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ABSTRACT

Melanism in plumage color is often associated to the single nucleotide polymorphism of the melanocortin-1-receptor. Despite the striking
association between the substitution of a Glutamic-acid by for a Lysine at position 92 on the MC1R protein and a completely black
plumage, an in-depth understanding of the effect of missense mutations on the conformational change and behavior of the MC1R in
the lipid bilayer caused by the absence of a crystal structure is lacking. We examine the structural basis for receptor activation using
DNA sequences from the GenBank to perform in silico protein homology-based modeling. Our tridimensional model shows that the
Alanine for a 179-Threonine substitution is a structural complement of the charge-reversing effect associated to the substitution
of a Glutamic-acid by for a Lysine at position 92 on the MC1R. We proposed the possibility of gradual evolution in stability and
electrostatic properties of the MC1R by the sequential accumulation of these two rare substitutions. These two rare substitutions
further perturb physical-chemical properties that may be necessary folding requirements of the constitutively active MC1R forms
without altering of ligand binding affinity. The computational coarse-grained molecular dynamics of the MC1R binding affinities
to the melanocyte-stimulating hormone predicted the disparity in ligand binding among alleles. We speculate that the disparity in
structural constraints and ligand binding among the alleles within heterozygous individuals may contribute as a mechanism to the
plumage color variation in the Coereba flaveola.

Keywords: birds, eumelanin, E92K, protein evolution, 3D-folding.

RESUMEN

El melanismo en el color del plumaje se asocia frecuentemente al polimorfismo del receptor melanocortina-1. La ausencia de una
estructura cristalografica de la asociacién entre la sustitucién del Glutamato por Lisina en la posicién 92 de la proteina MCTR
y el plumaje completamente negro, no ha permitido tener un mejor entendimiento del efecto de mutaciones no sinénimas en la
conformacién y en el comportamiento en la membrana del MC1R. Examinamos la estructura asociada a la activacién del receptor
usando secuencias de ADN obtenidas del GenBank, para un modelamiento in silico de formas homélogas de la proteina. El modelo
tridimensional muestra que la sustitucién de Alanina por la Treonina en la posicién 179 es un complemento estructural al efecto
de reversién de carga asociado a la sustitucién del Glutamato por Lisina en la posicién 92 del MC1R. Proponemos la posibilidad
de evolucién gradual de la estabilidad y de propiedades electrostaticas del MC1R por la acumulacién de estas substituciones. Estas
perturban las propiedades fisicoquimicas que podrian ser necesarias para el plegamiento de las formas constitutivamente activas
del MC1R sin alterar la afinidad de empalme con el ligando. La modelacién computacional de la dindmica molecular de la afinidad
de empalme del MC1R a la hormona estimulante de meloncitos predice la disparidad de la unién con el ligando entre alelos.
Consideramos que posiblemente la disparidad entre alelos en heterocigotos en cuanto a restricciones estructurales y la unién con el
ligando podria contribuir a la variacién en el color del plumaje en Coereba flaveola.

Palabras clave: aves, eumelanina, evolucién de proteinas, E92K, proteina en torcién-3D.
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INTRODUCTION

Studies on protein structure using computational-
based models are advancing our understanding of the
complex acquisition of pigmentation on integumentary
tissue in vertebrates. Single nucleotide polymorphism of
the melanocortin-1 receptor (MC1R) has been identified in
different vertebrates that are associated to plumage and
hair melanism (Robbins et al., 1993; Takeuchi et al., 1996;
Lu et al., 1998; Kerje et al., 2003; Ling et al., 2003; Hoekstra
et al., 2006; Nadeau et al., 2006; Beaumont et al., 2007).
In some cases, the identical-by-type amino-acid substitution
is associated with pigmentation in multiple taxa (Theron et
al., 2001; Nadeau et al., 2006; Cibois et al., 2012), which
suggests convergence of constraints in receptor functional
structure on essential residues (Lu et al., 1998). Many
disease-like phenotypes are caused by a single amino-acid
substitution on key genes because of the loss of stability of
the proteins, protein misfolding and changes in the protein-
ligand docking requirements (Honig and Nicholls, 1995;
Wang and Moult, 2001; Goldberg, 2003).

