test whether cyclization improves stability with respect to proteolysis of agouti-

family peptides, we compared degradation in human serum between linear and 

cyclic versions of ASIP and AgRP over the course of 24 hours. All peptides are 

Peptide Ki (nM) SEM 
Linear ASIP 2.40 0.20 
Cyclic ASIP 2.81 0.21 

Linear AgRP 1.27 0.13 
Cyclic AgRP 1.50 0.06 

A

B
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stable in phosphate-buffered saline (PBS) for 24 hours. Data from serum 

measurements are shown in Figure 6. During the initial 5 hours, linear ASIP shows 

significantly more degradation than cyclic ASIP in human blood serum. In this early 

time, approximately twice as much cyclic ASIP is recovered as intact peptide 

compared to linear ASIP. This increase indicates that cyclizing ASIP confers 

increased stability and inhibits enzymatic degradation in serum. However, at the 8-

hour time point, this trend reversed, and slightly less intact cyclic ASIP remains than 

linear ASIP. After 24 hours, cyclic ASIP cannot be observed via UV absorption or 

mass spectrometry. Approximately 5% of the original linear ASIP remained. Both 

versions of ASIP had less than 10% peptide remaining at 24 hours.  

 

During the first hour in serum, cyclic AgRP SL6 shows no increase in stability 

compared to linear AgRP. Between 3 hours and 8 hours, cyclizing AgRP shows a 

decrease in stability, though this effect was abolished after 24 hours. At this point, 

both linear and cyclic AgRP are roughly 33% intact.  
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Figure 6 Serum stability and linear and cyclic agouti family peptides in 
human serum. The data compare the percent of WT AgRP, cyclic AgRP SL6, 
WT ASIP, and cyclic ASIP remaining after 0, 1, 3, 8, and 24 hours in human 
serum. 

 

Cyclization effects on AgRP backbone dynamics 

To probe the effects of backbone cyclization on the hydrogen bond network of the 

peptide, we measured temperature coefficients of both wild-type AgRP(83-132) and 

cyclic AgRP SL6. Cyclization has been hypothesized to quiet internal dynamics of 

peptides, thereby enhancing their proteolytic stability. Temperature coefficients have 

been used previously (Cierpicki and Otlewski, 2001) as a simple and effective way to 

measure the presence of hydrogen bonds in proteins. Backbone amide hydrogen 

temperature coefficients more positive than -4.6ppb/K have a very high hydrogen 

bond predictivity, allowing us to compare the effects of cyclization on this network. 

 

 

 
Figure 6 Serum stability of linear and cyclic agouti family peptides in human 
serum. The data compare the percent of linear AgRP, cyclic AgRP, linear ASIP, and 
cyclic ASIP remaining after 0, 1, 3, 8, and 24 hours in human serum. 
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Figure 7 shows a comparison of the temperature coefficients for both AgRP 

peptides. We found virtually no large differences between the hydrogen bond 

networks that would indicate a change in the internal dynamics. In the C-terminal 

loop, Ser130 in AgRP(83-132) has a value of -7.85ppb/K, indicating a high likelihood 

of not forming a hydrogen bond. This value becomes significantly more positive in 

cyclic AgRP SL6, -3.85ppb/K. Arg131 has the exact opposite effect, however. The 

temperature coefficient of this residue in AgRP(83-132) has a value of -2.75ppb/K, 

strongly predicting its involvement in a hydrogen bond. Cyclization brought this value 

to -7.95ppb/K. Aside from the opposing changes in just two amino acids, these data 

suggest that cyclization does not alter the internal peptide dynamics to a significant 

degree.  

 

Figure 7 Temperature coefficient comparison of AgRP(83-132) and cyclic 
AgRP SL6. Natural  abundance 1H-15N HSQC experiments were performed at 
tempertures of 288K, 293K, 298K, 303K, and 308K and amide hydrogen 
chemical shifts were measured and plotted as Δδ/ΔT. We did not observe 
significant devations of cyclic AgRP SL6 from wild-type. 
 

Discussion 

We have successfully produced head-to-tail cyclized versions of agouti-family knottin 

peptides using native chemical ligation via peptide hydrazide intermediates. This 
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method, once optimized, robustly produced cyclized versions of large, difficult-to-

make peptides in a manner compatible with standard Fmoc chemistry. This relatively 

new approach to the synthesis of cyclic peptides has been reported elsewhere to be 

an efficient approach, and our results mostly agree. AgRP(83-132) does not possess 

closely spaced termini and requires the addition of a linker region to facilitate ligation. 

