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Leptin is a hormone that regulates energy homeostasis, inflammation, hematopoiesis and immune
response, among other functions (Houseknecht et al., 1998; Zhang et al., 1995; Paz-Filho et al., 2010). To
obtain its crystallographic structure, it was necessary to substitute a tryptophan for a glutamic acid at
position 100, thus creating a mutant leptin that has been reported to have biological activity comparable
to the activity of the wild type but that crystallizes more readily. Here, we report a comparative study of
the conformational space of WT and W100E leptin using molecular dynamics simulations performed at
300, 400, and 500 K. We detected differences between the interactions of the two proteins with local and
distal effects, resulting in changes in the conformation, accessible surface area, compactness, electrostatic
potential and dynamic behavior. Additionally, the series of unfolding events that occur when leptin is
subjected to high temperature differs for the two constructs. We observed that both proteins are mostly
unstructured after 20 ns of MD simulation at 500 K. However, WT leptin maintains a significant amount
of secondary structure in helix α2, while the most stable region of W100E leptin is helix α3. Furthermore,
we found that the region between residues 25 and 42 might adopt interconverting secondary structures
ranging from α-helices and random coils to β-strand structures. Thus, this region can be considered an
intrinsically disordered region. This atomistic description supports our understanding of leptin signaling
and consequently might facilitate the use of leptin in treatments for the pathophysiologies in which it is
implicated.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Leptin is one of the most important hormones; it participates in
energy homeostasis in mammals as well as in many other physiolo-
gical processes, including glucose homeostasis (Paz-Filho et al., 2010;
Seufert et al., 1999), fatty acid homeostasis in non-adipocytes (Unger
et al., 1999), reproduction (Brenner and Makc, 2009) and sexual
development (Moschos et al., 2002), immune response (Lord et al.,
1998; Martí et al., 2001), angiogenesis (Sierra-Honigmann et al., 1998),
wound healing (Ring et al., 2000) and bone remodeling (Ducy et al.,
2000). Encoded by the lep or ob gene, leptin is mainly produced in
white adipose tissue, followed by brown adipose tissue and several
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other tissues, including skeletal muscle, bone marrow, stomach,
pituitary gland, and liver (Prins, 2002; Masuzaki et al., 1997).

The role of leptin in energy balance was noticed upon the dis-
covery that humans and rodents lacking a functional leptin protein or
receptor exhibit hyperphagia and obesity that can be solved by leptin
administration (Zhang et al., 1995). However, obesity is typically
associated with high leptin levels rather than leptin deficiency (Flier,
1998; Heymsfield et al., 1999).

Consequently, the use of leptin as a therapeutic option in obese
patients has, in many instances, been unsatisfactory (Bence et al.,
2006). Additionally, certain characteristics of leptin, such as its short
circulating half-life, low potency, and poor solubility at physiological
pH, have been considered limitations of leptin treatments (Lo et al.,
2005). Several efforts have focused on improving leptin solubility
at physiological pH (Lo et al., 2005). One of the first examples was the
mutant construct W100E leptin, which shows dramatically impro-
ved solubility and a propensity to crystallize, but with comparable
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biological activity to the activity of the wild-type protein (Zhang et al.,
1997). It has been shown that the treatment of W100E leptin
implanted subcutaneously in obese mice receiving high-calorie diet
resulted in reduced food intake, body weight and triglycerides levels,
but increased HDL-cholesterol levels (Chimal et al., 2014).

The crystal structure of leptin revealed a four-helix bundle and
two relatively long interconnected loops; this structure is similar
to the conformation of the long-chain helical cytokine family.
Interestingly, leptin shows a unique slipknot structure created by a
disulfide bridge between the C-terminus and residue 96 to make a
50-residue covalent loop. The N-terminal region threads through
the covalent loop. This structure is the simplest slipknot topology
described to date. Additionally, it has been demonstrated that a
lack of the disulfide bridge leads to a loss of leptin functionality,
resulting in morbid obesity (Boute et al., 2004). The most plausible
explanation for this observation is the improper folding and
knotting of the N-terminal region of leptin through the loop
(Haglund et al., 2012).

Nevertheless, no thorough analysis and comparison of the
conformation and dynamical properties of WT and W100E human
leptin have been performed since the report of the crystal struc-
ture of W100E leptin.

