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ABSTRACT: The agouti-related protein (AgRP) plays a
central role in energy balance by reducing signaling through
the hypothalamic melanocortin receptors (McRs) 3 and 4, in
turn stimulating feeding and decreasing energy expenditure.
Mature AgRP(83-132), produced by endoproteolytic process-
ing, contains a central region that folds as an inhibitor cystine
knot (ICK) stabilized by a network of disulfide bonds; this
domain alone carries the molecular features for high affinity
McR binding and inverse agonism. Outside of the ICK domain
are two polypeptide segments, an N-terminal extension and a C-terminal loop, both completely conserved but of unknown
function. Here we examine the physiological roles of these non-ICK segments by developing a panel of modified AgRPs that
were administered to rats through intracerebroventricular (ICV) injection. Analysis of food consumption demonstrates that basic
(positively charged) residues are essential for potent short- and long-term AgRP stimulated feeding. Moreover, we demonstrate
an approximate linear relationship between protein charge density and 24 h food intake. Next, we developed artificial AgRP(83-
132) analogues with increased positive charge and found that these species were substantially more potent than wild type. A
single dose of one protein, designated AgRP-4K, results in enhanced feeding for well over a week and weight gain that is nearly
double that of AgRP(83-132). These studies suggest new strategies for the development of potent orexigenic species and may
serve as leads for the development of therapeutics for treating wasting conditions such as cachexia.

The agouti-related protein (AgRP) is produced in the
hypothalamus and acts to stimulate feeding and decrease

energy expenditure.1,2 AgRP is a high affinity inverse agonist of
the melanocortin 3 and 4 receptors (Mc3R and Mc4R),
members of the G-protein coupled receptor (GPCR) super-
family. Transgenic mice that overexpress AgRP exhibit
increased feeding, profound weight gain, and metabolic
imbalances often associated with diabetes.3 In humans, AgRP
plasma levels correlate with body mass,4 while certain
polymorphisms predispose individuals to anorexia nervosa.5,6

Because of its potency in stimulating feeding, leading to weight
gain, AgRP and its mimetics are considered prime therapeutic
leads in the treatment of cachexia, the wasting condition
associated with cancer and AIDS.7

There are a number of designed ligands that stimulate
feeding, including SHU9119, THP, MBP10, and NBI-30,8 but
none are more potent after a single low dose administration
than AgRP. Moreover, AgRP’s effects are prolonged. A single
intracerebroventricular (ICV) AgRP injection produces en-
hanced feeding for up to 7 days,9 and animals receiving a dose
of AgRP followed 24 h later by administration of MTII (a
melanocortin agonist) return to elevated feeding levels at 48 h
(24 h after agonist injection).10

AgRP is produced as a 132 amino acid pro-protein that
undergoes proprotein convertase (PC 1/3) cleavage, following
residue 82, to release its cysteine-rich C-terminal domain
(Table 1).11,12 The 10 cysteine residues within AgRP(83-132)
form a network of five disulfide bonds, as shown in Figure 1.13

Structure determination by NMR demonstrates that residues
87-120 adopt an inhibitor cystine knot (ICK) fold, a scaffold
previously found exclusively in invertebrate toxins.13 AgRP is
homologous to the agouti signaling protein (ASIP), which is
expressed in the skin and controls pigmentation by suppressing
signaling through Mc1R. Both proteins share the ICK core
region in their respective C-terminal domains.14 In contrast to
AgRP, however, the ASIP N-terminal domain is retained and
binds to attractin, an interaction that is essential for in vivo
function.15

