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ABSTRACT

Recent studies from our group on melanocortin 2 receptors (Mc2r) from basal families of
actinopterygians have served to resolve that Mrap1 dependence and ACTH selectivity are
features of even the most basal ray-finned fishes. However, there have been no studies on Mc2r
function of the basal sarcopterygians, the lobe-finned fishes, represented by the extant members
coelacanths and lungfishes. Here, we offer the first molecular and functional characterization of
an Mc2r from a lobe-finned fish, the West African lungfish (Protopterus annectens). Plasmids
containing cDNA constructs of lungfish (1f) Mc2r and Mrap1 were expressed in mammalian and
zebrafish cell lines. Cells were then stimulated by human ACTH(1-24) and melanocyte
stimulating hormone (a-MSH), as well as alanine-substituted analogs of hACTH(1-24) targeting
residues within the H)F'R®W? and K’K!R!7R'¥P!® motifs. Activation of IfMc2r was assessed
using a cAMP-responsive luciferase reporter gene assay. In these assays, 1fMc2r required co-
expression with 1fMrap1, was selective for ACTH over a-MSH at physiological concentrations
of the ligands and was completely inhibited by multiple-alanine substitutions of the HFRW (A%
%) and KKRRP (A">"!) residue. Single- and partial-alanine substitutions of the HFRW and
KKRRP motifs varied in their impacts on receptor-ligand affinity from having no effect to
completely inhibiting [fMc2r activation. This characterization of the Mc2r of a lobe-finned fish
fulfills the last major extant vertebrate group for which Mc2r function had yet to be
characterized. In doing so, we resolve that all basal bony vertebrate groups exhibit Mc2r function
that substantially differs from that of the cartilaginous fishes, indicating that rapid and dramatic
shift in Mc2r function occurred between the radiation of cartilaginous fishes and the emergence
of bony fishes. We support this interpretation with a molecular clock analysis of the
melanocortin receptors, which demonstrates the uniquely high rate of sequence divergence in
Mc2r. Much remains to be understood regarding the molecular evolution of Mc2r during the
early radiation of vertebrates that resulted in the derived functional characteristics of Mrap1

dependence and exclusive selectivity for ACTH.
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1. Introduction

Generally, all vertebrates share a similarly arranged hypothalamus-pituitary-
adrenal/interrenal (HPA/I) axis to stimulate corticosteroid production, wherein the adrenal gland
of tetrapods is homologous to the interrenal tissue associated with the kidneys of amphibians and
fishes (Bouyoucos et al., 2021). Stimulation of the HPA/I axis in gnathostomes, such as during
stress, includes the melanocortin 2 receptor (Mc2r) of the adrenal/interrenal receiving a pituitary-
derived signal, adrenocorticotropic hormone (ACTH) (Dores and Chapa, 2021). Once stimulated
by ACTH, Mc2r activation initiates corticosteroid biosynthesis in the adrenal/interrenal cells.

Mc2r is one member of a larger family of five melanocortin receptors (Mc[1-5]r) in
gnathostomes (Cone, 2006). In mammals, all melanocortin receptors can be activated by ACTH,
and Mclr, Mc3r, Mc4r, and Mc5r can also be activated by other melanocortin ligands, such as
melanocyte stimulating hormone alpha (a-MSH) (Cone, 2006). However, mammalian Mc2r is
unique from other Mcr counterparts in that Mc2r does not bind MSH-sized ligands and is
exclusively selective for ACTH (Mountjoy et al., 1992). Additionally, whereas Mclr, Mc3r,
Mc4r, and Mc5r in mammals can traffic to the plasma membrane and bind melanocortin ligands
on their own, the Mc2r requires the co-expression of an accessory protein, the melanocortin 2
receptor accessory protein (Mrapl) for trafficking to the plasma membrane (Metherell et al.,
2005; Ramachandrappa et al., 2013). Without chaperoning by Mrap1, the mammalian Mc2r can
neither traffic to the plasma membrane nor be activated by its ACTH ligand (Hinkle and Sebag,
2009; Webb and Clark, 2010).

These unique functional properties of the Mc2r (Mrapl dependence and ACTH
selectivity) have been observed in the Mc2rs of all bony vertebrates (superclass Osteichthyes)
studied to date, including ray-finned fishes and tetrapods (Dores and Chapa, 2021). However,
these functional traits appear to have been derived throughout vertebrate evolution, as the Mc2rs
of non-Osteichthyans function differently. Studies on the melanocortin receptors from sea
lamprey (Petromyzon marinus), a member of the most basal group of vertebrates, the jawless
vertebrates (class Agnatha), have shown the lamprey Mcrs do not require Mrap for trafficking or
activation and are promiscuously activated by all types melanocortin ligands (Haitina et al.,
2007; Zhu et al., 2019). Additionally, the Mc2rs of cartilaginous fishes, the basal group of jawed

vertebrates including elasmobranchs and holocephalans, exhibit a range of dependence on Mrapl
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chaperoning, and can be activated by either ACTH or aMSH with varying degrees of efficacy
(Dores and Chapa, 2021).

Seeking to better understand the evolution of Mc2r function between the cartilaginous
fishes and the more derived bony vertebrates, our group has made an effort to characterize the
function of Mc2r in the most basal bony vertebrates. The rational for this endeavor has been to
examine whether Mc2rs in the most basal bony vertebrates exhibit some intermediate function
between the Mrap-independent and promiscuous Mc2rs of cartilaginous fishes and the Mrap1-
dependent and ACTH-specific Mc2rs of modern bony vertebrates. To this end, in recent studies,
we have characterized the function of Mc2rs from gar (Wong and Dores, 2022), bowfin (Dores
et al., 2022), paddlefish (Dores et al., 2022), sturgeon (Shaughnessy et al., 2023), and bichir
(Shaughnessy et al., 2022). The Mc2rs of all of these basal actinopterygian taxa exhibit strict
Mrapl dependence for trafficking and activation and exclusive ACTH selectivity. Thus, the
Mc2rs of basal actinopterygians do not appear to demonstrate any intermediate function. Missing
from our recent studies has been the examination of an Mc2r from a lobe-finned fish, a basal
representative of the sarcopterygian side of the bony vertebrate superclade.

Here, we present the first molecular and functional characterization of an Mc2r from a
lobe-finned fish, the West African lungfish (Protopterus annectens; hereafter simply referred to
as “lungfish”). Our hypothesis for these studies, based on the results of our recent works
investigating the function of other basal osteichthyan Mc2rs, was that the lungfish (If) Mc2r
would exhibit derived functional properties such as Mrapl dependence and ACTH selectivity. In
our molecular characterization, we analyzed the primary sequence structure of [fMc2r and
1fMrapl in comparison to orthologues from other vertebrate models. In our functional assays, we
expressed Mc2r and Mrap1 from lungfish and other vertebrate models in mammalian cells and
assessed receptor activation by melanocortin ligands using a cAMP-responsive luciferase
reporter gene assay. With this characterization of the Mc2r of a lobe-finned fish fulfilling the last
major extant vertebrate group for which Mc2r function had yet to be characterized, we
synthesize our results in the context of other recent investigations from our group. Further, we
present additional molecular analyses regarding the sequence divergence of vertebrate
melanocortin receptors to support a broader discussion on the evolution of Mc2r function in

vertebrates.
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2. Materials and Methods
2.1 Sequences and in silico analyses

Nucleotide and translated protein sequences of the lungfish mc2r (Accession No.
XP_043923917) and mrapl (Accession No. XP_043927725) were obtained from the National
Center for Biotechnology Information (NCBI) GenBank (Assembly No. GCA 019279795).
Additionally, a selection of other gnathostome Mc2rs were obtained via NCBI (Supplementary
File 1).

