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Abstract
Leptin is a circulating protein which regulates dietary intake through binding the leptin receptor.
Numerous labs have used known structures and mutagenesis to study this binding process in
common animal models (human, mouse and rat). Understanding this binding process in other
vertebrate species will allow for a better understanding of leptin and leptin receptor function. The
binding site between leptin and leptin receptor is highly conserved in mammals as confirmed
through sequence alignments mapped onto structures of both leptin and leptin receptor. More
variation in this interaction is found in lizard and frog sequences. Using our models, we show that
the avian leptin sequences have far less variation in the binding site than does the leptin receptor.
This analysis further suggests that avian leptins are artifactual. In fish, gene duplication events
have led to the expression of multiple leptin proteins. These multiple leptin proteins have variation
in the regions interacting with leptin receptor. In zebrafish and the Japanese rice fish, we propose
that leptin A has a higher binding energy than does B. Differing binding energies are evidence of
either divergent functions, different binding confirmations, or other protein partners of leptin B.
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1 Introduction
Leptin is one of the most studied molecules in endocrinology with tens of thousands of
publications. The leptin protein is coded by the obese (ob) gene [45] which shares high
homology in mammalian species. Leptin’s (Lep) role in appetite and adipose regulation is
now well supported. Initial studies in mice and humans suggested the endocrine functions of
Lep in adipose storage, with support through injections of recombinant Lep in the ob/ob
mouse model [17], and a correlation between human serum Lep concentration and body fat
[5]. Leptin RNA is expressed at high levels in adipocytes [28], while the Leptin receptor
(LepR) is expressed at high levels in the hypothalamus [41, 25, 35], T-cells [27], and
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vascular endothelial cells [36]. A model has emerged with dietary intake and fat stores
regulating the production of Lep, which then enters the circulatory system where it binds to
LepR in multiple tissues eliciting response in the brain, immune system and vasculature. The
Lep pathway also influences numerous other physiological processes, including body
temperature, energy regulation, immune, reproductive and development [8, 2, 10, 33,
reviewed in 15].

The great majority of leptin studies have been conducted using mammalian models, most
notably the mouse, rat, and human. The aim of these studies has been to build a model of
leptin function, and to uncover its pleiotropic effects. The quest for Lep (or leptin-like)
sequences in other taxa, however, has been far less studied. Among mammalian Leps, there
is generally high sequence conservation (including armadillo, rabbit, bat, skunk, raccoon and
whale) [9]. In phocid seals, containing higher variation than most mammals, Hammond et al.
show that the sequence variation does not fall in the interaction site with LepR, but may
undergo positive selection for electrostatics [18]. Considerable effort has gone into
characterizing Lep in birds [1, 40] yielding conservation levels far higher when comparing
to mouse than those of other mammals, leading to debate over accuracy and reproducibility
of the studies [34, 14]. Using structures, models and sequences Denver et al., provided an
analysis of evolution of Leptin in not only mammals but also fish, lizards and frogs [7]. In
fish, two separate Lep transcripts are found expressed primarily in liver with believed roles
in reproduction, food intake and lesser known role in fat metabolism [reviewed in 6]. It is
thought that both of these Lep may bind the same LepR, however this has not been verified
experimentally.

In humans, Lep is a 167 amino acid protein that takes a globular fold involving hydrophobic
packing between four helices as can be seen in the known structure, PDB 1ax8 [44]. Lep
binds to a membrane protein, LepR, composed of four cytokine receptor homologous
domains (CRH), an Ig-like domain, a transmembrane segment, and a C-terminal
cytoplasmic domain in the long isoform. Multiple shorter isoforms are found with some of
these domains missing. Initial work on identifying the leptin binding domain (LBD) of LepR
showed amino acids 323–640 in binding [13], which consists of the Ig-like and the second
CRH (CRH2) domains. Binding of Lep to the LepR induces intracellular signal transduction
through the JAK/STAT pathway [42] through phosphorylation of Tyr986 and Tyr1141 of
LepR [3]. Detailed molecular interactions between Lep and LepR have been addressed by
various groups through use of site directed mutagenesis and modeling approaches [20, 29,
30, 31], and more recently through the structure of the CRH2 of LepR, PDB 3v6o [4]. It is
proposed that Lep binds tightly to the CRH2 domain, while also interacting with a second
LepR through the Ig-like domain.