A variety of functional roles have been documented
for the amino acid position 92 of the MCIR, including
darkening pigmentation of plumage associated to E92K
(Takeuchi et al., 1996; Theron et al., 2001; Nadeau et dl.,
2006; Cibois et al., 2012), D92K and M92K substitutions
(Jackson, 1997) in a number of Galliformes. But also E92K
mutation is associated with the dark coat color of the
somber mice (Robbins et al., 1993) and V92K substitution
is associated darker skin color and melasma in humans
(Lu etal., 1998; Suryaningsih etal., 2019). Although there is
evidence of differential gene regulation MC1R-independent
for melanic plumage pigmentation (Abolins-Abols et al.,
2018; Krishnan and Cryberg, 2019), the parallel evolution
of amino acid position 92 shows its significance in the
regulatory mechanism of MC1R function for birds and also
mammals. Thus, to address questions of the dependency of
plumage pigmentation on the MC1R gene single nucleotide
polymorphism (SNP), an understanding of the underlying
protein structure is required to reveal possible mechanisms
for the dysfunctions.

The MC1R protein is homologous to the large family
of G protein-coupled receptors (GPCRs) (Palczewski et
al., 2000; Cherezov et al., 2007). Similar to these GPCRs,
the MC1R protein is composed of seven transmembrane
helices, intracellular and extracellular loops, an N-terminus
outside the cell, and an intracellular C-terminus (Ling et
al., 2003). The MC1R protein is expressed on the surface
of melanocytes and controls the melanogenesis by binding
with the melanocyte-stimulating hormone (a-MSH) (Jackson,
1997; Holder and Haskell-Luevano, 2004) which results
in a conformational change and receptor activation for
eumelanin deposition to darken the pigmentation (Lu et al.,
1998; Ling et al., 2003). The MCITR gene loss-of-function
mutations are associated with an increase in pheomelanin

production, which results in red/yellow hair and plumage
(Jackson, 1997; Kerje et al., 2003). To date, the work on
the adaptive nature of pigmentation has focused on the
DNA coding region of the MC1R gene (Holder and Haskell-
Luevano, 2004; Beaumont et al., 2007), with little progress
in understanding the effects of missense mutations on
conformational change and receptor activation (Guruprasad
et al., 1990; Mundy, 2005; Janin and Sternberg, 2013),
particularly in non-domesticated bird species.

The strongest evidence that SNP could increase the MC1R
protein activity has been documented from the Coereba
flaveola (Linnaeus, 1758) (Bananaquit) 21 years ago (Mundy,
2005). This neotropical passerine has two discrete morphs
that are segregated by two rare autosomal E92K and A179T
mutations that are associated with melanism, particularly
in the birds on the islands of Grenada and St. Vincent in
the Caribbean (Theron et al., 2001). Thus, single amino-
acid substitutions presumably locked the MC1R protein
into an active state and hence the eumelanin synthesis to
produce a completely melanic plumage (Theron et dl.,
2001). Such phenotype that arose from missense mutations
are presumed to be caused by defects in the structure of the
receptor, ligand-binding affinities or intracellular signaling
transmission (Guruprasad et al., 1990; Wang and Moult,
2001; Janin and Sternberg, 2013). However, absent is an
in-depth understanding of the effect of missense mutations
on the conformational change and behavior of the MC1R
protein with a ligand in the lipid bilayer.

The in silico three-dimensional protein homology-based
modeling is an approach that is used to find structural
information as an alternative to experimental techniques.
The computational modeling of amino-acid sequences
is an instrument to examine the proteins variants from
SNP (Wang and Moult, 2001). The three-dimensional
computational protein modeling uses the accessible data
on homologous proteins and can provide a firm basis to
attain reliable testimony of the structural information for
GPCRs (Tan et al., 2009; Shahlaei and Mousavi, 2014). In
this study, we examined the in silico three-dimensional SNP
predictive model of the MC1R forms of the Bananaquit to
further describe the implications of rare mutations to the
protein structure (Ibarrola-Villava et al., 2014).

Our study integrated homology modeling and coarse-
grained computational molecular dynamics to examine the
MC1R binding affinities to the a-MSH. We first test
the hypothesis of the importance of A179T substitution as a
genetic complement to the E92K mutation on the structural
characteristics of the MC1R (Theron et al., 2001). Because
the E92K mutation probably induces the constitutive activity
of the MC1R in the Bananaquit (Theron et al., 2001), and
further abrogates the activation by the a-MSH (Lu et dl.,
1998; Ling et al., 2003), the constitutively active receptor
do not need to bind a-MSH (Holder and Haskell-Luevano,
2004). Thus, we predicted that the melanic MC1R protein
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forms had fewer three-dimensional requirements for the
binding affinity to the a-MSH. Our 3D-model suggested
an alternative mechanism in which regional eumelanin
production on plumage might be related to the competitive
affinity among MC1R alleles for the a-MSH. We introduce in
silico-based evidence of the physical-chemical requirements
of the MCITR protein, and we stress the evolutionary
implications of the functional structure of the protein by the
effects of rare substitutions on the transmembrane receptor
MC1R of C. flaveola.