For our comparative structural analysis, we aligned 1fMc2r with Mc2rs from basal
actinopterygian species. As no Mrap1 sequences from these species were available on NCBI, we
aligned IfMrap1 with other sarcopterygian species. The alignments of the primary (amino acid)
sequences for lungfish (If), polypterus (Polypterus senegalus; ps), and sturgeon (Acipenser
ruthenus; ar) Mc2rs and lungfish, chicken (Gallus gallus; c), and human (Homo sapiens; h)
Mrapls were produced using a common motif-based approach as previously described (Dores et
al., 1996). Transmembrane topology of 1fMc2r was predicted using the TMHMM tool (Version
1.0.24) from the DTU Bioinformatics Server (https://dtu.biolib.com/DeepTMHMM). The larger
multiple sequence analyses that were used to build the Mc2r phylogeny and perform molecular
clock analyses were carried out on primary sequences using Clustal Omega (Sievers et al., 2011).

Molecular clock analyses were carried out on primary sequences for all 5 melanocortin
receptor subtypes (Mclr, Mc2r, Mc3r, Mc4r, Mc5r) from balanced selection of species across
the gnathostome phylogeny (Supplementary File 2). Phylogenetic construction and calculation
of maximum likelihood distances were performed on MEGAT11 software (Kumar et al., 2008)
using the maximum likelihood (ML) method and a Jones-Taylor-Thornton matrix-based model
(JTT+G), where +G indicates that heterogenous substitution rates across sites was assumed
according to a gamma distribution (G = 1.0250) (Jones et al., 1992; Yang, 1993). A JTT+G
substitution model was selected among 55 substitution models analyzed as it was considered to
best describe the substitution pattern within our sequence set (i.e., JTT+G had the lowest
Bayesian information criterion score in our analysis). Taxa divergence times were calculated
based on the species divergences times presented in TimeTree of Life resource
(https://www.timetree.org) (Kumar et al., 2022) and presented as relative to human. Pairwise ML
distances were plotted against taxa divergence times for each receptor subtype. The rate of

sequence divergence was determined by the slope using a linear regression analysis.
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2.2 Cells

Chinese hamster ovary (CHO) cells (ATCC, Manassas, VA) were cultured in Kaighn’s
modification of Ham’s F12 media (ATCC) made complete by supplementing with 10% fetal
bovine serum, 100 U/mL penicillin, 100 pg/mL streptomycin, 100 pg/mL normacin, and
maintained in a humidified incubator with 95 % air and 5 % CO; at 37 °C. CHO cells were
selected for this project because this cell line does not express endogenous mcr (Noon et al.,
2002; Sebag and Hinkle, 2007) or mrap genes (Reinick et al., 2012a).

Zebrafish embryonic fibroblast (ZF4) cells (ATCC, Manassas, VA) were cultured in L-15
media (ATCC) made complete by supplementing with 10% fetal bovine serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, 100 pg/mL normacin, and maintained in a humidified

incubator with ambient CO; at 28 °C.

2.3 Peptides

Human adrenocorticotropic hormone (hACTH[1-24]) and a-MSH (N-acetyl-ACTH][1-
13]-NHz) were purchased from Sigma-Aldrich Inc. (St. Louis, MO). These peptides have a high
degree of primary sequence identity to the corresponding melanocortin peptides from the
lungfish genome. The a-MSH sequences for human and lungfish are 100 % identical, and only
one neutral amino acid substitution differentiates human and lungfish ACTH(1-24)—at residue
position 20, lungfish ACTH contains and Ile where human ACTH contains a Val. As Ile and Val
are functionally neutral substitutions and residue positions 20-24 in hACTH(1-24) do not affect
interaction with Mc2r (Kovalitskaya et al., 2007), the commercially available human analogues
of a-MSH and ACTH were considered suitable proxies for lungfish peptides in our functional
assays characterizing 1fMc2r. For the cAMP reporter gene assay, hACTH(1-24) and a-MSH
were used to stimulate transfected cells at concentrations from 102 M to 10° M. Alanine-
substituted analogs of hACTH(1-24) in the H°F'R®W? and K'*K'*R!"R!8P'® motifs (Table I)
were synthesized by New England Peptide, (Gardiner, MA) and were also used at concentrations

from 10> M to 10 M.

2.4 Reporter gene assay
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The coding sequences for mc2r and mrapl were individually inserted into a pcDNA3(+)
expression vectors (GenScript; Piscataway, NJ). The cAMP reporter gene construct, comprised
of a luciferase gene promoted by a cAMP-responsive element (cre-luciferase) (Chepurny and
Holz, 2007) was provided by Dr. Patricia Hinkle (University of Rochester, Rochester, NY).

The reporter gene assay involves transfecting cDNA constructs of receptor and/or
accessory protein along with the cDNA construct of the luciferase reporter into CHO cells, then
stimulating with ligand to measure receptor activation. Transfections were performed using the
Amaxa Cell Line Nucleofector II System (Lonza, Switzerland) with the Solution T transfection
kit (Lonza). Approximately 2 pg of cDNA per 1x10° cells was used for transfection, with a
molar ratio of [fMc2r to 1fMrap1 of 1:3. The transfected cells were plated in an opaque 96-well
plate (Costar 3917, Corning Inc., Kennebunk, ME) at a final density of 1x10° cells per well..

After 48 hours of post-transfection incubation, the transfected CHO cells were stimulated
with a range of concentrations of ligand (either hRACTH(1-24), a-MSH, or alanine-substituted
hACTH(1-24) analogs (Table I), as well as ligand-free control) in serum-free media, which was
identical to the CHO cell culture media described above only without supplementation with fetal
bovine serum. Each concentration of ligand (or the ligand-free control) was replicated in
triplicate.

Following a 4 h incubation with the ligand-containing stimulating media, the stimulating
media was removed, and the luciferase substrate reagent (BrightGLO, Promega, Madison, WI)
was added to each well following the manufacturer protocol for a 5 min incubation. After
incubation with the luciferase substrate, luminescence was immediately measured using a
BioTek Synergy HT plate reader (Winooski, VT). To account for any background levels of
cAMP production, the average luminescence reading for the ligand-free control wells for each
assay was subtracted from the luminescence readings for the ligand-containing wells. The final,
background-corrected luminescence values were fitted to the Michaelis-Menton equation to
obtain ECso values for each dose-response curve. To better visually compare ECso values, data
were normalized to set the calculated Vmax for each assay to a value of 100.

The reporter gene assay run with ZF4 cells was performed identically to the assay
performed in CHO cells with only slight modifications (doubling of incubation times) to account

for the lower incubation temperature. Transfected ZF4 cells were stimulated 96 h post-



209 transfection and stimulated ZF4 cells were assessed for luciferase luminescence after 8 h in

210  stimulating media.