Several studies shown above have investigated the evolution of Leptin in multiple species,
including some that model molecular interactions of Lep with LepR through structures and
mutagenesis. What is currently lacking is the integration of those molecular models and
structures with a comparative evolutionary approach. This study addresses the evolution on
both Lep and LepR, through combining the known structures for both, the known mutagenic
data for Lep and LepR, docking predictions between them and finally phylogenetic and
sequence comparisons mapped onto the interaction of the two proteins. This approach
reveals a highly conserved interaction between the CRH2 of LepR with Lep, with higher
levels of variation in this interaction in fish. Fish contain multiple Lep proteins expressed
from multiple Ob genes, resulting from gene duplications. This suggests reduced
evolutionary pressure on fish Lep, which may allow for interaction with multiple
(unidentified) receptors and/or multiple binding confirmations of Lep to the LepR in fishes.
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2 Methods
2.1 Sequences and structures of Lep and LepR

Far fewer LepR sequences are determined than Lep, therefore we began by identifying all
sequences available for the LepR, followed by obtaining the sequence of Lep for those
species (Table S1). All species with known LepR sequences but not Lep (Anser anser,
Dromaius novaehollandiae, Taeniopygia guttata, Oryzias melastigma) were removed from
analysis. Functional data for Lep and LepR were obtained through either Uniprot (http://
www.uniprot.org/) or from published literature. For sequence alignments, ClustalW2 was
used with default settings of the EBI (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
Phylogenetic analysis was performed on leptin protein sequences included in the study
(Table S1) along with additional representative leptin sequences obtained from GenBank.
Two alignments representing fish and terrestrial vertebrates were constructed and maximum
likelihood analysis performed using MEGA5 [39] (http://www.megasoftware.net/) with
default evolutionary assumptions using the JTT matrix-based model [22].

2.2 Structural docking of Lep and LepR
Known structures for human Lep (PDB: 1ax8) and LepR (PDB: 3v6o) were downloaded
from the PDB, reduced to a single structure taking the first of the models, and all water
molecules removed. Each structure was placed into a simulation square, filled with water to
a density of 0.998g/mL and energy minimized with Amber03 force field [11] multiple times.
Amino acids revealed to be highly or functionally conserved, known mutagenic
functionality, post translational modifications and known natural variants in humans were
manually shown on the structures of each. Using the known data, and amino acid properties,
Lep was manually docked to the CRH2 domain of LepR. This was then placed into a new
simulation box (x,y,z=94,81,55), water added and five energy minimizations performed. All
structures were visualized, energy minimized, and imaged with YASARA structure.

2.3 Sequence divergence on structure
To determine the sequence/structure relationship over multiple species we mapped sequence
variation for each species onto the docked structure. As both structures are of human, human
Lep and LepR were used as the reference to be compared to. The sequence for each species
was aligned with the human, exported as a fasta file, and color gradient applied from grey
(conserved) to red (divergent) with the fasta file in YASARA. Amino acids found with
variation on Lep and LepR within 10Å were considered for mutual evolution allowing for
flexibility, dynamics and error in docking.

2.4 Lep binding energies for multiple species
To determine how amino acids affect the binding of Lep to LepR, amino acids identified to
differ between human and other species in the interaction site of Lep to LepR were swapped
from the human to that found in the species on both Lep and LepR. The interaction was then
energy minimized as in methods section 2.2 for each species. Water was then removed and
cell boundary applied. Binding energy was then calculated for Lep using YASARA.