ASIP, on the other hand, does not require an additional linker region for proper 

ligation and folding.  

 

Interestingly, folding of cyclic ASIP results in significantly higher yields compared to 

oxidative folding of ASIP with free termini. Disulfide bond formation of ASIP typically 

results in peptide loss due to the formation of glutathione adducts and misfolded 

protein. After cyclization, substantially more protein is found in the major folded peak, 

and fewer glutathione adducts are formed. This benefit to peptide folding parallels 

with work done by Daly et al. (Daly et al., 1999), and is a helpful feature for the 

synthesis of a difficult-to-produce peptide. 

 

Our data demonstrate the cyclization of agouti-family knottins does not perturb their 

structure or function. NMR data confirmed that the structure of the cyclic peptides 

matched that of uncyclized. This result was particularly important with AgRP, as 

shorter linker regions (four amino acids) did not yield well-dispersed NMR spectra. 

We tested the biological activity of cyclic ASIP and AgRP by their ability to bind 

MC1R and MC4R, their natural GPCR targets, respectively. The wild-type peptides 

exhibit high-affinity binding at these receptors as endogenous antagonists to the 
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agonist α-MSH. Both cyclic peptides retain this high-affinity binding to their 

respective receptors. We did not find any enhancement of affinity to the receptors. 

 

We had hypothesized that peptide cyclization would increase resistance to 

proteolysis cleavage, potentially by i) reduced susceptibility to exoproteases due to 

the removal of free termini, ii) increase in peptide rigidity. Cyclic ASIP exhibits 

increased stability during the initial five hours of the human serum stability assays we 

employed, though this protection is diminished by 24 hours. AgRP does not display 

any significant differential protection from proteolysis and is essentially equivalent to 

its non-cyclic derivative at 24 hours. These results are consistent with the varying 

degrees of proteolytic protection conferred to cyclized knottins compared to non-

knottin, disulfide-rich peptides. This observation is seen in recent work that found 

similar resistance to proteolysis in human serum for cyclized and linear versions of 

gm9a and bru9a, two P-superfamily conotoxins (Akcan et al., 2015). Cyclized 

knottins have shown smaller increases compared small, non-ICK peptides regarding 

their serum stability (Akcan et al., 2011; Colgrave and Craik, 2004; Heitz et al., 

2008). This indicates that the agouti-family peptides, and knottins in general, already 

possess exquisite stability, though cyclized ASIP’s initial increase in stability may 

have relevance. 

 

To test differences in peptide rigidity, we measured temperature coefficients in wild-

type and cyclic AgRP SL6 and found no substantial differences between their 

hydrogen-bonded networks. Amino acids with values highly correlated to hydrogen 
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bonds did not shift to non-hydrogen bond values between the peptides. Amino acids 

with coefficients not indicative of hydrogen bonds also did not see a reversal of this 

property from one derivative to the other. We note that the only cases of this were in 

S130 and R131. In wild-type AgRP, S130 does not appear to be involved in a 

hydrogen bond while R131 does appear to do so. This change is reversed in the 

cyclic analog. Despite this, the data do not suggest that cyclization had any 

appreciable effects on peptide internal dynamics. While this could mean that 

cyclization does not change hydrogen bond networks for AgRP, we also hypothesize 

that linker size may play a significant role as well. Recent work has shown that linker 

chemical composition can have a role in cyclic conotoxin biological activity. Linkers 

that varied in their physiochemical properties yielded dramatic differences in 

biological activity, with smaller differences in stability and linker rigidity. The authors 

of that study noted that linker composition, along with size, should be considered 

when designing cyclic peptides (Carstens et al., 2016).  