MATERIALS AND METHODS

Homology analysis

The thirty-one nucleotide sequences for the MCIR
gene of the Coereba flaveola (GenBank accession numbers:
AF362575 - AF362606) all of which correspond to 31
haplotypes previously defined by a set of SNPs in the
open reading frame (Theron et al., 2001) were translated
into protein sequences with the seqinr R-package (Charif
and Lobry, 2007). After duplicated amino acid sequences
were removed, the seven unique proteins (Y1, Y2, Y4, Y10,
M1, M4 and M5) (Appendix 1) were used to model three-
dimensional (3D) structures. The geographic variation in
3D-structures and protein-ligand binding affinities among
the populations in Panama (Central America), Puerto Rico
(The Greater Antilles) and Grenada and St. Vincent (GSV,
The Lesser Antilles) was compared using the published
MC1R phylogeography for C. flaveola (Theron et al., 2001).

In silico modeling

Because the experimental structure for each MC1R in
C. flaveola was undetermined, the 3D-structure for each
unique amino acid sequence (Y1, Y2, Y4, Y10, M5, M4 and
M1) was generated. First, we performed a proteins search
with high homology using the HHSearch at HHPredServer
(Soding et al., 2005), using the Protein Data Bank as a
reference (Berman et al., 2000). From the members of the
family A of the GPCRs, three experimentally-determined
structures defined as the templates to the MC1R showed
27-28 % amino-acid sequence identity and full coverage of
protein regions included the Adenosine A2A Receptor (PDB
ID: 3eml), the B-2-adrenergic receptor (PDB ID: 2rh1_A)
and the Serotonin S5HT1B receptor (PDB ID: 4iaq). The
MC1R and MSH structures were generated by I-TASSER
3D-protein modeler (Zhang, 2008) and the 3D-models
were energy minimized with the Amber94 force field using
the GROMACS package (Lindahl et al., 2001). The quality
of the energy minimized 3D-models was evaluated with
the Z-score using the QMEAN server (Benkert et al., 2008).
For the molecular dynamics analysis with MSH as the ligand,
we used the minimum fragment sequence (‘MEHFRW’)
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required for equipotency to the MSH (Holder and Haskell-
Luevano, 2004).

Physical-chemical properties of 3D protein structures

The secondary and tertiary structures were aligned among
allele forms (Y1, Y2, Y4, Y10, M1, M4 and M5) to examine
the variation in 3D-folding. The comparative 3D-protein
structural analysis was conducted using the Multiseq
extension (Roberts etal., 2006), as implemented in the Visual
Molecular Dynamics package (Humphrey et al., 1996). The
physical and chemical properties were computed for all
haplotypes sequences, which were assigned into the melanic
‘M’ and yellow Y’ haplotypes groups (Theron et al., 2001).
Thus, for the Bananaquit’s melanic and yellow haplotype
groups we compared the average molecular weight, amino-
acid length, electric charge and isoelectric point (Moore,
1985), GRAVY index (Kyte and Doolittle, 1982), and the
instability index (Guruprasad et al., 1990).

Because the well-documented dependency of a protein
3D-folding structure on voltaic charge and hydrophobicity
of an amino acid sequence (Moore, 1985), we computed
an index that take into account these parameters to further
provide specifications of the 3D-folding propensity of
an amino acid sequence as implemented in FoldIndex©
(Uversky et al., 2000). We implemented a Mann-Whitney’s
U test to evaluate whether or not our M and Y haplotypes
groups were different in terms of 3D-folding propensity.
We also computed the propensity in FoldIndex®© for the
first 50 residues of the MC1R, which correspond to the first
extracellular element of the protein because this segment
accumulated most helicoid and alpha helix structural
variation within C. flaveola.

Analysis of mc1r mutants

To further examine the change by the point substitutions
on the physical-chemical properties, we conducted one-by-
one E92K and A179T substitutions on the consensus amino
acid sequence for the yellow haplotypes (identity among Y
alleles ranged 98.8-99.7 %, Appendix 2). For these mutants,
we computed box-plots for the average amino-acid length,
electric charge and isoelectric point (Moore, 1985), GRAVY
index (Kyte and Doolittle, 1982), molecular weight and the
instability index (Guruprasad et al., 1990). The box-plots
were useful to compare between these synthetic mutants
and the haplotype variation in C. flaveola, and therefore we
could propose possible mechanisms for the mutational
effects on the MC1R constitutive activation.