2.5 Creation of models for fish Lep and LepR
As fish Lep have little homology with human Lep, we modeled the three fish containing two
Lep molecules to address potential differences in interaction with LepR of the species.
Threading models were created for one of the two Lep and the LepR using LOMETS [43].
The top three models for Lep and LepR of each species were aligned to the human docked
Lep/LepR using the MUSTANG algorithm [23]. The model with the lowest root-mean
squared deviation (RMSD) to the human was used for all further studies. The docked Lep
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and LepR for each species were then energy minimized five times. For the second Lep of the
species containing two Lep, homology modeling was performed on the already docked
threaded models by swapping those amino acids recognized in sequence and structures to
vary in the active site followed by five rounds of energy minimization. Energy calculations
(sum of all energy components) and structural variation (averaged carbon alpha RMSD)
were measured with YASARA.

3 Results
A total of 35 species have both Lep and LepR sequences available in partial or full that
cover the interaction between the two (Table S1). These sequences consist of mostly
mammals (24 total), a frog, a lizard, six fish and three birds. Phylogenetic analysis of
terrestrial vertebrates included 44 leptin sequences excluding avian sequences which are not
thought to be valid sequence (see section 4.3). Lep protein phylogeny (Figure 1A) of
terrestrial vertebrates reveals a typical phylogeny of mammals but a growing number of
divergent sequences compared to what was known just a few years ago. In addition to the
doubling of non-mammalian representatives, the addition of seal, bat, marmoset and guinea
pig sequences reported in the last five years have greatly expanded our appreciation for the
variation possible among terrestrial vertebrates. A total of 19 known sequences of fish Lep
were aligned and a phylogeny generated (Figure 1B). This poorly resolved phylogeny shows
the high divergence and complicated evolution of fish Leps. The deeply divergent A and B
orthologs of Lep have been demonstrated to occur in some fish lineages (Zebrafish and
Pufferfish) while the A form is thought to have experienced a duplication events much more
recently in some lineages (Salmon, Goldfish and common Carp). The function and origin of
each Lep protein in fish has not been determined. The recently released Nile tilapia sequence
is the most divergent fish leptin yet found and our phylogeny does nothing to resolve its
relationships with other fish leptin proteins.

Literature and Uniprot analysis of known functional residues revealed many sites on both
Lep (Table 1) and LepR (Table 2). Using the numbering of the human Lep (Figure S1) and
LepR (Figure S2), sequence alignments reveal amino acids that are highly conserved (cyan),
functionally conserved (yellow), found as a natural variants (red), posttranslationally
modified (green), or has known mutagenic functionality (magenta). Because of the increased
divergence of Lep in fish, we chose to not include them in the initial analysis of sequence
conservation for Lep. Twenty one amino acids are highly conserved in Lep, with a
conserved disulfide bridge, and 26 functionally conserved amino acids. Of the known
mutagenic data (22 amino acids) that lead to altered protein function, ten amino acids are
conserved in the sequence alignments (amino acids 36, 37, 41, 60, 61, 62, 63, 86, 103, and
107). Additionally the known natural variant at amino acid 105 associated with obesity and
hypogonadism [37] is conserved. Mapping these functional properties onto the known
structure of Lep reveals a conserved hydrophobic core between the four helices with the
disulfide bridge shown in the front on the left half and the right side on the 90 degree
rotation of Figure 2A. Two functional sites are found on the surface of Lep, 1 and 2 (Figure
2A).

The LepR sequence alignments, including fish, had 32 conserved amino acids and 25
functionally conserved. Two disulfide bridges are conserved, with an additional Asn (amino
acid 194) known to be N-glycosylated [19] highly conserved. Of the known mutations (21
amino acids), three are found as conserved (amino acids 70, 73, and 133). Conserved and
mutated amino acids shown on the structure of LepR, reveal highly conserved packing of the
beta sheets while also having two conserved binding sites, 1 and 2 (Figure 2B).
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Docking of Lep and LepR is believed to be through the first identified site, 1, of each in
figure 2. Multiple loops of the LepR interact with helices A and C of Lep (Figure 3A–B).
Coloring the docking based on amino acid properties, reveals a hydrophobic packing
(yellow) with several salt bridges (red and blue) and hydrogen bonding through hydrophilic
(green) amino acids stabilizing the interaction (Figure 3C). Highly conserved known
mutagenic data (Lep= 36, 37, 41, 60, 61, 62, 63, 86, 103, and 107; LepR= 70, 73, and 133)
mostly fall into this binding pocket between Lep and LepR (Figure 3D).