 

There are several interesting implications of our results. Pretreatment of melanoma 

cells with ASIP has been shown to increase the effectiveness of traditional 

chemotherapeutics 2- to 3-fold. Increasing the stability of this peptide at any level 

could prove to have a significant effect by reducing the amount of toxic treatments 

necessary even further. Cyclic ASIP was more stable than linear ASIP throughout 

the first 5 hours. During this period, cyclic ASIP could sufficiently reduce 

melanosome production and cause increased chemotherapy efficacy before it is 

degraded in the body.  
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While wild-type AgRP demonstrated itself to be quite robust and showed no 

improvement in stability through cyclization, there remains potential for optimization 

of this process. The miniaturized form of AgRP, AgRP(87-120), is not stable 

compared to other knottin peptides as an imaging agent in rodents. Cyclization of 

this peptide may increase its usefulness as a drug scaffold, though it would 

presumably require the construction of a large linker region. Our results indicate that 

while our linker size for AgRP(83-132) was sufficient for allowing proper folding, it 

was not optimized for potential increases in rigidity and/or stability. Having 

demonstrated itself amendable to cyclization chemistry, AgRP’s potential in a wide 

range of critical applications motivates further optimization for stability. 

 

More generally, our results demonstrate the feasibility of peptide head-to-tail 

cyclization to the agouti-family of knottin peptides. Disulfide-rich peptides are 

currently showing promise as scaffolds for drug design and imaging purposes. Along 

with the potential for improved biological stability, cyclization adds a functional loop 

that is amenable to amino acid substitution for drug design. We hope that the 

expanded applicability of peptide cyclization will motivate future efforts in knottin drug 

design and stabilization. 

 

Experimental Procedures 

Solid phase peptide synthesis and purification 

All peptides were synthesized using Fmoc synthesis on a Liberty 1 Peptide 
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Synthesizer from CEM Corporation and a Discover Microwave unit (Matthews, NC). 

Non-cyclic peptides were assembled on a ChemMatrix H-rink amide resin from 

PCAS BioMatrix Inc (Quebec, Canada).  

 

Cyclic peptides were synthesized as peptide hydrazides, necessitating a trityl-NHNH-

2 resin. We began by converting ChemMatrix trityl-OH resin to trityl-Cl via overnight 

incubation with a 2% thionyl chloride (Sigma-Aldrich St. Louis, MO) in DCM. For 

each synthesis, 240mg of dry trityl-OH resin was incubated with 3mL of 2% SOCl2 in 

DCM. The following day, trityl-NHNH2 resin was prepared from the trityl-Cl resin 

using hydrazine hydrate (Sigma-Aldrich St. Louis, MO) as described in Zheng et al. 

(Zheng et al., 2013). Standard solid-phase peptide synthesis was then performed, 

described below. 

 

Amino acids were purchased through Aapptec (Louisville, KY), HOBt hydrate and 

DIC were obtained from Oakwood Chemical (Estill, SC), piperidine from Spectrum 

(New Brunswick, NJ), and all other reagents were purchased from Sigma-Aldrich (St. 

Louis, MO). Fmoc deprotection was achieved using a 20% piperidine solution in 

DMF. All amino acids were double coupled with microwave cycles using 4 

equivalents of Fmoc-amino acid in HOBt/DIC, and arginine couplings included an 

extended coupling. Coupling cycles concluded with a capping step using 10% acetic 

anhydride in DMF.  
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Fully synthesized peptide-resins were split into two reaction vessels, washed with 

DCM, and dried. For AgRP, a solution of 12 mL of TFA containing 0.5 mL each of 

TIPS/EDT/liquefied phenol (as scavengers) was added to each reaction vessel of dry 

peptide resin and incubated for 1.5 hours. The resin was filtered and washed with 1 

mL TFA, and the combined filtrate and wash was then added to 90 mL of cold dry 

diethyl ether for precipitation. The precipitate was collected by centrifugation, and the 

ether was discarded. The pellet was dissolved in 20 mL 1:1 H2O/ACN (0.06% TFA) 

and lyophilized. Linear and cyclic ASIP were cleaved using a modified cocktail 

consisting of 15 mL TFA, 1 mL TIPS, 2 mL EDT, and 1 mL phenol in order to prevent 

aberrant t-butylation of cysteine residues. Peptide was isolated using ether 

precipitation as described for AgRP. 

