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Abstract

B-Defensin 3 (BD3) was identified as a ligand for the melanocortin receptors (MCRs) in 2007,
although the pharmacology activity of BD3 has not been clearly elucidated. Herein, it is
demonstrated that human and mouse BD3 are full micromolar agonists at the MCRs. Furthermore,
mouse and human B-defensin 1 (BD1) are also MCR micromolar agonists. This work identifies
BD1 as an endogenous MCR ligand and clarifies the controversial role of BD3 as a micromolar
agonist.
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Introduction

The five melanocortin receptors (MC1-5R) are postulated to be involved in numerous
physiological processes, including pigmentation'~2 and energy homeostasis.3>~® Endogenous
agonists for the MCRs include the a-, -, and y-melanocyte-stimulating hormones (MSH)
and adrenocorticotropic hormone. The melanocortin system also possesses the only
currently known endogenous antagonists to GPCRs, agouti-signaling protein (ASP) and
agouti-related protein (AGRP). Many ligands from the naturally occurring agonists and
antagonists have been developed and advanced to clinical trials, including afamelanotide,
bremelanotide, and setmelanotide (as previously reviewed).” Novel ligands for the MCRs
with new scaffolds may generate probes and therapeutic leads with unique pharmacological
profiles.

In most mammals, coat coloration is regulated by the epithelial pigments eumelanin and
pheomelanin (producing brown/black and red/yellow coloration, respectively). Agonist
stimulation of the MC1R increases intracellular cCAMP levels, resulting in eumelanin
production and darker pigmentation.8-2 Antagonism of the MC1R by ASP decreases
intracellular cAMP concentrations, resulting in pheomelanin production.10 While
interactions between the endogenous agonists, ASP, and the MC1R control the majority of
mammal pigmentation, an interesting case of dominantly-inherited dark coloration not
involving these genes is observed in canines.1112 Originally described as the KB locus,!3 a
seminal paper by Candille et a/. identified the N-terminal Gly deletion from the 45-residue
canine B-defensin (cBD103) peptide to be responsible for this black coat coloration.* Wild
type and deletion cBD103 peptides possessed sub-micromolar affinities for the canine
MCI1R (221 nM and 37 nM, respectively), and for the mouse and human MC1R (9.7 to 35.5
nM affinities), indicating that cBD103 interacted with the MC1R to influence coat
coloration.1* The human ortholog of cBD103, B-defensin 3 (hBD3), and human B-defensin
1 (hBD1) were also shown to possess binding affinity at the h(MC1R (13.8 and 30.0 nM
affinities, respectively), and the deletion cBD103 peptide possessed 105 nM binding affinity
at the hMC4R,14 an indication additional B-defensins may interact with multiple MCRs.

In the same publication, generation of transgenic mice expressing either the native or
deletion form of cBD103 resulted in mice with a black coat color despite being on an Agouti
background, suggesting MC1R agonism.14 These transgenic mice maintained a lower body
weight and size compared to non-cBD103 expressing littermates,14 a possible sign of MC4R
agonism.3 When the hBD3 was centrally administered in male Wistar rats following a fast,
treated rats consumed less food and maintained a lower body weight than vehicle,15
additional indications of MC4R agonist activity. Transgenic MC1R-null mice were
generated that expressed the deletion form of cBD103 and did not have a dark coat
coloration, supporting the hypothesis that cBD103 interacts with the MC1R to generate the
inheritable pigmentation observed in canines.1® As the dark coloration suggests eumelanin
production, cBD103 could be directly stimulating the MC1R as an agonist, or could be
preventing ASP-induced MC1R antagonism. Despite cBD103 possessing nM binding
affinities at the canine, mouse, and human MC1R, a cAMP functional assay in mouse
Melan-a cells (presumably expressing the mMC1R) indicated that cBD103 was unable to
stimulate the mMMC1R at concentrations up to 1 uM (or 1.6 uM in a follow-up study).14-15
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No evidence of direct cBD103-ASP interactions was observed, indicating cBD103 was not
sequestering ASP to modulate MC1R signaling.1 Thus, while cBD103 was identified to be
involved with pigmentation and a dominant inheritance of dark coat coloration (most likely
through MC1R signaling), the pharmacological activity of the cBD103 at the MC1R was not
elucidated.