Binding energy calculations

Through the HADDOCK web server using default
parameters (De Vries et al., 2010), a peptide-protein docking
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analysis was conducted to establish the initial configuration
for each of the selected MCT1R 3D-structures (best models)
and the MSH 3D-fragment. This preliminary docking
configuration constituted a starting point to further simulate
the molecular dynamics. The computationally demanding
simulations of the molecular dynamics were performed using the
Groningen Machine for Chemical Simulations (GROMACS
4.6.5) (Lindahl et al, 2001), which was deployed and
compiled for parallel processing on a node with 8 Graphic
Processing Units TESLA M2050 in the GUANE cluster of
the Universidad Industrial de Santander with the optimized
parameters for the Amber94 force field (Ponder and Case,
2003). The addition of the appropriate number of counter
ions of chloride neutralized the simulated molecular system.
The energy minimization procedures and a positional
restraint phase of 100 picoseconds (ps) were performed to
relieve unfavorable interactions; a simulation of 100 ps was
subsequently equilibrated with a canonical ensemble using
a constant number and further regulation of either volume
(V), pressure (P) or temperature (NVT and NPT), with P =
1 bar and T = 296 K, for 10 nanoseconds (ns), with a time
step of 2 femtoseconds. The long-range electrostatics were
treated with the Particle Mesh Ewald method (Darden et
al., 1993), using a 1.4 nanometers cut-off for the Lennard-
Jones interactions (Lennard-Jones and Strachan, 1935). This
configuration further allowed the calculations of full energy
interaction for the protein (Berezovsky et al., 1997). The pair

list in the computational process was updated every ten
steps during each simulation. Three independent 10 ns long
molecular dynamics runs (30 ns production run) were performed
to allow for improved conformational sampling and to have
an average of the binding estimates of free energies. The
free energy calculations for the peptide-protein docking for
each independent simulation were performed with the post-
processing GMXAPBS tool (Spiliotopoulos et al., 2012).

RESULTS

Helicoid and «-helix structural variation

3D-model structure is highly conserved among the MC1R
alleles (Fig. 1), with a wide range of interaction energy
comparing the primary structure of the proteins and their
spatial structure (Table 1). Furthermore, of the 314 amino-
acid MC1R sequence, most helicoid and a-helix structural
variation was within the first 50 amino acid residues of
the MC1R (Fig. 2). But, the melanic haplotype group in C.
flaveola was poorly predicted by the structural variation or
the folding propensity of this first extracellular portion of the
MC1R protein (data not shown). Thus, we examined if the
variation between the haplotype groups may be associated
to other physical and chemical properties of the entire
MC1R protein, or related to energetic requirements for the
binding affinity between the MSH and the MC1R protein.

Figure 1. Structure of the MC1R. Left panel: sites subject to the E92K and A179T substitutions on the 3D-structural visualization of the MC1R
in the Bananaquit. Right panel: intraspecific overlap of 3D-structural variation of the MC1R (see Table 1); the scale shows conserved and highly

variable protein portions from blue (100 %) to red (0 %) respectively
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Figure 2. 2D-structural transmembrane location of the sites subject
to the E92K and A179T substitutions on the MC1R (Bottom panel).
Helicoid and alpha helix structural variation among haplotypes for
the first 50 amino acids of the extra-cellular string of the MC1R in C.
flaveola (Top panel).

Physical-chemical and folding structural properties

We found that molecular weight is not dependent on
the E92K or the A179T mutations (Fig. 3); however, E92K
and A179T mutations (Figs. 1 and 2) were estimated to
be important for the variation of the MC1R structure by
in silico analysis. An analysis of the dipeptide composition
from the DNA sequences showed that the protein stability
was highly dependent on the E92K and A179T substitutions
(Fig. 3). These two residues likely contribute to a net gain in
instability of the MC1R protein that is perfectly associated
with melanic plumage. If the entire melanic morph were
solely dependent on the constitutive activation caused by the
E92K substitution as the current model suggests (Theron et
al., 2001), we also expected that a single substitution would
explain most of the three-dimensional variation in protein
structure. Although not pharmacologically characterized, the
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E92K mutation was estimated to be of structural importance
by our in silico analyses. However, we also found evidence
that the A179T substitution constituted an intragenic
complement to E92K. Our 3D-model provided evidence of
the charge-reversing effect of the E92K substitution (Fig. 3).
The protein charge and isoelectric point are dependent on
E92K, but not on A179T substitution, this further supports
that the E92K residue participates in important electrostatic
interactions. By contrast, a significant dependency of MCTR
hydropathicity (GRAVY index) on A179T, but not on E92K
substitution, suggested that a single substitution might
explain some but not all the structural changes in the MC1R
(Fig. 3). Before this study, the structural significance of
the A179T substitution was undetermined because of the
segregation among ca 5.7 % of yellow and 100 % of melanic
morphs (Theron et al., 2001).