 

All crude peptides were purified by RP-HPLC on Vydac (Hesperia, CA) preparative 

C18 columns, and fractions collected and analyzed by ESI-MS on a Micromass 

(Wythenshawe, UK) ZMD mass spectrometer. Peptides corresponding to the correct 

molecular weight were pooled together and lyophilized. Fractions of ASIP with t-butyl 

adducts were treated 300 equivalents of DMSO in TFA with a peptide concentration 

of 0.2mg/mL for 1 hour followed by ether precipitation. The resulting peptide was 

reduced using 20mM DTT in 20mM Tris at pH 7.4 at 37°C for no more than 1 hour.  

 

Native Chemical Ligation 

Once synthesized, crude peptide or peptide first purified on a semi-preparative scale, 

was dissolved in aqueous phosphate buffer (200 mM) at pH=3.0 containing 6M 
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guanidinium chloride at concentrations ranging from 0.1-2 mg/mL peptide. The 

solution was allowed to equilibrate for 15 minutes at a temperature of -15°C before 

the addition of 10 eq. NaNO2 from a 0.5 M stock solution. This was allowed to 

incubate for 15 minutes. In order to facilitate in situ native chemical ligation, 40 eq. 4-

mercaptophenylacetic acid (MPAA) (Sigma-Aldrich St. Louis, MO) was dissolved in 

phosphate buffer containing 6M guanidinium chloride at pH=7.0 at a concentration of 

10mg/mL. This was added directly to the peptide solution and the pH was 

immediately adjusted to 6.8-7.0. The native chemical ligation reaction was allowed to 

stir overnight at room temperature before subsequent quenching with TCEP. The 

solution was diluted with 0.1% TFA in water and run on HPLC for purification. 

Cyclized peptides were confirmed by mass loss of 32 amu.  

 

Oxidative Folding 

Linear and cyclized ASIP and AgRP were folded according to previously published 

protocols (Madonna et al., 2011; McNulty et al., 2005; Patel et al., 2010). Briefly, 

ASIP was stirred at room temperature for 27 hours in a buffer consisting of 1.6 M 

guanidine, 100 mM tris, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, and 

10% DMSO, at pH=7.9. Peptide concentration was typically 0.1 mg/mL. AgRP was 

folded in 2 M guanidine, 100 mM tris, 3 mM reduced glutathione, and 0.4 mM 

oxidized glutathione at pH=8.5, with peptide concentration also 0.1 mg/mL. AgrP was 

stirred overnight at room temperature. 
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Folded peptides were purified using RP-HPLC on C18 semi-preparative columns. 

Via mass spectrometry, we confirmed a mass loss of 10 amu indicating the formation 

of 5 disulfide bonds. We used NEM to verify that there were no free cysteines. 

Peptide quantification was done using UV absorption. 

 

Competitive Binding Assay 

Ligand binding assays were performed using the DELPHIA europium-based 

quantification system on human embryonic kidney (HEK) 293T cells transiently 

transfected with MC1R and MC4R constructs, for testing ASIP and AgRP 

respectively, as previously described (Candille et al., 2007).  

 

Nuclear magnetic resonance 

Temperature coefficients for AgRP peptides were performed using natural 

abundance 1H-15N heteronuclear single quantum coherence (HSQC) spectroscopy. 

Amide proton chemical shifts were derived from spectra taken for the peptide in 

50mM MES at pH=6.0 at temperatures of 288, 293, 298, 303, and 308K. Cyclic 

AgRP SL6 was assigned by overlapping 1H-15N HSQC spectra with that of AgRP(83-

132). Linker residues were not assigned.  

 

Serum Stability Assay 

Peptides were assessed for their serum stability using a protocol modified from 

Gunasekera et al (Gunasekera et al., 2008). 20uM peptide was incubated at 37°C in 

human male blood serum (Sigma Aldrich) for up to 24 hours. A negative control was 
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done in phosphate buffered saline (PBS).  For all peptides, linear and cyclic, 40 uL 

aliquots were taken at 0hr, 1hr, 3hr, 5hr, 8hr, and 24 hr. These aliquots were 

quenched by addition of 40 uL of 6M urea, and then incubated for 10 minutes at 4°C. 

40 uL of 6% TFA was then added and again incubated at 4°C. The sample was 

centrifuged at 13000 g for 10 minutes and loaded on a C18 analytical RP-HPLC 

column. We used a 1%/min gradient of 5% -50% solvent B (acetonitrile with 0.06% 

TFA). Elution times of intact peptides were determined by the PBS control at the 0hr 

time point and verified using mass spectrometry. Percent remaining peptide was 

determined using integrated 214 nm signal. All experiments were done in triplicate. 
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Currently, research into the circuits that dictate feeding is primarily focused on the 

neurobiological connectivity and how that relates to behavior (Webber et al., 2015). 