Additional studies have not unambiguously clarified how p-defensins interact with the
MCRs. Studies in HEK293 cells using the hBD3 peptide (84% identical shared identity with
cBD103 with seven conservative substitutions) resulted in a dose dependent increase in
cAMP levels (100 and 300 nM concentrations of hBD3).16 The cAMP response at the
highest dose of hBD3 assayed (300 nM) was lower than the maximal response of 1 nM
NDP-MSH, with the authors concluding hBD3 may be a partial agonist at HEK293 cells
expressing the MC1R.17 While no cAMP signal was observed when up to 100 nM
concentrations of hBD3 were assayed in B16 cells'6-17 or in primary melanocytes,® 100
nM hBD3 did lower the agonist induction of CAMP by a-MSH (in primary melanocytes!8)
and NDP-MSH (in B16 cells16-17 and HEK293 cells!® expressing the MC1R), exhibiting
suspected antagonist activity (in the absence of a Schild analysis,1? antagonist activity
cannot be confirmed). In a DNA repair model system that did not directly measure cCAMP
levels, hBD3 exhibited antagonist-like activity following DNA damage mediated through
UV light?0 or cisplatin,?! similar to the effect of ASP treatment. Due to the binding affinity
of hBD3 in transiently transfected HEK293 cells expressing the hMC1R or hMC4R (42 or
110 nM, respectively) without apparent agonist activity (but resulting in an agonist-like coat
coloration inheritance pattern), the hBD3 has also been labeled a neutral antagonist.1®> Thus,
the hBD3 has been described as a partial agonist, antagonist, and neutral antagonist.

As the functional effects of hBD3 have been variable, further work has been performed to
identify the structural requirements for hBD3 binding affinity. In HEK293 cells transiently
expressing the hMC1R or hMC4R, truncated hBD3 analogues did not possess binding
affinity, while linear and single residue substitution variants of hBD3 maintained similar
binding to the native sequence.1® To disrupt the affinity of hBD3 at the hMC1R or hMC4R,
large patches of positively charged residues were replaced with neutral amino acids.1®> The
authors concluded that hBD3 interacts with the MCRs through electrostatic patches between
the cationic hBD3 and the anionic MCRs.1® A follow-up study examining electrostatic
potential of multiple p-defensins and binding affinity at the MC1R suggested B-defensins
with similar charge distributions to hBD3 had greater affinity at the MC1R.22 This work also
demonstrated that numerous B-defensins have affinity to the MC1R, though additional
MCRs were not examined. Additionally, the hBD1 was not examined.

The B-defensins are a peptide family hypothesized to be involved in the innate immune
system that are classified by a conserved 6 Cys residues that form 3 disulfide bonds in a 1-5,
2-4, 3-6 pattern, as previously reviewed.23 Outside of the Cys amino acids, there is
extensive sequence diversity, although NMR and X-ray crystal structures of three human f-
defensins (hBD1, hBD2, and hBD3) indicate a similar over fold.24-28 Due to the similar
purported structures of the p-defensins, and the ability of the hBD3 to bind to the hMCA4R, it
is hypothesized that additional p-defensins may interact with additional MCRs beyond the
MC1R. Since hBD1 is expressed in many tissues including the brain,29 it was hypothesized
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that hBD1 may interact with the MC3R and MC4R, MCRs involved in energy homeostasis
that are also centrally expressed.3-6: 30

Therefore, the following experiments were performed to probe the interactions between BD3
and the MCRs and to determine if BD1 is a functional ligand at the MCRs. To clarify how
BD3 interacts with the MCRs, oxidized and reduced forms of hBD3 and the mouse ortholog
(the accepted mouse ortholog for hBD3 is mBD14,3! but will be referred to as mBD3* in
this manuscript for simplicity) were synthesized and characterized at both the human and
mouse MCRs. Notably, dose-response curves were generated using concentrations up to 100
UM, approximately 100-fold higher concentrations than previously utilized to determine if
BD3 possesses agonist activity at micromolar concentrations. Additionally, oxidized and
reduced forms of hBD1 and mBD1 were synthesized and characterized for activity at the
human and mouse MCRs. Both human and mouse p-defensins were utilized in this study as
differential agonist responses have been previously reported between human and mouse
MCR subtypes.32 Due to the central expression of mBD1 and the MC3R/MC4R responsible
for energy homeostasis, mBD1 was centrally administered in mice while monitoring food
intake and body weight to examine if this B-defensin has potential physiological effects on
appetite.