In addition to Mc1R binding, ASIP is also capable of high
affinity interactions with Mc3R and Mc4R, as demonstrated by
the obese phenotype in the lethal yellow Ay/a mouse.3 In
contrast, AgRP binds exclusively to Mc3R and Mc4R.2 We
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recently reported a study using a panel of ASIP/AgRP chimeras
with the goal of identifying the specific features in ASIP
required for Mc1R affinity.16 We found that the ASIP C-
terminal loop, just past the ICK core, was critical for Mc1R
recognition. Moreover, grafting this loop onto the AgRP ICK
core resulted in a protein with a Mc1R Kd of approximately 30
nM. As shown in Figure 1, these studies now complete the
characterization of ASIP’s functional domains.
In contrast, the functions of the polypeptide segments

outside of AgRP’s ICK core are unknown (Figure 1). The four
residue segment preceding the ICK core (Ser-Ser-Arg-Arg) and
the 13 residue C-terminal loop are both highly conserved

among mammals (Table 1), yet deletion of these segments has
absolutely no affect on the Mc3R or Mc4R binding affinities or
in vitro activity.17 Specifically, a mini protein composed of just
the AgRP ICK core, residues 87-120, possesses approximately
the same Mc3R and Mc4R affinity as AgRP(87-132)17 and
AgRP(83-132)18 and exhibits equivalent inverse agonism.19

AgRP is a strongly cationic protein, and interestingly, five of the
seven positively charge amino acids are located in the regions
outside of the ICK core (defined by the first and last Cys
residues).
To address the functional significance of the segments

outside of the ICK core domain in mature AgRP(83-132)

Table 1. Agouti Related Protein Sequencesa

aBasic residues in the N-terminal segment and C-terminal loop are shown in blue.

Figure 1. Schematic of ASIP and AgRP structure/function. The sequence diagram (above) illustrates homologous regions of the two proteins and
corresponding functional domains. Question marks indicate the two regions of AgRP of conserved but otherwise unknown function. Structure of
AgRP(83-132) (below) illustrates the spatial location of the different regions.
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(Figure 1), we performed ICV experiments on Long-Evans rats
using a panel of AgRP variants in which select non-ICK
components are deleted. We find a remarkable relationship
between long-term feeding enhancement and net AgRP
positive charge, carried mainly by the non-ICK segments.
Next, we developed a series of novel AgRP constructs where
charge is selectively varied. ICV experiments with these
constructs not only support the charge-feeding relationship
but also lead to the discovery of an AgRP analogue that
significantly increases initial and long-term feeding relative to
the wild type protein. Together, these studies demonstrate a
critical physiological role for the non-ICK AgRP segments and
suggest new strategies in the development of reagents for
treating cachexia and other conditions associated with negative
energy balance.

■ RESULTS AND DISCUSSION
Truncated AgRP Variants. ICV injection of AgRP

variants was used to assess the physiological role of the protein
segments outside of the ICK core, comprising the receptor
binding domain (Figure 1). Initial experiments focused on
truncated forms of mature AgRP(83-132) (Table 1). The
minimal construct AgRP(87-120) was designed and inves-
tigated in a previous study.17 Briefly, this protein lacks both the
four residue segment before the ICK domain, and the C-
terminal loop. Simple elimination of the C-terminal loop leaves
an uncompensated Cys residue at position 105. To avoid the
formation of non-native disulfide bonds, residue 105 was
mutated to Ala. In addition, Arg120 following the penultimate
Cys was retained as it is part of the β-sheet. Our previous NMR
work showed that AgRP(87-120), often referred to as mini-
AgRP, folds 100% to a uniform product that retains the ICK
structure of the parent protein.17 Moreover, dissociation
constants measured at Mc3R and Mc4R are equivalent to
mature AgRP(83-132). Two other constructs, AgRP(83-120)
and AgRP(87-132) were prepared using the same strategies.
ICV injections were administered to Long-Evans rats fitted

with cannulas in the third ventricle. Proteins were delivered as a
single 1.0 nmol dose in 1.0 μL of solution. Feeding and weight
were monitored in most cases until consumption returned to
baseline values. Results for wild type AgRP(83-132) and the
three truncated variants are shown in Figure 2A. All initially
stimulate feeding, as seen in the responses after 1 day.
AgRP(83-132) is the most potent, stimulating feeding nearly
80% over that of control (P < 0.001), while mini-AgRP is the
least potent. Interestingly, AgRP(83-120) is essentially
equipotent to wild type (P < 0.001). At 3 or 4 days after
injection, enhanced feeding relative to control diminishes.
Animals dosed with the three truncated variants are almost back
to baseline. In contrast, those treated with AgRP(83-132) are
still consuming feed about 30% over control (P < 0.05 at day
4).
The data in Figure 2A suggest that the four residue non-ICK