As compared to the yellow MC1R forms, the melanic
alleles are characterized by (i) higher protein instability,
(i) net charge and isoelectric point and (iii) lower
hydropathicity (Fig. 3). Our 3D-folding structural analysis,
as a combined measure of charge and hydrophobicity
calculated in FoldIndex©, showed that the median folding
propensity for melanic and yellow haplotypes groups were
0.485 and 0.492, respectively. We found a significant effect
of haplotype group, the mean ranks of melanic and yellow
haplotype groups were 3.0 and 12.5, respectively; U = 0,
Z = 3.1941, p < 0.05. Thus, the high net charge suggested
charge-charge repulsion combined with low GRAVY index
minimally means a less compact structure in the melanic
protein forms as compared to the yellow alleles (Table
1). The combination of high net charge and low mean
hydrophobicity, as seen in the melanic protein forms in the
Bananaquit, may represent a necessary prerequisite for
the conformational changes in the structure of proteins
under physiological conditions (Uversky et al., 2000).

Binding affinity to «-MSH

The binding affinities to the MSH between MC1R alleles
show a disparity range of -0.16 to -2.07 kcal/mol and
minimally mean the competitive binding affinity within
diplotypes. Although the disparity between alleles to bind
to the MSH-peptide is equivalent between the melanic and
yellow diplotype groups, a geographic pattern emerged.
The heterozygous genotyped in Puerto Rico had the lowest
binding disparity between alleles (mean = -0.10 Kcal/mol, n
= 9) than those diplotypes in GSV (mean = -0.90 Kcal/mol,
n = 17) and Panama (mean = -0.72 Kcal/mol, n = 6). The
allele disparity in the affinity to bind to the MSH in Panama
was primarily caused by the A179T substitution also present
at GSV. Although the 179T haplotypes (Y4, Y9 and Y10)
did not occur in Puerto Rico (Theron et al., 2001), these
haplotypes did contribute to the disparity in binding affinity
within the diplotypes in GSV and Panama. This implies that
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Table 1. Structural variation of the MC1R in terms of the 3D-folding propensity. The Folding index (-1 to 1) is based on the average
residue hydrophobicity and the net protein charge, the interaction energy and the free energy available for the binding of the MC1R
protein to the MSH-peptide are averaged from three independent computational simulations.

T v e

Y2, Y3, Y5, Y6, Y7, Y8, Y11, Y13,

Y1 Y14,Y15,Y16,Y17,Y18, Y19, Y20, E A 0.492 -1033.8 -12.343
Y21,Y22, Y23, Y24,Y25,Y26

Y12 Y12 E A 0.492 -1089.0 -13.273

Y4 Y9 E T 0.489 -632.6 -12.183

Y10 Y10 E T 0.493 -994.7 -14.417

M5 M2 K T 0.485 -1098.1 -13.883

M4 M4 K T 0.488 -933.7 -14.073

M1 M3 K T 0.483 -1165.5 -14.237

TC TC E A 0.493 -1131.7 -15.830

the disparity of affinities between alleles to bind to the MSH-
peptide is constraint by the phylogeography of the MC1R
gene of C. flaveola.

DISCUSSION

We characterized the 3D-structure of two rare missense
mutations in the MC1R that were associated in a previous
study with the heavy dark plumage pigmentation of
Bananaquits (Theron et al., 2001). Beyond the variation in
DNA sequences, the E92K mutation is a polar by polar amino
acid substitution in contrast to the A179K substitution that
is a change of a charged amino acid by charged amino acid.
Thus, we expected significant structural variation between
the melanic and the yellow MC1R forms. Our 3D-folding
calculations suggested that a less compact structure of the
protein is associated to the active state of the melanic MC1R
forms. In humans several rare MC1R haplotypes switch to
a lower synthesis ratio of eumelanin/pheomelanin, resulting
red-haired (Rees, 2000). In the Bananaquit the pattern is
reversed, rare melanic haplotypes switch to a higher synthesis
ratio of eumelanin/pheomelanin, resulting in a melanic
plumage. Our in silico model predicts structural parallelism
for the MC1R on the melanic morph in Acrocephalus caffer, a
non-closely related passerine to the Bananaquit converging on
an identical-by-type E92K substitution (Cibois et al., 2012).