211

212 2.5 Calculations and statistics

213 All assays were performed in triplicate, and all data is presented as mean + standard

214  error. Statistical differences (o = 0.05) between the ECso values were determined using the extra
215  sum-of-squares F' test. Statistics were conducted and figures were prepared using GraphPad

216  Prism software (GraphPad Inc, La Jolla, CA, USA).

217

218 3. Results

219 3.1 Structural analysis of IfMc2r and lfMrap1

220 The primary sequence of IfMc2r aligned closely with that of both psMc2r and arMc2r
221 (representing basal orders from the actinopterygian side of the osteichthyan clade). These basal
222 osteichthyan Mc2r orthologs were aligned with relatively few gap insertions (mostly single-

223 residue gaps), and the overall primary sequence similarity of the three orthologs was 58% (Fig.
224 1A). The three orthologs have the highest primary sequence divergence in the N-terminal domain
225  (24%), EC2 domain (0%), and the C-terminal domain (35%), and the highest similarity in the
226 IC1 and IC2 domains (100% and 83%, respectively).

227 In its functional domains, the Mrap1 ortholog for lungfish closely resembled the two
228  other sarcopterygian Mrapl orthologs, from chicken and human, including the alignment of a
229  putative N-linked glycosylation site, the Y'E*Y'6Y!7 and the §'*D'*Y?°5?! motifs (residue

230  numbers corresponding to hMRAP1) located in the N-terminal domain (Dores and Chapa, 2021),
231  and the transmembrane domain (Sebag and Hinkle, 2007) (Fig. 1B). The only gap insertion was
232 in N-terminal domains of hMRAP1 and cMRAPI, to facilitate alignment with the longer N-

233 terminal domain of 1fMc2r. The overall sequence similarities between the three Mrap!1 orthologs
234 was only ~25 %, but the sequence similarities were moderate within the N-terminal and

235  transmembrane domains (47% and 48%, respectively). Low (6%) sequence similarity was

236 observed in the C-terminal domains , which is characteristic of osteichthyan Mrap1 orthologs as
237  the C-terminal domain is not known to be functionally important (Liang et al., 2011; Sebag and
238  Hinkle, 2009, 2007).

239



240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270

3.2 Pharmacological Analysis of l[fMc2r

Given the common origin of Sarcopterygii and Actinopteryii (Brazeau and Friedman,
2015), and the observation that psMc2r (a basal actinopterygian Mc2r) requires co-expression
with an osteichthyan Mrapl for functional activation (Shaughnessy et al., 2022), we predicted
that 1fMc2r would have a similar reliance on co-expression with Mrapl. To test this, [fMc2r was
expressed either alone or with IfMrap1 and stimulated with hACTH(1-24). Expression of [fMc2r
alone did not result in activation at any of the concentrations of hACTH(1-24) (Fig. 2A).
However, a robust response to stimulation by hACTH(1-24) in the nanomolar range was
observed when the 1fMc2r was co-expressed with 1fMrap1 (Fig. 2A). To determine whether
1fMc2r could be activated by a-MSH, 1fMc2r was co-expressed with 1fMrap1 and stimulated
with either hACTH(1-24) (serving as a positive control) or a-MSH. Here, [fMc2r showed only
minor stimulation to a-MSH compared to hACTH(1-24) and only at the highest concentration of
10® M (Fig. 2B).

Since previous studies had evaluated the role of residues in the “message” motif
(HSF'R®W?) and the “address” motif (K!°K!°R!7R'®P!%) of various osteichthyan Mc2r orthologs
(Barlock et al., 2014; Davis et al., 2013; Liang et al., 2013; Schwyzer, 1977), the activation of
1fMc2r (co-expressed with [fMrap1) was evaluated using the set of alanine-substituted analogs of
hACTH(1-24) (Table I). Activation of [fMc2r was completely inhibited by a complete alanine
substitution of the HF’R¥W* motif (A°A’A%A%), whereas single-alanine substitutions of the
HEF'R®W? motif resulted in a range of inhibition of IfMC2r activation (Fig. 2C). The ASF'RW’
analog had no affect on 1fMc2r activation compared to the HF'R¥W? control (comparison of
ECso values: P =0.102), but the H*A’R¥*W? analog resulted in a 10-fold reduction in affinity (P <
0.001; Table I). The H’F’A*W® and H°F’R8A° analogs resulted in 100- and 1,000-fold
reductions in affinities, respectively (for both, P < 0.001).

Similar to the alanine substitution studies on the HF’R®W? motif, complete alanine
substitution of the K!'’K!R'7R'8P!® motif nearly completely inhibited activation of IfMc2r (co-
expressed with [fMrap1), and partial alanine substitution resulted in partially inhibited 1fMc2r
activation (Fig. 2D). The two partial alanine-substituted analogs tested (A'°A'*R!"R!*P!? and
KPKIA7ABALY) both resulted in a 10-fold reduction in affinity (for both, P < 0.001).

Co-transfection of IfMc2r and 1fMrap! into ZF4 cells and stimulation by hACTH(1-24)

resulted in similar characteristics of activation as was observed in CHO cells. In ZF4 cells,
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activation of 1fMc2r was only possible when the receptor was co-expressed with [fMrapl, and
the Log(ECso) value of 1fMc2r for hACTH(1-24) (Log(ECso0) =-9.0; 95% CI =-10.0 to -8.4) was
similar to that observed CHO cells (Fig. 3).

3.3 Analysis of molecular evolution of Mc2r

In our phylogenetic analysis of the melanocortin receptor family, each receptor subtype
was grouped in a distinct clade (Fig. 4). Within the Mc2r clade, the Mc2rs from the
chondrichthyans were grouped in a basal sub-clade to the osteichthyan M2crs, which distinctly
grouped into the Actinopterygii and Sarcopterygii sub-clades. Within the sarcopterygian Mc2r
sub-clade, the lungfish Mc2r occupied the basal position (Fig. 4 and Fig. 6).

Generally, the Mc1r and Mc2r subtypes had higher sequence divergence compared to
Mc3r, Mc4r, and Mc5r (Fig. SA). For each subtype, the sequence divergence was generally
higher at longer taxa divergence times (i.e., there was a positive correlation between sequence
divergence and taxa divergence times) (Fig. SA). The rate of sequence divergence was similar
between Mclr, Mc3r, Mc4r, and Mc5r at ~0.0004 substitutions site! My™!, but was 3-fold higher
for Mc2r at ~0.0012 substitutions site! My (Fig. 5B). Within Mc2r, the rate of divergence
varied across sites. Lower than average divergence rates were found in the TM1, IC1, TM2,
TM3, IC2, and TM7 regions, and higher divergence rates were found in the EC1, EC2, TMS5, and
IC3 regions (Fig. 5C-D).

4. Discussion

In the present study, we described the structural and functional characteristics of the
ACTH receptor, Mc2r, from the last remaining major extant vertebrate taxa for which Mc2r
function had not yet been investigated, the ancient sarcopterygians, the lobe-finned fishes, as
represented here by the lungfish. This work fulfills a decade-long investigation by our group into
characterizing the function and pharmacology of vertebrate Mc2rs and testing hypotheses
regarding the progression of melanocortin ligand-receptor relationships throughout vertebrate
evolution (Fig. 6). In doing so, we have shown the acquisition of ACTH selectivity and Mrap1-
dependence to be distinctly derived features of Mc2r function.