Results and Discussion

Details about peptide characterization (SI Table 1), the amplified luminescent proximity
homogeneous cAMP assay (PerkinElmer), and the competitive displacement assay utilized
in this study can be found in the supporting information.

p-defensin 3 Pharmacology

Due to the previous conflicting reports regarding the activity of hBD3 (the ability of hBD3
to stimulate MCRs and generate cAMP production), these studied herein were performed
using the competitive displacement cAMP assay. The oxidized, folded form of hBD3 was a
full agonist at the mMMC1R and mMMCB5R (ECsg = 2.2 and 4.7 puM, respectively) and was able
to stimulate some cAMP response at both the mMC3R and mMC4R at 100 pM
concentrations (35% and 40% of maximal NDP-MSH signal, respectively; Table 1 and
Figure 1). At the human MCRs, hBD3 was observed to be a full agonist at the hMC1R and
hMC4R (ECsg = 0.40 and 2.6 pM, respectively) and partially stimulated the hMC3R and
hMC5R at 100 pM concentrations (35% and 45% relative to the maximal stimulatory signal
of NDP-MSH; Table 1 and Figure 1). The linear, reduced form (hBD3,¢q) Was unable to
stimulate the mMC1R, mMC5R, and hMC3R at up to 100 M concentrations, maintained
similar activity at the mMC3R, mMC4R, and hMC5R (30%, 35%, and 35% of maximal
NDP-MSH signal at 100 uM concentrations) to hBD3, and partially activated the hMC1R
and hMCA4R at 100 uM concentrations (45% maximal NDP-MSH stimulation at both
receptors; Table 1). Competitive displacement binding assays with [1251]-NDP-MSH
indicated hBD3 possessed micromolar binding affinities at the mMC4R and hMC1R (17 and
7 UM, respectively) and displaced 50% of the radiolabeled NDP-MSH at 100 uM
concentrations at the hMC4R (SI Table 2, Sl Figure 1).
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Evaluation of the mouse ortholog of hBD3 demonstrated that mBD3* (reported in the
literature as mBD14)3! generated an increased cCAMP agonist response at the mMCRs at 100
UM concentrations compared to maximal signal of NDP-MSH (45%, 35%, 30%, and 35% at
the MMC1R, mMC3R, mMC4R, and mMC5R, respectively; Table 1 and Figure 1). An
increased CAMP agonist response was also observed at the hMC1R, hMC4R, and hMC5R
(55%, 60%, and 40% relative to NDP-MSH control), while no activity was found at the
hMC3R at concentrations up to 100 uM (Table 1 and Figure 1). Surprisingly, the reduced
form (mMBD3*,¢q4) possessed similar activity to the folded, oxidized mBD3* peptide at all
receptor subtypes (Table 1). [This mBD3* reduced form was intended as a structural control
(i.e. no disulfide bridges, no secondary and tertiary structure) and hypothesized to result in a
lack of stimulatory activity.] Similar binding affinities were observed for mBD3* at the
MMC4R and hMC1R (5 and 6 UM, respectively) compared to the hBD3, while mBD3* also
displaced the radiolabeled NDP-MSH at the hMCA4R (18 pM).

Previous studies indicated that hBD3 did not possess full agonist pharmacology at the
MCA1R using concentrations up to 2 pM, with varying results between cell types.14-18 This
contrasts to the /in vivo effects, including a dark coat coloration,14-15 decreased body length
and weight in transgenic mice expressing the BD3,14 and central administration of hBD3
resulting in decreased food intake and decreased weight gain following a fast in rats,1°
effects that may indicate melanocortin agonist activity. Therefore, in the present study,
higher concentrations (up to 100 uM) were used to generate 7-point dose-response curves to
fully characterize potential cAMP based agonist activity of the hBD3 and mBD3*. Full
agonist activity was observed by using increased concentrations of hBD3 at the mMCL1R,
mMC5R, hMC1R and hMC4R utilizing higher concentrations. Notably, at 1077 M
concentrations (100 nM), the dose-response curves have not reached the sigmoidal increase
(Figure 1), indicating that single dose- response points at these concentrations would appear
to be inactive or possess minimal activity. Thus, the current data with hBD3 possessing full
agonist efficacy is likely from extending the dose-activity curve to higher concentrations and
correlates to previous reports of no activity at sub-micromolar concentrations. The present
study also utilized HEK293 cells expressing the MCRs, which have been reported to possess
partial agonist activity at 300 nM concentrations when expressing the MC1R.18 Other prior
results using primary mouse (Melan-a, B16)14-17 and human (melanocytes)!8 cells
expressing the MC1R have not reported agonist activity, which may suggest that differing
levels of receptor expression and receptor density at the cell surface influence the reported
hBD3 pharmacology.