Specifically, with AgRP and MC4R, much of the interest is in how the neurons that 

express these proteins are connected neuroanatomically, the patterns of their firing 

in response to stimuli, and the phenotypes and physiological responses that occur in 

response to either manipulation or physiological stimuli (Betley et al., 2015; Chen et 

al., 2015). The last point is particularly fascinating, as current advances in technology 

have allowed for precise activation/inhibition of sub-populations of neurons never 

possible before.  

 

These complex networks often display behavior that is counterintuitive when 

considered from hormonal contexts. AgRP neurons appear to activate/inhibit on 

timescales much shorter than the neuropeptide itself acts. However, with regards to 

AgRP’s MC4R-specific activity, this delayed and long-term action appears to provide 

a complimentary input for central nervous system control of energy balance (Krashes 

et al., 2013). The entire system of energy balance, both peripheral and central, relies 

on multiple and sometimes redundant inputs of energy and activity status to mount 

the appropriate long- and short-term responses (Chambers et al., 2013).  
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The work presented in this dissertation highlights the unique properties of AgRP. We 

have endeavored to understand one mechanism for this protracted effect as well as 

leverage this property for therapeutic purposes.  

 

Reconsidering Syndecans as Potent AgRP Modulators of Long-Term Feeding 

If it were not for the strong evidence pointing to AgRP being post-translationally 

cleaved to AgRP(83-132), there would be no doubt in the role syndecans play as 

accessory molecules to melanocortin signaling. The amount and quality of research 

implicating syndecans in this function is extensive and convincing. However, one 

simply cannot ignore the molecular implications of AgRP processing and the 

proposed mechanism of syndecan binding, though this is often the case in more 

recent reports (Breit et al., 2011; Karlsson-Lindahl et al., 2012; Zheng et al., 2010).  

In a recent overview of the history and future directions of research in the 

melanocortin system, Anderson et al. acknowledge the literature supporting a 

regulatory role for syndecans (Anderson et al., 2016). However, specifically with 

regards to full-length AgRP being cleaved and eliminating the extended N-terminal 

domain, they note that “If in fact, this is the case, the physiological relevance of 

syndecans in AgRP signaling would be diminished. Further work in the area will be 

necessary to establish the in vivo site of posttranslational cleavage of AgRP in order 

to settle this controversy.” 

 

Instead, our findings suggest that this syndecan hypothesis is not contingent on an 

interaction between GAGs and AgRP’s N-terminal domain. We have provided 
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evidence that C-terminal AgRP(83-132) is sufficient to be a heparan sulfate binding 

protein, thus providing mechanistic support for both hypotheses, syndecan 

involvement, and AgRP processing, to exist simultaneously. We also suggest a 

mechanism by which our previously designed (Madonna et al., 2011) AgRP variants 

exerted their differential effects. In that study, sites for mutation were chosen on the 

basis of not disrupting the C-terminal loop structure. Our current findings show that 

those sites contributed to an enhanced concentration of electropositive surface. This 

surface, similar in WT and AgRP4K, is responsible for high-affinity interactions with 

GAGs. This motivates further design to produce even more potent forms of the 

peptide, which will be informed by our NMR studies and electrostatic surface 

mapping.  

 

Our results also provide evidence of the role of non-ICK segments in AgRP. These 

structural features are not required for high affinity, in vitro MC4R interactions, 

though they are critical for long-term in vivo feeding. As our data suggest that the 

general surface responsible for GAG binding is separate from the receptor-binding 

regions, this leaves open the exact role that syndecans play in MC4R signaling. 