Among the cartilaginous fishes (class Chondrichthyes), studies by our lab have described

Mc2r orthologs with varying degrees of ligand selectivity and interaction with Mrap1. For



302 example, the Mc2r from the holocephalan, the elephant shark (Callorhinchus milii), does not
303 require Mrapl for activation or membrane-trafficking and can be activated by either ACTH or a-
304 MSH (Barney et al., 2019; Reinick et al., 2012b). These characteristics of the elephant shark

305  Mc2r are similar to the apparent functional characteristics of the agnathan melanocortin receptors
306 (Mca and Mcb) (Haitina et al., 2007; Zhu et al., 2019). Unlike the elephant shark Mc2r,

307  orthologs of Mc2rs from elasmobranchs, including stingray (Dasyatis akajei) (Dores et al., 2018;
308  Takahashi et al., 2016), whale shark (Rhincodon typus) (Hoglin et al., 2022), and dogfish

309  (Squalus suckleyi) (Boyoucos et al., manuscript under revision), do appear to require co-

310 interaction with an Mrap to traffic to the plasma membrane, although they do not require Mrap1
311  for activation. Like the elephant shark Mc2r, elasmobranch Mc2rs can be activated by either

312 ACTH or a-MSH at physiological concentrations of ligand, although they do tend to have a

313  greater affinity for ACTH compared to a-MSH.

314 Among Actinopterygii, studies on the Mc2rs from taxa within the neopterygian lineage,
315  such as the zebrafish (Danio rerio) (Agulleiro et al., 2010; Dores et al., 2016b), sea bass

316  (Dicentrarchus labrax) (Agulleiro et al., 2013), rainbow trout (Oncorhynchus mykiss) (Dores et
317 al., 2016b; Liang et al., 2015, 2011), bowfin (Amia calva) (Hoglin et al., 2023), and gar

318  (Lepisosteus oculatus) (Wong and Dores, 2022), have all described Mc2r orthologs which are
319  exclusively selective for ACTH and dependent on interaction with Mrap1 for both trafficking
320 and activation. Recently, we have shown that these derived functional characteristics of the

321  Mc2rs of neopterygian bony fishes are also present in the more ancient actinopterygian lineages,
322 including Chondrostei, sturgeons (Acipenser oxyrinchus and Acipenser ruthenus) (Shaughnessy
323  etal., 2023) and paddlefish (Polyodon spathula) (Dores et al., 2022), and the most basal extant
324  actinopterygian lineage, Cladistia, represented by the bichir (Polypterus senegalus)

325  (Shaughnessy et al., 2022). Together, these studies illustrating that the Mc2rs from taxa across
326  the Actinopterygii phylogeny are exclusively selective for ACTH and dependent on Mrap! for
327 trafficking and activation indicate that a common ancestor of the Actinopterygii also possessed a
328  highly selective Mc2r that requires Mrapl.

329 Similar to the Mc2r of actinopterygians, the sarcopterygian Mc2rs also demonstrate

330  exclusivity for ACTH ligands and requisite co-expression with Mrapl for membrane-trafficking
331  and activation. These functional characteristics of Mc2r were first shown in mammalian models

332  (Hinkle and Sebag, 2009; Metherell et al., 2005; Roy et al., 2007; Sebag and Hinkle, 2009,
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2007), but have also been shown in other major extant tetrapod groups, including birds (Gallus
gallus) (Barlock et al., 2014), reptiles (Anolis carolinensis) (Davis et al., 2013), and amphibians
(Xenopus tropicalis) (Davis et al., 2013). Prior to the present study on lungfish, no
pharmacological analyses had been conducted on the Mc2r orthologs of the non-tetrapod
sarcopterygians, the lobe-finned fishes, such as the lungfishes (class Dipnoi) or the coelacanths
(Latimeria spp.) which are the two most basal extant lineages of Sarcopterygii.

Structurally, the lungfish Mc2r and Mrap1 share many important features with
actinopterygians and more derived sarcopterygians that explain the similarities in function. For
example, there is a high degree of primary sequence conservation in portions of TM2-EC1-TM3
region and TM6, which have been implicated as the common HSF’R®W? binding site for all
melanocortin ligands (Chen et al., 2007; Pogozheva et al., 2005). Additionally, there is
conservation of the phenylalanine in TM5 (Phe186 on 1fMc2r; Fig. 1A), which serves as the
contact site with the transmembrane domain of Mrap] to facilitate trafficking (Davis et al.,
2022). The lungfish Mrap1 exhibits the Y2 E?*Y?Y?% motif that is common to all Mraps (Dores
and Chapa, 2021), and is followed by an apparent §-D-Y- § activation motif (D*’D**Y?’I*° on
1fMrapl). Although this D*’D**Y?’I*® motif of IfMrap1 does not have an aromatic () residue at
position 27, it does have a Tyr residue at position 29, which has been shown to be critical for the
activation of several osteichthyan Mc2r orthologs (Dores et al., 2022, 2016b; Sebag and Hinkle,
2009).

Consistent with the functional characteristics of Mc2rs of all other osteichthyans studied
to date, the Mc2r of the lungfish also appears to be highly selective for an ACTH ligand and
dependent on a cooperative interaction with Mrap1. By reproducing these results in a zebrafish
cell line (in addition to our mammalian cell line), we confirmed that there were no potential
confounding impacts of incubation temperature and cellular background on our functional
studies of non-mammalian Mc2rs and Mrapls. The alanine substitution experiments
manipulating the “message” (H’F'R®W?) and “address” (K'’K!R!"R'®P'?) motifs on ACTH
demonstrated that the lungfish Mc2r exhibits similar ligand interactions to other osteichthyans.
For example, it has been shown in bowfin (4mia calva) and whale shark (Rhincodon typus) that
the alanine substitution of all four H°F’'R¥W? residues completely inhibits activation of Mc2r,
with W? appearing to be the single residue with the greatest effect on activation (Hoglin et al.,

2023). Likewise, the requirement of an intact K!’K!'R!"R!8P!® “address” motif supports the
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hypothesis that osteichthyan Mc2r orthologs are activated by a two-step process of involving the
KSK!SR7RI8P! “address” motif interacting with Mc2r first to open up a binding site for the
HEF'R¥W? “message” motif to activate Mc2r (Dores and Chapa, 2021).

This current work on the lobe-finned fish Mc2r, together with our recent work on the
bichir Mc2r (Shaughnessy et al., 2022), establishes that an ancestral osteichthyan likely exhibited
a highly selective Mc2r that requires Mrap1, indicating that the functional evolution of Mc2r
occurred relatively quickly between the chondrichthyan and osteichthyan lineages.

The present study and previous works from our laboratory have mapped how major shifts
in Mc2r function occurred throughout the radiation of vertebrates (Fig. 6), while the function of
the other melanocortin receptors (Mclr, Mc3r, Mc4r, and Mc5r) remained conserved (Dores et
al., 2016a, 2014). The unique functional evolution of Mc2r among the family of melanocortin
receptors is likely a result of the much higher rate of spontaneous substitutions within the Mc2r
gene (Schioth et al., 2005) compared to Mclr, Mc3r, Mc4r, and Mc5r. By our analysis, that
difference in rate of sequence divergences has been approximately 3-fold (Fig. 5B). That Mc2r
sequence divergence is so strongly positively correlated with taxa divergence time (Fig. SA),
implies that it is still evolving at a high rate. This could explain not only why major functional
differences exist between the Mc2rs of chondrichthyans and osteichthyans, but also why
functional differences in Mc2r exist within the chondrichthyans as well—Mc2r is a rapidly
evolving gene. Importantly, the rate of sequence divergence was concentrated to specific regions
of the Mc2r protein, wherein particularly high rates of divergence were found at EC1, EC2-TMS,
IC3, TM6-EC3 (Fig. 5C-D). Many residues within these domains have already been described as
impacting ligand recognition, ligand binding, and/or interaction with Mrap1 and have been
implicated as causes for familial glucocorticoid deficiency, a disorder caused by dysfunction of
Mc2r (Fridmanis et al., 2017).