A notably difference in hBD3 binding affinities was also observed, which have previously
been reported to be 13.8 nM14 and 42 nM15 at the h(MC1R and 110 nM*° at the hMC4R.
The present study observed binding affinities of 7 uM at the hMC1R and 50% displacement
at 100 uM concentrations at the hMC4R, differences of approximately 500-fold. Extensive
substitution work on hBD3 by Nix et a/. support the sub-micromolar binding affinity, with
numerous substitutions required for significant loss of affinity.1®> While all binding
experiments were performed using HEK293 cells, difference in protocols may explain the
relatively large change in binding affinities. The current study used stably expressing MCR
constructs, [12°1]-NDP-MSH label, and a 1 h incubation time versus transiently transfected
cells, Eu-NDP-MSH label, and a 2 h incubation time in the prior report.1> Further
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experiments examining both protocols may clarify the observed differences in hBD3 binding
affinity. The micromolar binding affinity of hBD3 to the mMMC4R, hMC1R, and hMC4R
correlate with the functional agonist ECsg values reported herein.

p-defensin 1 Pharmacology

In addition to the BD3 analogs, BD1 peptides were also examined [both the human and
mouse orthologs (hBD1 and mBD1)]. The hBD1 was selected as PCR suggested that this
defensin is ubiquitously expressed in many tissues, including the heart, pancreas, and brain.
29 The expression of hBD1 in the brain suggests that this B-defensin may be a ligand for the
centrally expressed hMC3R and hMC4R that modulate energy homeostasis. Derivatives
from this scaffold may therefore result in novel probes and therapeutic leads for altered
energy states, including obesity. At the mouse MCRs, hBD1 partially stimulated cCAMP
accumulation at 100 uM concentrations compared to the full response of NDP-MSH (65%,
35%, 30%, and 55% at the mMC1R, mMC3R, mMC4R, and mMC5R, respectively; Table 1
and Figure 1). Full agonist efficacy was observed at the h(MC1R and hMC4R (7.4 and 21
UM, respectively) while no activity was observed at up to 100 uM at the hMC3R and
hMC5R (Table 1 and Figure 1). The linear peptide (hBD1,q) also possessed partial agonist
stimulation at the hMC1R and hMC4R (60% and 35% of NDP-MSH maximal response) and
no activity at the remaining receptor subtypes (Table 1). Competitive binding data indicated
hBD1 possessed 26 pM binding affinities at both the mMCA4R and hMC1R, while there was
not sufficient displacement of the radiolabel to generate an 1Csq values at the hMC4R (Sl
Table 2 and SI Figure 1).

The mouse homolog of hBD1 (mBD1) possessed full agonist efficacy at the mMCI1R,
mMC3R, and mMC5R (ECsg = 11, 14, and 5.2 uM) and stimulated the mMCA4R to 75% the
maximal signal of NDP-MSH at 100 uM concentrations (Table 1 and Figure 1). Full agonist
efficacy was also observed at the hMC1R, hMC3R and hMC4R (ECsp = 1.4, 22, and 3.8
UM), while no activity was observed at the hMC5R at up to 100 pM concentrations (Table 1
and Figure 1). The linear mBD1,¢q did not possess agonist activity at the mMC3R and
mMC4R, and partially activated the mMC1R and mMC5R at 100 uM concentrations (55%
maximal NDP-MSH signal at both receptor subtypes; Table 1). The reduced peptide was
also unable to stimulate the hMC3R and hMC5R, partially stimulated the hMC4R (70%
NDP-MSH maximal signal), and was a full agonist at the hMCL1R albeit with a 3-fold lower
potency compared to the cyclic mBD1 (Table 1). Despite possessing full agonist efficacy at
the mMMC4R, hMC1R, and hMC4R, mBD1 was unable to displace 1125-NDP-MSH at these
three receptors (SI Table 2 and Sl Figure 1).