segment preceding the ICK core is required for rapidly
stimulating feeding, whereas both non-ICK segments are
needed for long-term effects. The significant number of basic,
positively charged residues carried in the non-ICK segments
motivated us to examine the relationship between 24 h feeding
and charge per residue (total protein charge divided by the
number of amino acids) for the four proteins, as shown in
Figure 2B. Interestingly, there is an approximate linear
relationship, with a near 4-fold increase in feeding from a
doubling of the protein charge density.

Charge-Modified AgRP Variants. We further tested the
role of charge with a series of mutations in full AgRP(83-132).
To eliminate positive charges, we replaced Arg or Lys with Gln,
which retains local side chain steric features and preserves
solubility in aqueous solution (Table 1). AgRP-2Q lacks two
charges in the C-terminal loop, whereas AgRP-4Q lacks charges
in both the N-terminal segment and the C-terminal loop.
Feeding behavior after ICV injection is shown in Figure 3A.
Both AgRP and AgRP-2Q greatly stimulate feeding in the first
24 h. Consistent with the data of Figure 2, basic residues within
the C-terminal loop are not important for the initial feeding
response. Interestingly, AgRP-2Q is somewhat more potent
than wild type in both short- and long-term feeding responses.
In contrast, AgRP-4Q gives a weak 24 h response ( P < 0.05)
and returns to baseline after the second day. AgRP-4Q elicits
responses similar to that of AgRP(87-120) demonstrating that
elimination of the non-ICK segments, or simply the basic
residues within these segments, is sufficient to reduce both
short- and long-term potency.
To further test the relationship between positive charge and

feeding stimulation, we developed AgRP analogues with
additional Lys residues. Inspection of the wild type AgRP(83-
132) three-dimensional structure reveals a cluster of basic
residues extending from the active loop (Figure 1) to the end of
the C-terminal loop, as shown in Figure 4. We reasoned that
this conserved spatial arrangement could play a part in the
feeding enhancement observed for AgRP(83-132) relative to
AgRP(83-120). Consequently, we considered positions con-
tiguous with this cluster. Among the possible positions, we
chose to mutate Gly123 and Ala125 since these amino acids
lack side chain functional groups and are therefore unlikely to
play a structural role. The resulting double mutant is referred to
as AgRP-2K. We additionally replaced the two Ser residues in
the N-terminal segment with Lys, giving the AgRP-4K
analogue.
The results following ICV injection of AgRP-2K and AgRP-

4K are striking, as shown in Figure 3B. AgRP-2K elicits an
approximate 50% increase in food uptake relative to wild type
AgRP in the first 24 h (P < 0.001) and continues to stimulate
feeding out to 6 or 7 days. The initial response from AgRP-4K
is similar to that of AgRP-2K, but here the animals display
elevated feeding beyond 9 days, at which point the experiments
were halted (P < 0.05 at day 8). The relationship between 24 h
feeding and charge density in the Gln and Lys mutants is
displayed in Figure 3C and supports linear behavior observed
for the truncated AgRP variants. Finally, we examined the
change in body mass 5 days after injection, as shown in Figure
4D. The results parallel the relationship observed between
charge and 24 h feeding (Figure 3E), with AgRP-4Q giving a
slight decrease in body mass, and AgRP-4K giving by far the
greatest increase. Moreover, AgRP-4K leads to an increase in
body mass that is approximately double that observed for wild
type AgRP(83-132). ICV data are fully summarized in Table 2.