Important questions remain regarding the functional evolution of Mc2r that cannot be
answered solely by examining the Mc2rs of extant vertebrate taxa: When did exclusive
selectivity for ACTH and dependence on Mrapl emerge as a functional characteristic of Mc2r?
Does the lack of ACTH selectivity and Mrap! dependence exhibited by the Mc2rs of extant
chondrichthyans represent the functional qualities of a hypothetical ancestral gnathostome or are
these functional characteristics unique to the Mc2rs of cartilaginous fishes? Similar questions

could be asked regarding the presence of an activation motif in Mrap1: Did the osteichthyans
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gain an activation motif in Mrap1, or did the chondrichthyans lose it? To test such questions
relating molecular structure and function, a ‘Functional Synthesis’ of evolutionary biology has
emerged (Dean and Thornton, 2007; Storz et al., 2015). Experimental approaches within the
framework of the Functional Synthesis powerfully combine the predictive power of molecular
phylogenetic modelling with the explanatory power of functional molecular analyses. Using the
computational method of ancestral gene reconstruction, the coding sequences of various
ancestral states of Mc2r and Mrap1 can be deduced and evaluated for their functional
characteristics. Manipulation of primary structure in key functional motifs of extant and ancestral
Mc2rs or Mrapls can be performed to determine the precise genetic changes that caused the
evolutionary shifts in the complex functional relationship between Mc2r, its accessory protein
Mrapl, and its ACTH and a-MSH ligands.

In conclusion, we have characterized the structure and function of Mc2r in the last
remaining major vertebrate group occupying a key phylogenetic position regarding the evolution
of Mc2r, with that group being the basal sarcopterygians, the lobe-finned fishes. The present
work and previous works from our laboratory have mapped the shifts in Mc2r function through
the radiation of vertebrates, and charted a path forward for resolving the precise mechanisms for
how sequence divergence in key domains and at key residue positions resulted in the molecular
evolution of Mc2r. Future studies within the Functional Synthesis are poised to answer questions
such as: How did complexity arise in the functional interactions of Mc2r and Mrap1? Did the
functional evolution of Mc2r and Mrap1 proceed by many small-in-effect genetic mutations or
by a few large-in-effect mutations? Could there have been multiple genetic evolutionary paths to
the same derived functional characteristics of Mc2r and Mrap1? Future research on the evolution
of melanocortin signaling in the HPI axis should seek to employ principles and the experimental
framework of the Functional Synthesis to ultimately resolve the functional co-evolution of Mc2r

and Mrapl.

Acknowledgements

We thank P.M. Hinkle for providing the cDNA construct of CRE-Luciferase.

Funding



425
426
427
428
429
430
431
432
433
434

This research was supported by the Long Research Endowment at the University of Denver to
R.M.D., and by a National Science Foundation Postdoctoral Fellowship (DBI-2109626) to
C.AS.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Data availability

All data is contained within the manuscript.



435

436

437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465

REFERENCES

Agulleiro, M.J., Roy, S., Sanchez, E., Puchol, S., Gallo-Payet, N., Cerda-Reverter, J.M., 2010.
Role of melanocortin receptor accessory proteins in the function of zebrafish melanocortin
receptor type 2. Mol Cell Endocrinol 320, 145-152.
https://doi.org/10.1016/j.mce.2010.01.032

Agulleiro, M.J., Sanchez, E., Leal, E., Cortés, R., Fernandez-Duran, B., Guillot, R., Davis, P.,
Dores, R.M., Gallo-Payet, N., Cerdd-Reverter, J.M., 2013. Molecular Characterization and
Functional Regulation of Melanocortin 2 Receptor (MC2R) in the Sea Bass. A Putative
Role in the Adaptation to Stress. PLoS One 8. https://doi.org/10.1371/journal.pone.0065450

Barlock, T.K., Gehr, D.T., Dores, R.M., 2014. Analysis of the pharmacological properties of
chicken melanocortin-2 receptor (¢cMC2R) and chicken melanocortin-2 accessory protein 1
(cMRAPI). Gen Comp Endocrinol 205, 260-267.
https://doi.org/10.1016/j.ygcen.2014.03.045

Barney, E., Dores, M.R., McAvoy, D., Davis, P., Racareanu, R.C., Iki, A., Hyodo, S., Dores,
R.M., 2019. Elephant shark melanocortin receptors: Novel interactions with MRAP1 and
implication for the HPI axis. Gen Comp Endocrinol 272, 42-51.
https://doi.org/10.1016/j.ygcen.2018.11.009

Bouyoucos, I.A., Schoen, A.N., Wahl, R., Anderson, W.G., 2021. Ancient fishes and the
functional evolution of the corticosteroid stress response in vertebrates. Comp Biochem
Physiol - A Mol Integr Physiol 260, 111024. https://doi.org/10.1016/j.cbpa.2021.111024

Brazeau, M.D., Friedman, M., 2015. The origin and early phylogenetic history of jawed
vertebrates. Nature 520, 490—497. https://doi.org/10.1038/nature14438

Chen, M., Aprahamian, C.J., Kesterson, R.A., Harmon, C.M., Yang, Y., 2007. Molecular
identification of the human melanocortin-2 receptor responsible for ligand binding and
signaling. Biochemistry 46, 11389—-11397. https://doi.org/10.1021/bi700125¢

Chepurny, O.G., Holz, G.G., 2007. A novel cyclic adenosine monophosphate-responsive
luciferase reporter incorporating a nonpalindromic cyclic adenosine monophosphate
response element provides optimal performance for use in G protein-coupled receptor drug
discovery efforts. J Biomol Screen 12, 740-746.
https://doi.org/10.1177/1087057107301856



466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

Cone, R.D., 2006. Studies on the Physiological Functions of the Melanocortin System 27, 736—
749. https://doi.org/10.1210/er.2006-0034

Davis, P., Franquemont, S., Liang, L., Angleson, J.K., Dores, R.M., 2013. Evolution of the
melanocortin-2 receptor in tetrapods: Studies on Xenopus tropicalis MC2R and Anolis
carolinensis MC2R. Gen Comp Endocrinol 188, 75-84.
https://doi.org/10.1016/j.ygcen.2013.04.007

Davis, P. V, Shaughnessy, C.A., Dores, R.M., 2022. Human melanocortin-2 receptor: identifying
a role for residues in the TM4, EC2, and TM5 domains in activation and trafficking as a
result of co-expression with the accessory protein, Mrapl in Chinese hamster ovary cells.
Biomolecules 12, 1422.

Dean, A.M., Thornton, J.W., 2007. Mechanistic approaches to the study of evolution: The
functional synthesis. Nat Rev Genet 8, 675—-688. https://doi.org/10.1038/nrg2160

Dores, R.M., Chapa, E., 2021. Hypothesis and Theory: Evaluating the Co-Evolution of the
Melanocortin-2 Receptor and the Accessory Protein MRAP1. Front Endocrinol (Lausanne)
12, 1-10. https://doi.org/10.3389/fendo.2021.747843

Dores, R.M., Liang, L., Davis, P., Thomas, A.L., Petko, B., 2016a. Melanocortin receptors:
Evolution of ligand selectivity for melanocortin peptides. J Mol Endocrinol 56, T119-T133.
https://doi.org/10.1530/JIME-15-0292

Dores, R.M., Liang, L., Hollmann, R.E., Sandhu, N., Vijayan, M.M., 2016b. Identifying the
activation motif in the N-terminal of rainbow trout and zebrafish melanocortin-2 receptor
accessory protein 1 (MRAP1) orthologs. Gen Comp Endocrinol 234, 117-122.
https://doi.org/10.1016/j.ygcen.2015.12.031

Dores, R.M., Londraville, R.L., Prokop, J., Davis, P., Dewey, N., Lesinski, N., 2014. Molecular
evolution of GPCRs: Melanocortin/melanocortin receptors. J Mol Endocrinol 52.
https://doi.org/10.1530/JME-14-0050

Dores, R.M., Mckinley, G., Meyers, A., Martin, M., Shaughnessy, C.A., 2022.
Structure/Function Studies on the Activation Motif of Two Non-Mammalian Mrap1
Orthologs: Observations on the Phylogeny of Mrapl, Including a Novel Characterization of
an Mrap1 from the Chondrostean Fish, Polyodon spathula. Biomolecules 12, 1681.