Taking this docking and looking at each individual species we can see if any amino acid
variations are found in Lep and LepR that may stabilize binding and suggest a co-
evolutionary change (Figure 4–5). A breakdown of the amino acids that vary can be seen in
table 3, with amino acids with significantly altered functional groups shown in red. Species
closely related to human have few to no variations in the regions interacting between Lep
and LepR, while some mammals have increasing variation (Figure 4). Binding energies are
similar as human for all species except the grey seal, chicken, platypus and the green anole
(table 3). The three bird species have high variation in the LepR, but not in Lep; yet both
Lep and LepR vary significantly in lizard and frog (Figure 5).

Fish Leps have some conservation in the interior of the four helixes and the disulfide bridge
while containing minimal conservation on the surface (Figure 6A), including the region that
interacts with LepR. Additionally, few amino acids are conserved in the LBD of LepR.
Three species (Salmon, Zebrafish, and Japanese Rice Fish) that have two known Lep
proteins also have known LepR sequences allowing us to address which has a higher
probability of binding to the LepR of the species. Clearly, all three species have variation at
the interface of Lep/LepR interaction (Figure 6B). In Salmon, three amino acids differ
between the presumably recently diverged A-1 and A-2 Lep proteins with H/D, D/F, L/Q
differences (Figure S5A). Zebrafish A and B proteins show more differences with H/A, Q/P,
H/E, K/-, N/-, L/I, R/I, and Y/T changes (Figure S5B). The Japanese rice fish contains the
most differences with 13, Q/I, E/Q, S/V, N/H, D/N, I/L, K/Q, E/T, K/Q, V/A, D/G, S/Q, E/S
(Figure S5E).

Sequence homology to human is 27/26% for LepA1/LepA2 of Salmon, 27% for both LepA
and LepB of Zebrafish and 15/16% for LepA/LepB of the Japanese rice fish (Figure 7A).
Docking of Lep to LepR for each species gave a RMSD of 1.2 to 1.4 for all models of Lep
and 1.8–2 for LepR when compared with the human structures (Figure 7B–C). All Lep
structures provided potential energies similar to that of human (Figure 7D), while the
binding energies were different (Figure 7E). For our docking of human Lep to LepR there
was a binding energy of 1975kJ/mol. In Salmon the A2 form of Lep had a higher binding
with 1115 kJ/mol compared to the A1 form with 662 kJ/mol. Both the A forms for Zebrafish
and the Japanese rice fish had higher binding (1056/4792 kJ/mol respectively), with the B
forms significantly lower (158/2485 kJ/mol).

4 Discussion
Lep and LepR sequences are highly conserved among mammals; however, Lep exhibits
considerable primary protein sequence variation among other vertebrates (especially in fish).
Despite this, structural analyses of Lep have suggested high functional homology. Eighteen
years after its discovery in mouse, we now have leptin and leptin receptor representatives
from all major branches of the vertebrate phylogeny (with the caveat of bird Lep) with
coverage of considerable phylogenetic breadth of mammals (Figure 1A). The addition of the
LepR protein structure [4] allows us to examine the evolution of these interactions through a
comparative perspective. We find that the interaction described by Carpenter et al. [4]
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between human Lep and LepR reflects a strongly conserved interaction from fish to
mammals.