Mc3R and Mc4R Pharmacology. We used both displace-
ment and activity assays to evaluate the influence of truncation
or charge alteration on receptor pharmacology. Measurements
were performed on HEK293 cells expressing the desired
receptor subtype. Figure 5 shows 125I-NDP-MSH displacement
for all variants at Mc3R and Mc4R, with Ki values and errors
reported in Table 3. Variation is limited from 4.5 to 16 nM at
Mc3R and from 7.6 to 16 nM at Mc4R. The variants that give
the strongest feeding response fall in the middle of the Ki range
and, in general, do not suggest any relationship between
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dissociation constant and short-term or long-term consump-
tion. Each variant was further evaluated for its ability to
suppress NDP-MSH stimulated cAMP production. Antagonists
give a rightward shift in the response curve. The resulting
curves are shown in Figure 5, with EC50 values and errors in
Table 3. The EC50 values also exhibit limited variation, although
greater than observed for the displacement studies, and range
from 1.6 to 16 nM at Mc3R and 1.7 to 17 nM at Mc4R.
Interestingly, the lowest EC50 values at both receptors are
observed for the AgRP-4Q and AgRP-4K variants, which elicit
opposite feeding responses. In general, these results are
consistent with our previous work, which found equivalent
receptor affinity between AgRP(87-120) and AgRP(87-132),
and demonstrate that receptor affinity or activity cannot

account for the broad range of in vivo responses observed for
the panel of AgRP variants.

Possible Mechanisms and Implications. The findings
above identify an unanticipated but nevertheless dramatic
functional role for the AgRP polypeptide segments outside of
the ICK core domain. Comparison of wild type AgRP to a
mini-AgRP, composed of only the ICK core, shows that the
Ser-Ser-Arg-Arg N-terminal extension and the C-terminal loop
greatly enhance both the initial and long-term feeding
responses. Of these two non-ICK segments, the N-terminal
extension is more important, especially for the initial feeding
response, but both play a role in sustaining feeding levels above
baseline. By evaluation of designed AgRP mutants, we further
showed that positive charge conferred by basic residues in these
segments is responsible for the observed in vivo responses.

Figure 2. Effect of a single administration of a 1.0 mmol dose of wild type and truncated AgRPs into the third cerebral ventricle in male Long-Evans
rats. (A) Percent increase over saline at 24, 48, 72, and 96 h after injection (noncumulative). (B) Net charge density trend of 24 h feeding response
above saline control. ◆P < 0.001, ⧧P < 0.01, and *P < 0.05.

Figure 3. Effect of a single administration of a 1.0 mmol dose of mutated and designed AgRPs into the third cerebral ventricle in male Long-Evans
rats. (A and B) Noncumulative percent increase of feeding response compared to saline of AgRP proteins with modified charges. (C) Relationship
between 24 h feeding and net charge density for all AgRP constructs. (D) 5-Day change in body mass and (E) trend in net peptide charge and 5-day
change in body mass. ◆P < 0.001, ⧧P < 0.01, and *P < 0.05 vs saline.
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Inclusion of additional charges beyond those found in wild type
results in a protein that generates a profound feeding response
that lasts almost twice as long as that induced by the wild type
AgRP. It is unlikely that these results arise from modulation in
receptor binding affinity, as the measured dissociation constants
and cAMP activities at Mc3R and Mc4R exhibit little variation
and no correlation with feeding behavior.
Examination of mammalian AgRP sequences reveals some

variation in the two non-ICK segments, but always at positions
that do not carry positive charge (Table 1).12,13 The basic Lys
and Arg residues are completely conserved, and acidic residues
are never found at sites that do exhibit variation. It is unlikely
that these segments play a structural role. Structure
determination by NMR, performed by our lab, found that the
C-terminal loop is flexible and points away from the ICK core
containing four of the five disulfide bonds.13 Moreover, the
mini-AgRP construct folds cooperatively with stability that is
indistinguishable from AgRP(83-132).17 Interestingly, the mini-
AgRP core domain is so stable that it is now being used as a
scaffold in protein design.20−22