While the hBD3 has been utilized in several studies, hBD1 has not been as well
characterized, with a single reported binding affinity of 30 nM.14 Similar to the observed
micromolar agonist EC50 values for hBD3 reported herein, hBD1 also possessed full
agonist efficacy at the hMC1R and hMCA4R at micromolar concentrations, demonstrating
that at least two peptides from the B-defensins family are full agonists at select MCRs. The
mBD. also possessed full agonist efficacy with micromolar potency at the nMC1R,
mMC3R, mMC5R hMC1R, hMC3R, and hMC4R. These data suggest that the BD1 and
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BD3 are novel melanocortin agonist scaffolds that may be optimized to act as novel probes
and therapeutic lead molecules for the MCRs.

Analogous to the hBD3, the binding affinity of hBD1 in the present study (26 uM at the
hMCZ1R) has 1,000-fold decreased potency compared to a prior study.1* The differences in
binding assays were detailed above, and may explain this discrepancy. In support of the
micromolar affinities is the micromolar agonist potencies observed herein.

In Vivo Intracerebroventricular Administration Studies

The original paper describing p-defensins as MCR ligands noted that transgenic mice
overexpressing cBD3 maintained a reduced body weight and length,4 perhaps indicative of
MC3R/MCA4R agonism. Central administration of hBD3 in rats has also been shown to
decrease food intake and slower return to pre-fast weight following a 24 h fast,1° suggestive
of MC3R/MCA4R agonist activity. Since BD1 has been demonstrated to be expressed in the
brain,2% the mBD1 peptide was selected to be centrally administered in cannulated male
mice to determine potential /n vivo responses to mBD1 on food intake. It is well
documented that central administration of melanocortin agonists result in decreased food
intake while antagonists increase food intake.# 34 Due to the melanocortin agonist
pharmacology observed in the present study, and the past demonstration that hBD3
decreases food intake in rats following a 24 h fast,1 it was hypothesized that mBD1 would
result in decreased food intake when administered in mice.

In an ad libitum feeding experiment, mBD1 was administered 2 h before light outs in 10, 20,
and 30 nmol doses to mice given free access to normal food and drink. No differences in
food intake or body weight were observed at the lower doses (10 and 20 nmol; data not
shown). While a significant decrease was observed starting at the 2 h time point for the 30
nmol dose in male mice (data not shown), this was likely due to toxicity of mBD1 as one of
four male mice did not survive this dosing. The toxicity is hypothesized to result from
residual trifluoroacetic acid remaining in the sample from the purification process3® and not
due to inherent toxicity of mBD1. Previous reports have suggested that this feeding
paradigm does not result in a statistical change in food intake or body weight change in adult
male Wistar rats when administer up to 2 nmol hBD3.1° Further studies were done using
20.9 nmol (100 pg) as no adverse effects were noted with this dose.

Since there was no significant change in feeding parameters during the ad /ibitum
experiment, a fasting feeding paradigm was explored where food was removed 22 h before
being re-introduced. This experimental design was utilized by Nix et. a/. in rats and resulted
in modest, but significant decreases in cumulative food intake at 8 and 24 h and resulted in
rats maintaining a greater weight loss at 24 h compared to vehicle treated rats following the
fast.1> Male mice were administered saline or 100 ug mBD1 following a Latin square fasting
feeding paradigm at the start of a 22 h fast. Fasting was ended 2 hours before lights out (t =
0 h) by reintroduction of a pre-massed amount of food placed in the cage. Cumulative food
intake and body weight were measured for 48 h. Administration of mBD1 showed a
significant main effect of mBD1 treatment on food intake (seen in the trend of decreased
food intake in Sl Figure 2 for mBD1 treated animals), but follow-up analysis did not result
in significance at a specific time point. A similar trend of lower body weight following the
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fast was also observed (SI Figure 2), with a significant main effect of mBD1 treatment on
body weight, but no significance was observed at specific time points.