Dores, R.M., Rubin, D.A., Quinn, T.W., 1996. Is it possible to construct phylogenetic trees using

polypeptide hormone sequences? Gen Comp Endocrinol 103, 1-12.



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527

https://doi.org/10.1006/gcen.1996.0088

Dores, R.M., Scuba-Gray, M., McNally, B., Davis, P., Takahashi, A., 2018. Evaluating the
interactions between red stingray (Dasyatis akajei) melanocortin receptors and elephant
shark (Callorhinchus milii) MRAP1 and MRAP2 following stimulation with either stingray
ACTH(1-24) or stingray Des-Acetyl-aMSH: A pharmacological study i. Gen Comp
Endocrinol 265, 133-140. https://doi.org/10.1016/j.ygcen.2018.02.018

Fridmanis, D., Roga, A., Klovins, J., 2017. ACTH receptor (MC2R) specificity: What do we
know about underlying molecular mechanisms? Front Endocrinol (Lausanne) 8, 1-23.
https://doi.org/10.3389/fendo.2017.00013

Haitina, T., Klovins, J., Takahashi, A., Lowgren, M., Ringholm, A., Enberg, J., Kawauchi, H.,
Larson, E.T., Fredriksson, R., Schioth, H.B., 2007. Functional characterization of two
melanocortin (MC) receptors in lamprey showing orthology to the MC1 and MC4 receptor
subtypes. BMC Evol Biol 7, 1-14. https://doi.org/10.1186/1471-2148-7-101

Hinkle, P.M., Sebag, J.A., 2009. Structure and function of the melanocortin 2 receptor accessory
protein MRAP. Mol Cell Endocrinol 300, 25-31.

Hoglin, B.E., Miner, M., Dores, R.M., 2022. Pharmacological properties of whale shark
(Rhincodon typus) melanocortin-2 receptor and melancortin-5 receptor: Interaction with
MRAPI and MRAP2. Gen Comp Endocrinol 315, 113915.

Hoglin, B.E., Miner, M. V., Erbenebayar, U., Shaughnessy, C.A., Dores, R.M., 2023. Trends in
the evolution of the elasmobranch melanocortin-2 receptor: Insights from structure/function
studies on the activation of whale shark Mc2r. Gen Comp Endocrinol 338, 114278.
https://doi.org/10.1016/j.ygcen.2023.114278

Jones, D.T., Taylor, W.R., Thornton, J.M., 1992. The rapid generation of mutation data matrices
from protein sequences. Bioinformatics 8, 275-282.
https://doi.org/10.1093/bioinformatics/8.3.275

Kovalitskaya, Y.A., Zolotarev, Y.A., Kolobov, A.A., Sadovnikov, V.B., Yurovsky, V.V,
Navolotskaya, E.V., 2007. Interaction of ACTH synthetic fragments with rat adrenal cortex
membranes. J Pept Sci 13, 16-26. https://doi.org/10.1002/psc

Kumar, S., Nei, M., Dudley, J., Tamura, K., 2008. MEGA: A biologist-centric software for
evolutionary analysis of DNA and protein sequences. Brief Bioinform 9, 299-306.
https://doi.org/10.1093/bib/bbn017



528  Kumar, S., Suleski, M., Craig, J.M., Kasprowicz, A.E., Sanderford, M., Li, M., Stecher, G.,

529 Hedges, S.B., 2022. TimeTree 5: An Expanded Resource for Species Divergence Times.
530 Mol Biol Evol 39, 1-6. https://doi.org/10.1093/molbev/msac174

531 Liang, L., Reinick, C., Angleson, J.K., Dores, R.M., 2013. Evolution of melanocortin receptors
532 in cartilaginous fish: Melanocortin receptors and the stress axis in elasmobranches. Gen
533 Comp Endocrinol 181, 4-9. https://doi.org/10.1016/j.ygcen.2012.08.016

534  Liang, L., Schmid, K., Sandhu, N., Angleson, J.K., Vijayan, M.M., Dores, R.M., 2015.

535 Structure/function studies on the activation of the rainbow trout melanocortin-2 receptor.
536 Gen Comp Endocrinol 210, 145-151. https://doi.org/10.1016/j.ygcen.2014.03.032

537 Liang, L., Sebag, J.A., Eagelston, L., Serasinghe, M.N., Veo, K., Reinick, C., Angleson, J.,

538 Hinkle, P.M., Dores, R.M., 2011. Functional expression of frog and rainbow trout

539 melanocortin 2 receptors using heterologous MRAP1s. Gen Comp Endocrinol 174, 5-14.
540 https://doi.org/10.1016/j.ygcen.2011.07.005

541  Metherell, L.A., Chapple, J.P., Cooray, S., David, A., Becker, C., Riischendorf, F., Naville, D.,
542 Begeot, M., Khoo, B., Niirnberg, P., Huebner, A., Cheetham, M.E., Clark, A.J.L., 2005.
543 Mutations in MRAP, encoding a new interacting partner of the ACTH receptor, cause

544 familial glucocorticoid deficiency type 2. Nat Genet 37, 166—170.

545 https://doi.org/10.1038/ng1501

546  Mountjoy, K.G., Robbins, L.S., Mortrud, M.T., Roger, D., Mountjoy, K.G., Robbins, L.S.,

547 Mortrud, M.T., Cone, R.D., 1992. The Cloning of a Family of Genes that Encode the

548 Melanocortin Receptors. Science (80-) 257, 1248—-1251.

549  Noon, L.A., Franklin, J.M., King, P.J., Goulding, N.J., Hunyady, L., Clark, A.J.L., 2002. Failed
550 export of the adrenocorticotrophin receptor from the endoplasmic reticulum in non-adrenal
551 cells: evidence in support of a requirement for a specific adrenal accessor. J Endocrinol 174,
552 17-25.

553  Pogozheva, .D., Chai, B.X., Lomize, A.L., Fong, T.M., Weinberg, D.H., Nargund, R.P.,

554 Mulholland, M.W., Gantz, 1., Mosberg, H.I., 2005. Interactions of human melanocortin 4
555 receptor with nonpeptide and peptide agonists. Biochemistry 44, 11329-11341.