There is also no evidence that these segments are required
for in vivo processing to produce mature AgRP(83-132). As
noted in the earlier, AgRP is produced as a pro-protein that
undergoes processing by the serine endoprotease PC 1/3.11,12

AgRP residues 79−82 (Arg-Glu-Pro-Arg) follow the P4-P1
consensus sequence targeting cleavage to the Arg82-Ser83
peptide bond.23,24 Alternate cleavage sights are not observed;
the processed form of the protein is found exclusively as

AgRP(83-132).25 Moreover, PC 1/3 is tolerant of sequence
variations at the P1′-P4′ sites (Ser-Ser-Arg-Arg in AgRP)
following the cleavage point, thus suggesting a distinct role for
the conserved Arg85-Arg86 residues.23

Among the known collection of natural and synthetic
orexigenic peptides, AgRP exhibits the greatest overall potency.
For example, a single 1.0 nM dose of neuropeptide Y (NPY)
rapidly stimulates feeding beyond that of an equivalent dose of
AgRP, but its effects quickly dissipate and feeding returns to
baseline after 24 h.10,26 The synthetic cyclic hexapeptide
SHU9119 gives a long-term response similar to AgRP but
requires higher minimal doses for activation.8 Because of its
unique behavior, AgRP is considered to be an important lead in
the development of drugs for treating cachexia.27 Cachexia is a
state of negative energy balance that often arises with cancer,
AIDS, and kidney failure and leads to malnutrition and loss of
body mass.7,28 Maintaining positive energy balance, on the
other hand, correlates strongly with the outcome of cancer
patients undergoing radiation or chemotherapy. Consistent
with the role of the melanocortin system in maintaining energy
balance, animal models driven to cachexia by tumors or
administration of lipopolysaccharide (LPS) resume normal
feeding and body weight from the administration of Mc4R
antagonists, including AgRP.27 It is therefore noteworthy that
our findings here identify new features that enhance AgRP
function and prolong efficacy by nearly a factor of 2.
It is clear from our experiments that AgRP’s basic residues,

outside of the ICK core McR recognition domain, play a central
role in modulating short- and long-term AgRP function.
Although the direct mechanism linking positive charge to
AgRP function is not clear, we note three possibilities: First, the
basic residues may increase AgRP diffusibility, thereby moving
the protein more efficiently from the ventricle to the
hypothalamus. Second, they may slow degradation or facilitate
interactions with accessory molecules proximal to the
melanocortin receptors. For example, negatively charged
syndecans, cell surface proteoglycans, are implicated in McR
regulation.29,30 New experiments show that AgRP localization
in the paraventricular nucleus is reduced in syndecan knockout
mice, suggesting that syndecans are required for concentrating
AgRP at postsynaptic membranes.31 Finally, the basic residues
may facilitate signaling through a non-McR pathway. In support
of this mechanism, injection of the synthetic agonist MTII,
following AgRP administration, transiently reduces feeding,
which then returns to the level consistent with AgRP dose.10

Moreover, loss of feeding regulation, resulting from selective
ablation of AgRP neurons, is not reversed by increased ASIP
levels.32

Figure 4. Cluster of basic residues (blue) in AgRP(83-132) from the
active and C-terminal loops. AgRP-2K was developed by mutation of
Gly123 and Ala125 (arrows) to Arg. Basic residue side chains in the N-
terminal segment (Ser83-Ser84-Arg85-Arg86) are not shown.

Table 2. ICV Feeding and Body Mass

peptide 24 h feeding (% above saline) day-3 feeding (% above saline) day-5 feeding (% above saline) 5-day Δ in body mass (g)