4.1 Conserved sites on Lep and LepR
For both Lep and LepR, the first identified conserved site is where the two proteins have
been proposed to interact. In Lep a second site is found, which is believed to be the location
that contacts the Ig-like domain of a second LepR, inducing dimerization and potential
higher order interactions such as the 2:4 (Lep:LepR) hexameric structure [32]. For the LepR,
the second conserved site has not been characterized to the best of our knowledge. This site
is composed of D9, K106, Q139, Q141, R143, Q180, R182, W192, W195, N194 all of
which surround amino acid N194 which is known to be N-glycosylated [19]. Due to the
number of charged amino acids and the two tryptophans, we propose that this site serves as a
docking location for another protein, which may be regulated through the N-glycosylation of
amino acid 194 or perform the N-glycosylation. Future mutagenic and biochemical
experiments need to be performed on this site to show its importance in physiology. This
site may serve for proper leptin signaling however, it is too preliminary to speculate as to
what proteins may bind to this site and how it functions. In this paper we have focused on
the CRH2 domain of LepR. Future analysis can be performed on the IG-like and other
domains, with interest into domains that are contained in the multiple isoforms of the LepR.

4.2 Highly conserved terrestrial vertebrate Lep and LepR binding domains
Terrestrial vertebrate Lep and LepR binding domains are highly conserved. Variation in
primary sequences among terrestrial vertebrates is reflected in some variation in the binding
domains of Lep and LepR. In most cases that variation can be explained by the co-evolution
of sequences to maintain the high stability of this interaction in evolutionary history. For
example, in both macaque species of Lep there is a D29S change while on LepR there is a
L186S change. The distance from the carbon beta of each amino acid is 8.3Å. The Asp (29)
of Lep appears to interact with Lys (26) of Lep and Asn (137) of LepR. The Leu (186) of
LepR changed to Ser may stabilize the loss of one of the two oxygen groups of D29S at the
end of the amino acid. Additionally, in platypus, green anole and Xenopus, amino acid 29 of
Lep is found to vary (Ala, Ala, and Asn respectively) with an amino acid within 10Å on
LepR covariant (N137H, N137D, N137D). Amino acid 33 of Lep is also found close to this
site in which Guinea pig, green anole and Xenopus are variant from human (T33F, T33M,
T33M). Guinea pig, possessing the most divergent mammalian Lep/LepR sequences, also
contains variation at amino acid 137 (N137Q) on LepR. It is likely that these amino acid
variations found on both Lep and LepR aid in stabilizing the interaction between Lep and
LepR and thus a possible site of coevolution. In both the green anole and Xenopus other
amino acids are found in close proximity to each other and are possibly linked in evolution
(K36R of Lep to E135K/S of LepR and N99Y/S of Lep to F74Y/H). The binding energy
between Lep and LepR is not altered for most of the species in this paper, further supporting
the proper interaction between Lep and LepR. This would suggest also that Lep would
preferentially bind to the LepR CRH2 domain. In some species, such as the grey seal,
platypus, and the green anole (all containing a decreased binding energy), the role of other
domains or an alternative conformation may stabilize binding. In addition the interaction
with more than one LepR through the Ig-like domain interacting with the site 2 on Lep
(figure 2) may stabilize binding in these species.

4.3 Further evidence against Lep in birds
Docking analysis can speak to the debate regarding the cloning and identification of the
leptin gene in chickens and other birds. This debate stems from an attempt to rectify the
scarcity of non-mammalian leptin sequences through the identification and characterization
of the first known avian leptin. Taouis, et al. [40] published the first avian-isolated leptin
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data in 1998 during their study of lipogenesis in chickens. Sequence was amplified using
specially designed primers based on known mouse leptin sequences and their results yielded
a product that apparently demonstrated 97%, 96% and 83% coding sequence similarity to
mice, rats and humans, respectively. After the publication of this discovery, labs in Scotland
and Israel sought to verify this sequence. Using up to 14 designed primers (as well as the
primers published by Taouis, et al. [40]) and freshly isolated DNA and reverse-transcribed
RNA sources from different varieties of chickens and various tissues sources, these labs
attempted to amplify avian leptin [14]. The combined techniques of RT-PCR, northern
hybridization and Southern hybridization (all with valid mammalian controls) all failed to
detect the leptin sequence from either freshly isolated DNA or RNA in tissues from any
variety of chicken [14]. Finally, the Taouis reported sequence could not be identified in the
solved chicken genome [34]. These results have led many in the field to question not only
the existence of leptin in birds, but the high sequence similarity between the published bird
sequences to mice. Whereas high sequence similarities of that nature are expected between
related mammals, it is atypical when comparing such divergent lineages as mammals and
birds (especially in a gene that is so divergent within taxa). Since the original publication of
the chicken leptin sequence, there have been no successful attempts to isolate the leptin gene
in any bird even in labs experienced in the identification of avian homologue sequences [12,
38]. With three genomes of birds (chicken, turkey and zebra finch) and no Lep identified in
any of these, Lep is either nonexistent or found in poorly resolved regions of the genome.