Nix et al. used a 7 ug (1.2 nmol) hBD3 dose in male rats and observed significant decreases
in food intake and body weight after an intracerebroventricular (ICV) injection at the onset
of a 24 h fast.15 A 100 pg dose of mBD1 was used in the current study as the highest dose
that could be utilized without side effects, and due to the relative weak (micromolar) agonist
potency observed in the /n7 vitro cell assays. A similar trend of decreased food intake and
slower return to pre-fast body weight was observed in both experiments. This represents the
first time the centrally expressed BD1 peptide has been utilized /n vivo and resulted in a
significant treatment effect in mice, demonstrating that the BD1 peptide may signal through
the MC3R/MCA4R in mice.

The trend of decreased food intake and body weight is similar to the effects observed when
hBD3 is administered in rats.1® This data supports the hypothesis put forth by Nix et a/. that
B-defensins may interact with the MCRs as neutral antagonists and block the activity of
endogenous AGRP.1> However, in vitro results presented herein demonstrated that p-
defensins also act as micromolar, full agonists at the MCRs. It is possible that mBD1 may be
acting through two different mechanisms /n vivo. First, mBD1 may antagonize the effects of
endogenous AGRP, resulting in decreased feeding and decreased body weight. Second,
mBD1 may decrease food intake and body weight directly by melanocortin agonist
signaling. This dual effect is supported by both functional data and binding data presented
herein, as well as the differences between ad /ibitum experiments and fasting experiments.
The number of ARC neurons expressing AGRP mRNA and the level of AGRP mRNA
expression is increased in fasted mice.3¢ Therefore in a fasting paradigm, it may be
hypothesized that AGRP levels are increased, generating a system that is more sensitive to
the functional antagonist effects of the micromolar mBD1 agonist. The level of AGRP in
free feeding mice would be expected to be much lower, and therefore no significant effect
may be observed. In such a paradigm, the higher affinity endogenous agonists may negate
the effects of mBD1 and result in non-significant results. Considering the micromolar
agonist activity of mBD1, the lack of significance for the ad /ibitum study may not be
surprising. Administration of higher levels of mBD1 without residual TFA or converting
mBD.1 to a more potent agonist may help clarify these results.

Conclusions

While previous studes have not clearly elucidated the functional pharmacology of BD3
orthologs at the MCRs, data presented herein demonstrates that p-defensins act as full
cAMP based agonists at micromolar concentrations. Lower concentrations (<1076 M) result
in no observable increase in CAMP levels, in agreement with previously published studies.
The centrally expressed mBD1 was further investigated for feeding effects in mice. Central
administration of mBD1 was shown to have an effect on fasted male mice, with trends of
decreased food intake and body weight following the fast suggestive of potential
melanocortin agonist activity. The /n vitro cellular assays and /n vivo functional data suggest
that the B-defensins are micromolar full agonists at the MCRs. Further work examining
additional p-defensins as well as determining the functionally signficant parts of BD1 and
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BD3 may lead to the development of novel melanocortin ligands and probes with unique
pharmacological profiles due to their novel scaffolds as melanocortin ligands.

Experimental

Peptides were synthesized using standard Fmoc chemical techniques, the details of which
can be found in the supporting information. Oxidative folding was achieved by dissolving
the purified linear peptides in a redox buffer (1.0 M guanidine hydrochloride, 0.1 M Tris
buffer, 1.0 mM reduced glutathione, 0.1m M oxidized glutathione, pH ~8) for 48 h at a
peptide concentration of 0.1 mg/mL. The folded peptides were then purified by preparative
RP-HPLC. Peptide purity (determined to be > 95%) was assessed by analytical RP-HPLC in
two different solvent systems before functional characterization in the AlphaScreen
bioassay.

Detailed methodology for the AlphaScreen bioassay (PerkinElmer), competitive
displacement assay, and feeding studies can be found in the supporting information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
[llustrations of the in vitro agonist pharmacology of NDP-MSH, mBD1, mBD3*, hBD1, and

hBD3 at the AMC1R, hMC4R, mMMCI1R, and mMC4R. The cAMP signal was normalized as
previously described.32 The accepted mouse ortholog nomenclature for hBD3 is mBD14,31
but will be referred to as mBD3* in this manuscript for simplicity.
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