AgRP(83-132) 76.94 ± 8.4◆ 22.24 ± 0.9‡ 5.78 ± 0.3* 20.7 ± 5.4‡

AgRP(87-132) 42.4 ± 1.1◆ 5.02 ± 0.4* NDa

AgRP(83-120) 64.33 ± 5.4◆ 13.49 ± 1.5* NDa

AgRP(87-120) 21.32 ± 2# 11.60 ± 0.5# NDa

AgRP-2Q 97.7 ± 10.1◆ 39.84 ± 4.6◆ 14.07 ± 2.3# 6.89 ± 7#

AgRP-4Q 37.9 ± 4.4* −3.45 ± 0.2# −6.09 ± 5#

AgRP-2K 115.5 ± 7.5◆ 77.28 ± 4.3◆ 44.51 ± 3.1◆ 25.16 ± 3.5◆

AgRP-4K 118 ± 8.3◆ 92.27 ± 8.3◆ 70.78 ± 7.6◆ 41.11 ± 6.8◆

aNot determined. ◆P < 0.001 vs saline. ‡P < 0.01 vs saline. *P < 0.05 vs saline. #P ≥ 0.2 vs saline.
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In summary, we have demonstrated a clear functional role for
AgRP’s conserved non-ICK segments. The basic, positively
charged residues are vital for AgRP stimulated long-term
feeding. Enhancement of positive charge in these non-ICK
segments leads to a protein of unprecedented orexigenic
potency. Moreover, AgRP may be engineered to have variable
long-term feeding profiles. Given that the arcuate nucleus is not
fully protected by the blood−brain barrier, the potent AgRP-4K
protein developed here, or its derivatives, may be deliverable by
intravenous injection. In general, the principles identified here
will be helpful in pharmaceutical design for treating cachexia
and perhaps other conditions associated with improper energy
balance.

■ METHODS
Peptide Synthesis, Purification, and Folding. All peptides

were synthesized using Fmoc synthesis on an Applied Biosystems
(Foster City, CA) 433A Peptide Synthesizer on a 0.25 mmol scale.
Syntheses were monitored using the SynthAssist version 2.0 software
package. All peptides were assembled on a Rink-amide-MBHA. Amino
acids and resins were purchased through NovaBiochem. HBTU was
obtained from Advanced Chemtech (Louisville, KY), and all other
reagents were purchased from Sigma-Aldrich (St. Louis, MO). Fmoc
deprotection was achieved using a 1% hexamethyleneimine (HMI)
and 1% 1,8-diazabicyclo[4.5.0]-undec-7-ene (DBU) solution in DMF.
Deprotection was monitored by conductivity and continued until the

conductivity level returned to the baseline, then synthesis continued.
Deprotection times ranged from 2.5 to 7 min. Couplings used 4 equiv
of Fmoc-amino acid in HBTU/DIEA for all amino acids except
preactivated Fmoc-Cys(trt)-OPfp. A 3-fold excess of Fmoc-Cys(trt)-
OPfp was dissolved in 1.5 mL of 0.5 M HOAt/DMF with no DIEA for
coupling. AgRP(87-132) and AgRP(87-120) were N-terminal
acetylated by reacting with 0.5 M acetic anhydride in DMF for 5
min. Fully synthesized peptide resins were split into 3 reaction vessels,
washed with DCM, and dried. A solution of 12 mL of TFA containing
200 mL each of TIS/EDT/liquefied phenol (as scavengers) was added
to each reaction vessel of dry peptide resin and incubated for 1.5 h.
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 40 mL 1:1 H2O/ACN
(0.1% TFA) and lyophilized.

Peptides were purified by RP-HPLC on Vydac (Hesperia, CA)
preparative C18 columns. Fractions were collected and analyzed by
ESI-MS on a Micromass (Wythenshawe, UK) ZMD mass
spectrometer to confirm the correct molecular weight. In each case
the major peak was found to be the peptide, and fractions that
contained the peptide as a major constituent were combined and
lyophilized.