Our in silico analysis also predicted gains in the physical-
chemical requirements caused by both the E92K and A179T
mutations, which may constitute requirements to the gain-of-
function for a constitutively active MCTR. Before this study,
the coupling effect change of the E92K+A179T substitutions
on physical-chemical properties of the MCIR was
undetermined (Theron et al., 2001). Because of the epistasis
of the E92K and A179T residues for protein instability and
low hydropathic change-effect, the implication was that a
much larger fraction of the residues is likely constraint to

protein stability than any other role of protein structure. The
vast majority of known disease-causing missense mutations
affect protein stability, through a variety of energy related
factors (Wang and Moult, 2001). Here, computational
homology modeling has provided a firm framework for the
examination of rare amino-acid changes and the MC1R
structural variation (Ibarrola-Villava et al., 2014).

Our finding suggested that E92K and A179T carried
a functional role at the expenses of the protein stability.
Teilum et al. (2011) say that a positive correlation may
seem a pragmatic expectation for the stability and protein-
ligand affinity/function, “the more stable the machine,
the better it works”. But, in some cases the correlation is
reversed; “the more stable the protein the less functional it
is” (Teilum etal., 2011). In the case of the Bananaquit, E92K
and A179T substitutions perturb the stability of the native
state of the MC1R without a significant altering of ligand
binding affinities for all melanic and yellow haplotypes.
Because the gain-of-function to the constitutively active
MC1R presumably do not need to bind the a-MSH (Lu
et al., 1998; Ling et al., 2003; Hoekstra 2006; Nadeau et
al., 2006; Benned-Jensen et al., 2011), a reduced receptor
coupling activity might not be the only contributing factor
to the interaction between the MC1R and the phenotype
(Beaumontetal., 2005; Benned-Jensen etal., 2011; Krishnan
and Cryberg, 2019). For instance, the control of regional
eumelanin production in the yellow morph of Bananaquits
may be caused by the local variation in the -MSH and/or in
MC1R antagonist (Theron etal., 2001).

However, our in silico 3D-model suggested a possible
third mechanism in which regional eumelanin production
in yellow Bananaquits might be related to the competitive
MCI1R allele affinity for the a-MSH (Ringholm et al., 2004;
Beaumont et al., 2005). The melanic and yellow haplotype
forms showed equivalent ranges of binding affinities to the
MSH (Table 1). As compared to the melanic haplotypes,
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Figure 3. Physical and chemical properties of MC1R protein grouped by Melanic ‘M’ and Yellow ‘Y’ phenotypes. From left to right: The Instability
index is a measure of how stable a protein might be under standard conditions, Charge is the whole protein charge determination, the Isoelectric point
is the condition at which a protein carries no net charge and GRAVY index stands for Grand Average Hydropathy value. The effect change of point
substitutions on Yellow haplotype physical-chemical properties was calculated by enforcing Yellow haplotypes with either E92K or A179T mutation.

the yellow 179T-haplotypes show the highest and lowest
protein-ligand docking affinities to bind the MSH peptide
(Table 1). Thus, the variation in docking affinity to the
MSH among MCI1R haplotypes is likely dependent on
the accumulative effect of overall amino-acid sequence.

If our molecular dynamics model is correct, the disparity
in binding affinity to the a-MSH will be unequal between
alleles within A179T heterozygotes. Thus, we speculate that
competitive binding affinity to the a-MSH within the yellow
heterozygotes might play a role in the variation of regional
plumage pigmentation in the ca. 41 subspecies of C. flaveola
(Paynter, 1968). In addition, our model may be also an
explanatory framework for recent findings on MCTR SNPs
and a diplotype association with regional black and grey
plumage traits in pigeons (Ran et al., 2016). We encourage
further experimental test on plumage pigmentation as a
function of disparity in binding affinity between diplotypes
as a future avenue for understanding the mechanism of
regional eumelanin production in the Bananaquit.