556 https://doi.org/10.1021/bi0501840

557  Ramachandrappa, S., Gorrigan, R.J., Clark, A.J.L., Chan, L.F., 2013. The melanocortin receptors
558 and their accessory proteins 4, 1-8. https://doi.org/10.3389/fendo.2013.00009



559  Reinick, C.L., Liang, L., Angleson, J.K., Dores, R.M., 2012a. Functional expression of Squalus

560 acanthias melanocortin-5 receptor in CHO cells: Ligand selectivity and interaction with
561 MRAP. Eur J Pharmacol 680, 1-7. https://doi.org/10.1016/j.ejphar.2012.01.021

562  Reinick, C.L., Liang, L., Angleson, J.K., Dores, R.M., 2012b. Identification of an MRAP-

563 independent melanocortin-2 receptor: Functional expression of the cartilaginous fish,

564 Callorhinchus milii, melanocortin-2 receptor in CHO cells. Endocrinology 153, 4757-4765.
565 https://doi.org/10.1210/en.2012-1482

566  Roy, S., Rached, M., Gallo-Payet, N., 2007. Differential regulation of the human

567 adrenocorticotropin receptor [melanocortin-2 receptor (MC2R)] by human MC2R accessory
568 protein isoforms o and B in isogenic human embryonic kidney 293 cells. Mol Endocrinol
569 21, 1656-1669. https://doi.org/10.1210/me.2007-0041

570  Schioth, H.B., Haitina, T., Ling, M.K., Ringholm, A., Fredriksson, R., Cerda-Reverter, J.M.,
571 Klovins, J., 2005. Evolutionary conservation of the structural, pharmacological, and

572 genomic characteristics of the melanocortin receptor subtypes. Peptides 26, 1886—1900.
573 https://doi.org/10.1016/j.peptides.2004.11.034

574  Schwyzer, R., 1977. ACTH: a short introductory review. Ann N'Y Acad Sci 297, 3-26.

575 https://doi.org/10.1111/5.1749-6632.1977.tb41843.x

576  Sebag, J.A., Hinkle, P.M., 2009. Regions of melanocortin 2 (MC2) receptor accessory protein
577 necessary for dual topology and MC2 receptor trafficking and signaling. J Biol Chem 284,
578 610-618. https://doi.org/10.1074/jbc.M804413200

579  Sebag, J.A., Hinkle, P.M., 2007. Melanocortin-2 receptor accessory protein MRAP forms

580 antiparallel homodimers. Proc Natl Acad Sci U S A 104, 20244-20249.

581 https://doi.org/10.1073/pnas.0708916105

582  Shaughnessy, C.A., Jensen, M.F., Dores, R.M., 2022. A basal actinopterygian melanocortin
583 receptor: Molecular and functional characterization of an Mc2r ortholog from the Senegal
584 bichir (Polypterus senegalus). Gen Comp Endocrinol 328, 114105.

585  Shaughnessy, C.A., Myhre, V.D., Hall, D.J., McCormick, S.D., Dores, R.M., 2023.

586 Hypothalamus-pituitary-interrenal (HPI) axis signaling in Atlantic sturgeon (Acipenser
587 oxyrinchus) and sterlet (Acipenser ruthenus). Gen Comp Endocrinol 339, 114290.

588 https://doi.org/10.1016/j.ygcen.2023.114290

589  Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W., Lopez, R., McWilliam, H.,



590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612

Remmert, M., Soding, J., Thompson, J.D., Higgins, D.G., 2011. Fast, scalable generation of
high-quality protein multiple sequence alignments using Clustal Omega. Mol Syst Biol 7,
539. https://doi.org/https://doi.org/10.1038/msb.2011.75

Storz, J.F., Bridgham, J.T., Kelly, S.A., Garland, T., 2015. Genetic approaches in comparative
and evolutionary physiology. Am J Physiol - Regul Integr Comp Physiol 309, R197-R214.
https://doi.org/10.1152/ajpregu.00100.2015

Takahashi, A., Davis, P., Reinick, C., Mizusawa, K., Sakamoto, T., Dores, R.M., 2016.
Characterization of melanocortin receptors from stingray Dasyatis akajei, a cartilaginous
fish. Gen Comp Endocrinol 232, 115-124. https://doi.org/10.1016/j.ygcen.2016.03.030

Webb, T.R., Clark, A.J.L., 2010. Minireview: The melanocortin 2 receptor accessory proteins.
Mol Endocrinol 24, 475—-484. https://doi.org/10.1210/me.2009-0283

Wong, M.K., Dores, R.M., 2022. Analyzing the Hypothalamus/Pituitary/Interrenal axis of the
neopterygian fish, Lepisosteus oculatus: Co-localization of MC2R, MC5R, MRAP1, and
MRAP?2 in interrenal cells. Gen Comp Endocrinol 323-324, 114043.
https://doi.org/10.1016/j.ygcen.2022.114043

Yang, Z., 1993. Maximum-likelihood estimation of phylogeny from DNA sequences when
substitution rates differ over sites. Mol Biol Evol 10, 1396-1401.
https://doi.org/10.1093/0xfordjournals.molbev.a040082

Zhu, M., Xu, B., Wang, M., Liu, S., Zhang, Y., Zhang, C., 2019. Pharmacological modulation of
MRAP?2 protein on melanocortin receptors in the sea lamprey. Endocr Connect 8, 378—388.

https://doi.org/10.1530/ec-19-0019



613  Figure 1

A (24%) (78%) (100%) (50%)
N-terminal ~  [Fm==——=- ’.L'Ml —————————— ] IC1 [ ————————— TM2--———--—~—

psMc2r | 78

arMc2r f--——---------—————————1 D NSTHVTVBET AEEIHFAEAMVSTLLVEVAEI ANKNLHS PV SIFNMTASVSET@ 75
1£Mc2r JDYKDDDDKMTSPTDTAASSGQISSIANNEFNRETRISK TffjvviEoRilg s THAVVERLEN I - AL 1 vRERSINERIgY v Fgifeei svSDMLECIYRIVEY 92
I I
(29%) (65") (83%) (52%) (0%)
ECl  [-=—----- c2 [pm----- TM4-----—--- ] EC2[---

psMc2r IMs------ HLDPKG@TEKK@IIIAL CMEF BT AWDRY I THFHALRY \HLWD@ASVEGILFEAVNEMVLVFFEYVTFELIF 165

arMc2r IMAVFSK-MGHLYSRGELAMKMEBVMBGLYCMEF| \|DRY I T)YF T 1V RV A ABBAG I T FEAASEVIMATEEHY TIfiMTC 167

1fMc2r AVETFCKIKKLCFDFKELELOLEBVIRSVF I IFLMERRL sillsMilh v a 1 [rNnees N Vi Ties A v IR v S S Ve TG LE I PMTVYEHGKIHFGF 185
—— I I

(53%) (58%) (83%) (71%) (70%)
————— TM5-——-----] 1c3 [-------TM6--—-------] EC3 [-------TM7-
psMc2r .LLYVVELLL.LVEVR@L.QAERT QRVYQTTEAETI.L@LWIVC@SEEEIIML@FMEERELEQVNLLFMMLE 258
arMc2r FRVLELIBLALREMARGY-YE L IRR TER R« e ) B R S :ErfovnvInindgy 260
1fMc2r [ .1 ETIRY 1 FL L S Fil s SER T RIENGMZe NG 1 H PRV VA -l 1 Tl A L v -[f TR VR L L 1 = 1[G L YT J1@-AsvTENTHY 275
I
(35%)
———————————— 1 C-terminal

psMc2r AVEDELIRTNEE HRNEERNYFBLSRTRLCS 290
arMc2r SIADEFIRENIE VY SHARKYFECSGDIFCH 292
1£Mc2r § R R orY L BcavROYYGF 308

B (47%) (48%)

N-terminal [----Transmembrane---]
1fMrapl EDYKDDDDKMTNT.LGYILAMDEIFPAEERIEIVHIY.AEL‘SGLEVFVI.LFLNELYVSRSES 75
CMRAP1 [§--------- SB B 66
hMRAP1 J--------- ANciy2BAPYYSH L. TP EKKIK A HG VIR F VS LA FVVBLFLIBLYMSWSAS 66