Air oxidative folding of each peptide was accomplished by dissolving
the unfolded peptide into folding buffer (2.0 M GuHCl/0.1 M Tris, 3
mM GSH, 400 μM GSSG, pH 8) at a peptide concentration of 0.1
mg/mL and stirring for 24−36 h. Folding was monitored for all

Figure 5. Pharmacology of novel AgRP constructs at Mc3r and Mc4r. (A and C) Displacement of 125I-NDP-MSH; (C and D) cAMP production
from increasing NDP-MSH concentrations in the presence of 0.10 μM AgRP proteins.
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peptides by RP-HPLC on a C18 analytical column, which revealed a
single peak, in each case, for the folded material that was shifted to an
earlier retention time than the fully reduced peptide. The folded
product was purified by RP-HPLC on a C18 preparative column, and
its identity was confirmed as the fully oxidized product by ESI-MS.
Reinjecting a small sample of the purified peptide on an analytical RP-
HPLC column assessed purity of the peptides. Sample purity was
determined to be >90%. Quantitative analysis of the peptide
concentrations was done by UV absorption.
Rodent Studies. Male Long-Evans rats ∼10−12 weeks old and

weighing 250−350 g were obtained from Harlan (Indianapolis, IN)
and maintained in an AALAC accredited vivarium on a 12 to 12 h light
dark cycle. Animals were given ad libitum access to standard rodent
chow and water. After a 1 week habituation period, all animals were
deeply anesthetized with a 1 mL/kg dose of (0.22 g Ketamine/0.03 g
Xylazine) and placed into a sterotaxic apparatus with the incisor bars
set at +1.0. Subsequently, an indwelling cannula was lowered into the
third ventricle using the following coordinates, AP = −2.2, ML =0, DV
= −7.0. All animals were allowed to recover for 2 weeks during which
time they regained their presurgical body weight. To verify cannula
placement, angiotensin II (10 ng/μL) was injected into the third
ventricle and water consumption was measured over a 1 h period. To
be included animals had to drink more than 7 mL. Animals were
injected 1 h prior to the beginning of their dark phase using a within
subjects paradigm.
Trials were conducted with one control group (receiving saline) and

one experimental group (receiving the peptide of interest). After
feeding returned to baseline, animals were allowed to re-equilibrate for
1 week before switching the experimental and control groups and
repeating the experiments. Each individual group maintained n > 5.
The results of all trials were combined to assess percent baseline, due
to differences in time of year and animal subjects. Changes in absolute
grams of food intake are not different than changes in percent baseline.
All experiments were run in replicates of 2−3 studies. Errors are
expressed as ± SEM.
Pharmacology. The HEK-293 cell line was used for hMc3R and

hMc4R transfection. The cells transfected with receptor were cultured
in DMEM medium containing 10% bovine fetal serum and HEPES.
Cells at 80% confluence were washed twice, and the receptor
constructs were transfected into cells using lipofectamine (Life
Technologies, Rockville MD). All experiments were run in triplicate,
and errors are expressed as ± SEM (Table 3).
Binding Assays. Binding experiments were performed using the

conditions previously described. Briefly, after removal of the media,
cells were incubated with nonradioligand NDP-MSH or AGRP
analogues from 10−10 to 10−6 M in 0.5 mL of MEM containing 0.2%
BSA and 1 × 105 cpm of 125I-NDP-MSH for 1 h. The binding
reactions were terminated by removing the media and washing the
cells twice with MEM containing 0.2% BSA. The cells were then lysed
with 0.2 N NaOH, and the radioactivity in the lysate was quantified in
an analytical gamma counter (PerkinElmer, Shelton, CT). Nonspecific
binding was determined by measuring the amount of 125I-label bound
on the cells in the presence of excess 10−6 M unlabeled ligand. Specific

binding was calculated by subtracting nonspecifically bound radio-
activity from total bound radioactivity.

cAMP Assays. Cellular cAMP generation was measured using a
competitive binding assay kit (TRK 432, Amersham, Arlington
Heights, IL). Briefly, cell culture media was removed, and cells were
incubated with 0.5 mL of Earle’s Balanced Salt Solution (EBSS),
containing the melanocortin agonist NDP-MSH (10−10−10−6 M), for
1 h at 37 °C in the presence of 10−3 M isobutylmethylxanthine. The
reaction was stopped by adding ice-cold 100% ethanol (500 μL/well).
cAMP content was measured as previously described, according to
instructions accompanying the assay kit.33
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