Polarized genealogies have been used to study a variety
of amino acid substitutions for e.g. spectral tuning of the
Opsin genes (Jacobs, 2012); such cumulative contribution
of multiple mutations somewhat supports gradual changes
of the absorption spectra of cones photo-pigments among
primates (Matsumoto et al., 2014). In our case, Yellow
haplotype ancestry for melanic alleles (Theron et dl,
2001) allows us to polarize the evolution of 3D-structural
requirements of the MC1R protein. In the Bananaquit,
the melanic haplotypes on GSV evolved from a first-order
mutant A179T yellow, which was followed by a subsequent
injection of the E92K substitution (melanic). Otherwise, both
substitutions must have to evolve as a single mutational step.
This later scenario suggested a punctuated gain in the protein
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structural requirements, whereas the former suggested a
gradual evolution in protein instability. The gradual effect
change began with the A179T substitution followed by the
E92K mutation, which was further associated with a net
gain in protein instability, a reversing change effect in electric
charge and low hydropathical properties. Although the
stepwise evolutionary model would assume that the A179T
haplotypes on GSV had a continental origin (Theron et al.,
2001), we acknowledge that waves of yellow haplotypes from
the Grater Antilles into GSV cannot be excluded (Bellemain
et al., 2012). To us this latter phylogeographic scenario is
unlikely to explain the origin of the melanic morph on GSV
from the Greater Antilles because it would require either the
recent extirpation of 179T haplotypes from Puerto Rico and
the Lesser Antilles, or would further require a more recent
single-event to the achieve of the 179T + 92K fault in the
melanic Bananaquit on GSV.

CONCLUSIONS

In absence of a crystal structure for the MC1R, SNP
3D-computational model is shown instrumental for
understanding of the effect of missense mutations on
the conformational change and molecular dynamics of the
MCI1R in C. flaveola. We provide evidence that the A179T
substitution is a significant intragenic complement of the
E92K substitution and both contribute to the variation in
stability of the MC1R structure. Further, the analysis shows
that the melanic MC1R alleles may have less structural-
requirements to binding a-MSH as compared to yellow
alleles. The molecular dynamics model shows disparity in
binding affinity to the a-MSH between MCIR alleles
within diplotypes associated to plumage melanism. It
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stands to reason that this is an interesting mechanism to
further examine intraspecific variation in regional melanic
plumage pigmentation. Our in silico analysis couple with
the advancement of the Bananaquit’s phylogeographic
history in previous studies led us to suggest that the
variation in structural requirements towards melanic MC1R
is the result of gradual evolution. This is the first time SNP
3D-computational predictive model was used with an avian
phenotype-associated protein. We hope to encourage others
to accommodate SNP3d in silico predictive models to further
examine the genetic and structural parallelism underlying
the E92K-SNP interactions, in which there is a dependency
of plumage pigmentation on the MC1R missense mutations.
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ANEXOS

CLUSTAL 0(1.2.4) multiple sequence alignment

Y1 MSTLAPLRLLREPSNASEGNHSNATVGAGGGWCQGLDIPNELFLALGLYSLVENLLVVAA
Y4 MSTLAPLRLLREPSNASEGNHSNATVGAGGGWCQGLDIPNELFLALGLYSLVENLLVVAA
Y10 MSTLAALRL LREPSNASEGNHSNATVGAGGGWCQGLDIPNELFLALGLVSLYENLLVVAA
Y12 MSTLAPLRLLREPSNASEGNHSNATVGASGGWCQGLDIPNELFLALGLVSLVENLLVVAA
M1 MSTLAPLRLLREPSNASEGNHSNATVGAGGGWCQGLDIPNELFLALGLVSLVENLLVVAA
M4 MSTLAPLRLLREPSNASEGNHSNATVGAGGGWCQGLDIPNELFLALGLVSLYENLLVVAA
M5 MSTLAPLRLLREPSNASEGNHSNATVGAGGGWCQGLDIPNELFLALGLVSLVENLLVVAA

FEEFF **********************'*******************************
Y1 TLKNRNLHSPTYYFICCLAVSDMLYSISNLAEML FMLLLEHGYLVMRPSTIVRHMDSVIDT
Y4 VLKNRNLHSPTYYFICCLAVSDMLYSISNLAEMLFMLLLEHGYLVMRPSIVRHMDSVIDT
Y10 VLKNRNLHSPTYYFICCLAVSDMLYSISNLAEMLFMLLLEHGYLVMRPSIVRHMDSVIDT
Y12 ILKNRNLHSPTYYFICCLAVSDMLYSISNLAEMLFMLLLEHGVLYMRPSIVRHMDSVIDT
M1 TLKNRNLHSPTYYFICCLAVSDMLYSISNLAKMLFMLLLEHGYVLVMRPSIVRHMDSVIDT
M4 ILKNRNLHSPTYYFICCLAVSDMLYSISNLAKMLFMLLLEHGYLVMRPSIVRHMDSVIDT
M5 ILKNRNLHSPTYYFICCLAVSDMLYSISNLYKMLFMLLLEHGYLYMRPSIVRHMDSVIDT