Evidence suggests that are necessary for localizing AgRP near its receptor, but with 

distinct receptor and GAG-binding sites, they may also act as a co-receptor. It should 

be stated again, however, that low nanomolar affinities at MC4R are observed in cell 

culture without the non-ICK segments. Furthermore, syndecans may protect AgRP 

from proteolysis (Xu and Esko, 2014), which would indeed be expected to extend the 

time course of AgRP action on MC4R.  
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Our study does not directly test the role of AgRP-syndecan interactions, which would 

be best studied in cell culture and in vivo. Studies in HEK cells have already 

demonstrated that AgRP displays enhanced antagonistic activity when MC4R is co-

transfected with syndecan-3 (Reizes et al., 2001). While genetic disruption of 

hypothalamic syndecan-3 has been shown to significantly reduce AgRP localization 

in the PVN (Zheng et al., 2010), our results provide additional variants that may be 

useful in supporting this hypothesis. Further experiments should test this by using 

our variants, particularly AgRP4K and 4Q, in syndecan-3 knockout mice. Feeding 

behavior and peptide localization would be predicted to different between the 

variants and wild type while knocking out the proteoglycan would abolish the GAG-

binding advantage conferred to wild type and 4K. As genetic disruption often leads to 

compensatory mechanisms to be enhanced, this could also be tested using 

heparanase, which cleaves heparan sulfate chains from their protein scaffold. While 

deletion of syndecan-3 only tests one type of proteoglycan, disruption of the GAG 

network followed by administration of AgRP variants would test the general GAG-

dependence of the peptide’s efficacy. Our lab has initiated studies in syndecan 

knockout mice. We have been able to establish a significant, differential effect on 

feeding and weight gain of AgRP 4K administration in knockout mice versus their 

wild-type littermates, though the data remain preliminary. Continuing to study this 

interaction will further help to elucidate the role of this regulatory molecule and inform 

further AgRP design for potent, appetite-stimulating molecules.  
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Therapeutic Potential of AgRP through Cyclization 

While AgRP’s long-term action and exceptional stability have been noted, as a drug 

or scaffold, it has been less consistent. Miniaturized AgRP(87-120) has been 

designed for use as an imaging scaffold. When administered via IV, it is rapidly 

degraded compared to other knottins that display similar stability properties (Kimura 

et al., 2010). This makes a case for attempts to further improve AgRP’s stability as 

thermal and chemical stability properties may not predict pharmacokinetic properties. 

 

For this, we turned to head-to-tail peptide cyclization, a peptide chemistry strategy 

that has had success in significantly increasing the stability of some disulfide-rich 

peptides (Akcan et al., 2011; Clark et al., 2005; Craik et al., 2001; Wang et al., 2013). 

Synthesizing peptide hydrazides as thioester surrogates (Zheng et al., 2013), we 

successfully cyclized the two agouti-family knottins, AgRP and ASIP. Both peptides 

retained their affinity for their respective melanocortin receptors, and cyclic AgRP’s 

structure was confirmed even with the addition of a six amino acid linker. Cyclization 

did not lead to reductions in internal peptide dynamics for AgRP, and stability in 

human serum was similarly unchanged. Cyclic ASIP displayed increases in its serum 

stability that may be particularly helpful in its use as a co-treatment for melanoma 

(Huang et al., 2012).  

 



	 115	

Our study has added the agouti-family of knottins, the only known mammalian 

knottins, to the group of peptides that are amendable to cyclization. The influence of 

cyclization on AgRP as a therapeutic for wasting disorders remains to be 

determined, however here we have developed a robust method of cyclization that is 

compatible with Fmoc solid phase peptide synthesis. Optimization of both linker 

length and chemical properties for cyclic AgRP may produce a version that does 

display increased stability and/or activity (Carstens et al., 2016). Furthermore, 

application of this chemistry to AgRP(87-120) may lead to better performance of this 

miniaturized form as a scaffold peptide. Linker optimization will be particularly 

important here, as the physical distance of the termini is greater than with wild type. 

In either case, cyclization also adds a flexible loop that may be useful to target 

secondary sites of importance by grafting useful epitopes onto it, or in the case of 

orexigenic effects, positively charged residues.  

 

Along with our work in advancing the understanding of beta-defensins as ligands  

of the melanocortin system (Nix et al., 2015) and contributions to molecular aspects 

of AgRP’s influence on Kir7.1 coupling (Ghamari-Langroudi et al., 2015), the work 

presented in this dissertation has aided in furthering our understanding of this 

complex anabolic component of energy balance. Through continual efforts to 

understand this system at a neurobiological, physiological, structural, and therapeutic 

level, research in the melanocortin system will greatly support to answer the 

fundamental questions of when, how, and why we eat. 
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