It can be seen in our sequence alignments that there are several amino acids found in all
three bird species that are not found in other species. However, these are located in the first
few amino acids before the splicing gap on leptin. After this, the sequences share 100%
homology with mouse. Modeling of the interaction of Lep with LepR, clearly demonstrates
an increased divergence in the LepR where Lep should bind, with no corresponding Lep
variation to account for this (table 3). If the bird Lep sequences were true, binding may be
reduced to the LepR and thus forces would be diminished in conserving the amino acid
sequence seen in birds. As the chicken Lep binding energy in table 3 shows a 50% lower
binding energy, it adds further evidence that this sequence is artifactual. Therefore, these
data lend strong support to the prior work that concluded that these sequences are not from
birds, but most likely represent contamination in cloning. The turkey and mallard sequences
are database entries without peer-reviewed publications, and as such their validity is difficult
to judge. Given that they show much lower rates of evolution than the bird receptor
sequences, and much lower rates of evolution than any other vertebrate Lep, we assert they
are likely artifactual even though they were sequenced from a separate lab than the chicken
Lep.

4.4 Fish Lep and LepR interactions suggest possible divergent functionality of the multiple
Lep proteins

Typically gene orthologues are identified via enough sequence similarity so that portions of
sequence can be recognized in a multiple alignment, but also enough divergence to indicate
the evolutionary distance between the two species. This approach worked well to identify
leptin in all mammalian species investigated, but failed for other vertebrates. Although
Londraville’s group [21] identified a leptin-like protein in fishes, it was not until
Kurokawa’s lab identified leptin via gene-synteny in the Fugu genome [24] that a leptin
gene was definitively established in fish. Fugu Lep is only 13% identical to human leptin,
and sequence is highly variable (20–25%) even among fish species (Fig. 1B and Fig 7). In
addition, most fish express two Lep proteins resulting from gene duplication, whereas
mammals are only known to express one [6]. Despite their extreme sequence divergence,
threading algorithms predict similar tertiary structures for all vertebrate Leps [16, 6, figures
4 and 5), and leptin receptors are considerably more conserved [26]. Which of the Lep
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proteins in fish is the common ancestor of mammalian leptin is debatable. Although each
fish species has been proposed to have only two proteins, the two are not necessarily
orthologous among species (e.g. Salmon A-I and A-II are clearly not orthologous to
Zebrafish A and B, Figure 1B). Difficulties in assigning sequence homology and the lack of
thorough sampling in fish result in a tentative and unresolved phylogeny of fish Lep proteins
(Figure 1B). For example, the single existing partial sequence of Nile Tilapia only shows
10% amino acid homology while having a predicted high structural homology.

It can be speculated that the multiple Lep found in fish may bind through altered
hydrophobic interactions in a temperature dependent manner. As there is a high variation in
the binding interface of Lep to LepR between fish and mammals (Figure 6A), the role of
hydrophobic interactions may aid in the temperature differences in fish not experienced by
other vertebrates. In Salmon there is a loss of hydrophobic amino acids on LepR comparing
human to either the A1 or A2 form of leptin (Figure S6). In Zebrafish there is a greater
number of hydrophobic amino acids relative to human (Figure S7) suggesting more
temperature controlled interactions. There is also a variation between the Zebrafish A and B
forms and Salmon A1 and A2 forms in hydrophobic amino acids. Based on binding
energies, we suggest that the multiple forms of Lep in Salmon, Zebrafish and the Japanese
rice fish are functionally different (note that the binding energy of Zebrafish and medaka
Lep A is an order of magnitude higher than Lep B in Figure 7). Duplication events in the
fish Lep could allow for either divergence or neofunctionality, with different protein
affinities to either LepR or other unidentified proteins that interact with Lep. This could
allow for selective binding of either A or B Lep in different molecular environments based
on temperature, other molecular interactions or relative concentrations of the respective Lep
protein.