RO R KRR AR KR« ROk oo 3 o ok ok ok ok
Y1 LICSSVWSSLSFLGVIAVDRYITIFYALRYHSIMTLQRAVVTMASVUWLASTVSSTVLIAY
Y4 LICSSVVSSLSFLGVIAVDRYITIFYALRYHSIMTLQRAVVTMASYWLASTYSSTVLITY
Y10 LICSSVVSSLSFLGVIAVDRYITIFYALRYHSIMTLQRAVVTMASYWLASTVSSTVLITY
Y12 LICSSVVSSLSFLGVIAVDRYITIFYALRYHSIMTLQRAVVTMASVWLASTVSSTVLIAY
M1 LICSSVWSSLSFLGVIAVDRYITIFYALRYHSIMTLQRAVVTMASYWLASTYSSTVLITY
M4 LICSSVWSSLSFLGVIAVDRYITIFYALRYHSIMTLQRAVVTMAIVWLASTVSSTVLITY
M5 LICSSVVSSLSFLGVIAVDRYITIFYALRYHSIMTLQRAVVTMASYWLASTVSSTVLITY

e L L L e e

Y1 YRSNTILLCLIGFFLFMLVLMLVLYIHMFALARHHLHSTSSQQKPPTAHRGGSLKGAVTL
Y4 YRSNTILLCLIGFFLFMLVLMLVLYIHMFALARHHLHSISSQOKPPTAHRGGSLKGAVTL
Y1e YRSNTILLCLIGFFLFMLVLMLVLYIHMFALARHHLHSISSQQKPPTAHRGGSLKGAVTL
Y12 YRSNTTLLCLTGFFLFMLVLMLVLYTHMFAL ARHHLHS TSSQQKPPTAHRGGS KGAVTL
M1 YRSNTILLCLIGFFLFMLVLMLVLYIHMFALARHHLHS TSSQQKPPTAHRGGSLKGAVTL
M4 YRSNTILLCLIGFFLFMLVLMLVLYIHMFALARHHLHSISSQQKPPTAHRGGSLKGAVTL
M5 YRSNTILLCLIGFFLFMLVLMLVLYIHMFALARHHLHSISSQQKPPTARRGGSLKGAVTL

skt o kool B ok Ak R ok ROk ok R ek R R ek ook Sk ok kol ok R ek ok
¥1 TILLGVFFICWGPFFFHLILIVICPTNPFCACFFSYFNLFLILIICNSVIDPLIYAFRSQ
Y4 TILLGVFFICWGPFFFHLILIVTCPTNPFCACFFSYFNLFLILIICNSVIDPLIYAFRSQ
Y1o TILLGVFFICWGPFFFHLILIVICPTNPFCACFFSYFNLFLILIICNSVIDPLIVAFRSQ
Y12 TILLGVFFICWGPFFFHLILIVTCPTNPFCACFFSYFNLFLILTICNSVIDPLIVAFRSQ
M1 TILLGVFFICWGPFFFHLILIVTCPTNPFCACFFSYFNLFLILIICNSVIDPLIYAFRSQ
ma TILLGVFFICWGPFFFHLILIVTCPTNPFCACFFSYFNLFLILIICNSVIDPLIYAFRSQ
M5 TILLGVFFICWGPFFFHLILIVICPTNPFCACFFSYFNLFLILIICNSVIDPLIVAFRSQ

o Rk A ok o A Ak R A ok o ko ko

Y1 ELRRTLREVVTCSW
Y4 ELRRTLREVVTCSW
Y10 ELRRTLREVVTCSW
Y12 ELRRTLREVVTCSW
M1 ELRRTLREVVTCSW
M4 ELRRTLREVVTCSW
M5 ELRRTLREVVTCSW

$odokok ko Rk R ok

Appendix 1. Alignment of the amino acid sequence for the yellow and melanic MC1R protein forms of the Bananaquit. The asterisks show the
consensus sequence by using >75% amino-acid identity but residue 92 in which case the 50% majority rule of residue identity is shown. Alignment
conducted on the online platform EMBL-EBL using the option Clustal omega for multiple sequence alignment.
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Appendix 2. Amino acid sequence identity (%) among MC1R haplotypes in C. flaveola.

Y1 Y12 Y4 Y10 M4 M1 M5
Y1 100
Y12 99.68 100
Y4 99.36 99.04 100
Y10 99.04 98.72 99.68 100
M4 99.04 98.72 99.04 98.72 100
M1 99.36 99.04 99.36 99.04 99.68 100
MS 99.04 98.72 99.04 98.72 99.36 99.68 100
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