(6%)
C-terminal
1fMrapl ELEQSLLKIDSLRNANCQWICQRCHMDIMSCLRKHEHTSSAVHLPLPMNRRDDCVDANQDHQGQNSTSDWSAA 150
cMRAP1 EVKQVVVRNRVEESSSNSEQPHGDNLSSPFPDPVZ—\PGTPSCLPDHSGIHGSISA 120
hMRAP1 QMRNSPKHHQTCPWSHGLNLHLCIQKCLPCHREPLATSQAQASSVEPGSRTGPDQPLRQESSSTLPLGGQTHP 141

1fMrapl NRCLPCEDETKCV 163
hMRAP1 TLLWELTLNGGPLVRSKPSEPPPGDRTSQLQS 172

614
615

616  Figure 1: Alignment lungfish (Protopterus annectens; If) Mc2r (A) and Mrap1 (B) with

617  selected osteichthyan Mc2r and Mrap1 sequences. Colors indicate sequence similarity (gray)
618  and identity (blue). Structural domains (bolded) and their sequence similarities (percentages

619  within parentheses) are indicated above alignments. In A: Red bars indicate regions containing
620  residues involved in the HF’R®W? forming the ligand binding pocket and determining ligand
621  recognition (Fridmanis et al., 2017). In B: the black bar indicates the Y*E'3Y!6Y!” motif and the
622  following gray bar indicates the §'®D!?Y?°6?! activation motif. Sequence name abbreviations: ps,
623  Polypterus senegalus (bichir); ar, Acipenser ruthenus (sterlet sturgeon); c, chicken (Gallus

624  gallus); h, human (Homo sapiens). Domain abbreviations: TM, transmembrane domain; IC,

625 intracellular loop; EC, extracellular loop.

626
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628
629  Figure 2: Pharmacology of lungfish (Protopterus annectens; If) Mc2r expressed in Chinese

630  hamster ovary (CHO) cells. (A) Dose-response stimulation by human (h) ACTH(1-24) of

631  lfMc2r co-expressed with or without 1fMrap1. (B) Dose-response stimulation by either

632  hACTH(1-24) or a-MSH of 1fMc2r co-expressed with 1fMrap1. (C) Dose-response stimulation
633 by alanine substitutions in the H'F'R®*W® motif in hACTH(1-24). (D) Dose-response stimulation
634 by alanine substitutions in the KI’K'R!7R'8P!"” motif in hACTH(1-24). Stimulation is presented
635  as normalized (to the Vmax of the unaltered hACTH(1-24) positive control) cAMP-responsive
636 luciferase activity, with lines representing the fitted dose-response curve (three-parameter

637  polynomial). For clearer comparison of ECso values, insets depict curves wherein the Vmax of
638  each curve is set to 100. Data are presented as mean =+ standard error (n = 3). See text for

639  additional methodological details.

640
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644  Figure 3: Pharmacology of lungfish (Protopterus annectens; If) Mc2r expressed in zebrafish
645  embryonic fibroblast (ZF4) cells. Dose-response stimulation by human (h) ACTH(1-24) of
646  1fMc2r co-expressed with or without 1fMrapl. See text for additional methodological details.
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649

650  Figure 4: Molecular phylogeny of Mclr, Mc2r, Mc3r, Mc4r, and Mc5r protein sequences by

651  maximum likelihood method and a Jones-Taylor-Thornton matrix-based model. See text for
652  additional methodological details.
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654

655  Figure 5: Molecular clock analyses of melanocortin receptors. (A) Molecular clock analysis of
656  gnathostome melanocortin receptors comparing sequence divergence (pairwise distance) and
657  geological divergence time from humans. (B) Rate of sequence divergence as described by the
658  slope of the linear regression in A. (C) Position-specific rate of divergence in Mc2r. Gray circles
659  and lines depicts rate at each position. Red line depicts a smoothed curve of the averages of four-
660  position bins. (D) Transmembrane domain predictions at each residue of lungfish (Protopterus
661  annectens) Mc2r, which, for clarity, has been positionally aligned with the positions-specific

662  divergence rates of vertebrate Mc2r presented in C. See text for additional methodological

663  details.

664



665  Figure 6

666
A Vertebrate Mc2r Phylogeny B Mrap Interaction Ligand Affinity
1.00 Mouse ] ]
0.94 Human*
(%]
0.75 Platypus . g{ g
1.00 Finch Mrap1-Dependant Exclusive g |8
062 Chicken* (trafficking and activation) (ACTH) s |3
: S
0.98 X . =:
0.97 Lizard
Frog*
Lungfish*
Bichir* ]
1.00 Paddlefish*
0.98 Sturgeon* >
Q
0.35 Bowfin* '§
ot car Mrap1-Dependent Exclusive <
rafficking and activation ACTH - S
o Arapaina (trafficking and activation) (ACTH) §
| =
1.00 100 Trout* %
0.40 Carp %
1.00 Zebrafish*
0.98 Stingray* 1
Little Skate § o
o2 098 Bamboo Shark Mrap-Dependent Non-Exclusive § §
(trafficking only) (ACTH or a-MSH) ] =S
Whale Shark* 3 >
0.94 = E:
Pacific Spiny Dogfish* ,ir
Rabbitfish i % |8
abbitfis - <3
04 Independent Non-Exclusive g
1.00 Elephant Shark* (ACTH or a-MSH) 15|
667 g

668  Figure 6: The functional evolution of Mc2r across vertebrates. (A) Molecular phylogeny of
669  vertebrate Mc2r protein sequences by maximum likelihood (bootstrap values indicated at nodes).
670  (B) Current understanding of the functional characteristics of Mc2r in various vertebrate

671  taxonomic groups. Asterisks indicate taxa for which our laboratory has conducted

672  pharmacological studies of Mc2r (see text for citations).
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Table 1

Table I: Sequences and affinities for alanine-substituted analogs of hACTH(1-24)

Analog Peptide Sequence Log(ECso) (M) P
HFRW SYSMEHFRWGKPVGKKRRPVKVYP -9.5 (-9.7,-9.3) -
AFRW SYSMEAFRWGKPVGKKRRPVKVYP -9.226 (-9.6,-8.9)  0.102
HARW SYSMEHARWGKPVGKKRRPVKVYP -8.266 (-8.4, -8.1)  <0.001
HFAW SYSMEHFAWGKPVGKKRRPVKVYP -7.295 (-7.5,-7.1)  <0.001
HFRA SYSMEHFRAGKPVGKKRRPVKVYP -6.607 (-6.8,-6.3)  <0.001
AAAA SYSMEAAAAGKPVGKKRRPVKVYP — —
KKRRP SYSMEHFRWGKPVGKKRRPVKVYP -8.534 (-8.7, -8.3) -

AARRP SYSMEHFRWGKPVGAARRPVKVYP -7.306 (-7.6,-7.0) <0.001
KKAAA SYSMEHFRWGKPVGKKAAAVKVYP -7.287 (-7.5,-7.1)  <0.001
AAAAA SYSMEHFRWGKPVGAAAAAVKVYP — —

In all experiments, IfMc2r was co-expressed with [fMrap1. Analogs HFRW and KKRRP are the
native peptides for hACTH(1-24) (positive controls). ECso values are derived from an activation

curve containing 8 does at 3 replicates per dose and presented as: mean (95 % confidence

interval). P value reflects comparison of ECso value to positive control.