5 Conclusions
The interaction between Lep and LepR is conserved in terrestrial vertebrates, with an
increased variation in fish. Mammalian Lep and LepR are highly conserved with few
variations. Previously published and debated sequences of chicken Lep would have an
altered binding to the LepR, which serves as an additional argument against this sequences
being accurate. In fish the multiple Lep proteins, resulting from gene duplication, have
variation found in the binding between Lep with LepR, which are predicted to have different
binding energies. The Lep gene duplication may allow Lep in fish to bind in different
confirmations or to additional proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Lep Leptin

LepR Leptin receptor

CRH cytokine receptor homologous domains
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LBD Leptin binding domain

RMSD root-mean squared deviation
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Highlights

• Interaction between leptin and the leptin receptor is conserved in land
vertebrates.

• Avian leptin sequences appear artifactual as evolution rates of Lep do not match
LepR.

• Fish contain multiple amino acid variations in the interaction of Lep to LepR.

• Predicted binding for Lep are stronger for A vs. B proteins in zebrafish.
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Figure 1.
A) Evolutionary history of 45 terrestrial vertebrate leptin protein sequences (215 total
positions) was inferred by using the Maximum Likelihood method based on the JTT matrix-
based model. The tree with the highest log likelihood (−4376.6338) is shown. Numbers at
nodes reflect support as a percentage of 500 bootstrap replicates with no numbers
representing less than 70% support. Initial tree(s) for the heuristic search were obtained by
maximum parsimony method. The tree is drawn to scale, with branch lengths measured in
the number of substitutions per site. Taxa in bold were used in the binding site analyses. B)
Evolutionary history of 19 fish leptin protein sequences (223 total positions) was inferred by
using the Maximum Likelihood method based on the JTT matrix-based model. The unrooted
tree with the highest log likelihood (−4704.7164) is shown. Initial tree(s) for the heuristic
search were obtained by maximum parsimony method. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. Numbers at nodes reflect
support from 500 bootstrap replicates with no number representing less than 50% bootstrap
support. Leptin proteins are indicated as they have been identified in the literature. Taxa in
bold were used in the binding site analyses.
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Figure 2.
Sequence conservation shown on structures of either leptin (A) or the leptin receptor (B)
with the multiple conserved sites. The first conserved site (1) of each represents the leptin/
leptin receptor interface.

Prokop et al. Page 14

Peptides. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
A) Functional docking of Lep and LepR from figure 2. B) Van der Waals surface of each.
C) Amino acid properties (Blue=Arg, His, Lys; Red=Asp, Glu; Yellow= Ala, Val, Ile, Leu,
Met, Pro; Magenta= Phe, Tyr, Trp, Green= Ser, Thr, Asn, Gln; Cyan= Cys). D) Conserved
functional amino acids shown on the docking.
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Figure 4.
Mammalian Leptin and Leptin receptor variations from human sequence. For each species
the figure to the left shows the amino acids on the receptor while on the right shows leptin
amino acids. Those in red differ from human.
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Figure 5.
Non-mammalian Leptin and Leptin receptor variations from human sequence. For each
species the figure to the left shows the amino acids on the receptor while on the right shows
leptin amino acids. Those in red differ from human.
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Figure 6.
A) Fish Leptin and Leptin receptor variations from human sequence. For each species the
figure to the left shows the amino acids on the receptor while on the right shows leptin
amino acids. Those in red differ from human. B) Differences between the two forms of Lep
in the three species of fish with two known and the LepR.
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Figure 7.
A) Sequence homology of multiple fish Lep with human Lep. B–C)RMSD of each Lep to
human for either Lep (B) or LepR (C). D–E) Potential energy (D) and binding energy (E) of
Lep when bound to the LepR for human and fish with two known Lep.
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