"Since the pioneer paper entitled 'The Biological Functions of Low-
Frequency Phonons' (Chen et al., 1977) was published in 1977, a series
of investigations into biomacromolecules from dynamic point of view
have been stimulated. These studies have suggested that low-fre-
quency (or terahertz frequency) collective motions do exist in proteins
and DNA (Forsen et al., 1981; Chou,1985; Maggiora et al., 1989; Martel,
1992; Zhou, 1989; Bax et al., 2001; Sinkala, 2006). Furthermore, many
important biological functions in proteins and DNA and their dynamic
mechanisms, such as switch between active and inactive states (Wang
et al., 2009a, 2009b, 2009c), cooperative effects (Chou, 1989), inter-
calation of drugs into DNA (Mao et al., 1988), and assembly of
microtubules (Maggiora et al., 1994), can be revealed by studying the
low-frequency internal motions as summarized in a comprehensive
review (Chou, 1998). Some scientists even applied this kind of low-
frequency internal motion for medical treatments (Gordon, 2007,,
2008; Madkan et al., 2009). Actually, investigation into the internal
motion in biomacromolecules and its biological functions is deemed
as a "genuinely new frontier in biological physics", as announced by
the Vermont Photonics in an article at http://www.vermontphotonics.
com/NewFrontierBiophysics.pdf. In view of this, to really understand
the action mechanisms of biomacromolecules, we should consider not
only the static structural information but also the dynamical infor-
mation acquired by studying their internal motions. Molecular
dynamics (MD) simulations are a powerful theoretical approach that
can successfully complement and extend the experimental results and
reproduce them with reasonable accuracy (Daggett, 2006; Day et al.,
2010). Recently, MD simulations have been used to study the switch
mechanism of human Rab5a (Wang, 2009), the inhibition mechanism
of PTP1B (Wang et al., 2009a, 2009b, 2009c), the gating and inhibition
mechanism of the M2 proton channel from influenza A viruses (Wang
and Wei, 2009) based on the NMR structure (Schnell and Chou, 2008;
Pielak et al., 2009), the personalized drug design (Wang et al., 2008a,
2008b, 2007a, 2007b), the enzyme-ligand binding interaction (Wang
et al., 2008a, 2008b, 2007a, 2007b), the binding mechanism of H5N1
influenza virus neuraminidase with ligands (Gong et al., 2009), the
metabolic mechanism (Wang et al., 2009a, 2009b, 2009c), and the
binding mechanism of calmodulin with chrysin (Li et al., 2007).

In this work, we obtained the full-length protein structures of the
WT and W100E leptin constructs using the widely used protein-
structure predictor I-TASSER, which combines threading alignments
with ab initio procedures. Additionally, we used molecular dynamics
(MD) simulations at different temperatures to thoroughly analyze and
compare, for the first time, the conformational spaces of wild-type
human leptin and its soluble mutant W100E. Differences in the
secondary structure propensities, electrostatic and hydrophobic
interactions, dynamical properties and conformational stability of the
constructs could be identified. The structure and dynamical properties
of the obese hormone protein must be described on an atomistic basis
to shed light on its biological activity and physicochemical properties.
This information will be useful in overcoming the inherent limitations
that impede the use of leptin in treatments for obesity and other
pathophysiological disorders in which leptin is implicated.
2. Materials and methods

2.1. Theoretical procedure-three-dimensional structure of WT and
W100E leptin models

To obtain the initial coordinates of WT and W100E human
leptin, we constructed 3D models using the I-TASSER server
(Zhang, 2008). The crystallographic structure of W100E leptin that
is reported in the protein data bank with the PDB ID 1AX8 was
used as a template (Zhang et al., 1997). I-TASSER predicted the full-
length leptin structure by combining threading and ab initio
modeling. The sequence of each construct was submitted inde-
pendently to the I-TASSER server, which provided five modes for
each protein. For the sake of comparison, we also used the pro-
grams Modeler (〈https://salilab.org/modeller/〉; Eswar et al., 2006;
Webb and Sali, 2014) and MOE (Molecular Operating Environmet
versión 2008.10.) for structure prediction. The best model was
selected after an analysis of the structures using Ramachandran
plots (Laskowski et al., 1993, 1996), root mean square deviation
(RMSD), and the programs VERIFY3D (Lüthy et al., 1992), PRO-
CHECK (Laskowski et al., 1993, 1996) and Solvx (Holm and Sander,
1992). The best models were used to provide the initial coordi-
nates for the remaining the MD simulations. The electrostatic
potential at the surface of the molecules was calculated by solving
the Poisson Boltzmann equation using a plugin for the PyMOL
molecular graphics program (〈http://www.pymol.org〉).

2.2. Normal mode analysis

The normal low-frequency vibrational modes of both leptin con-
structs were analyzed using the elastic network model, which is
implemented with the ‘‘rotation-translation-block’’ approximation in
the web interface ElNemo. This analysis identifies potential con-
formational changes in proteins (Suhre and Sanejouand, 2004; 〈http://
igs-server.cnrs.mrs.fr/elnemo/index.html〉; Tama et al., 2000; Delarue
and Sanejouand, 2002). The following key parameters were used:
DQMIN¼�100, DQMAX¼100, DQSTEP¼20 and NRBL¼auto. We
analyzed the structural characteristics, the collectivity of the atomic
movements of a total of 106 residues and the low-frequency normal
modes.

2.3. Molecular dynamics simulations

MD simulations were performed using GROMACS 4 (Hess et al.,
2008) with the OPLS-AA force field (Jorgensen and Tirado-Rives,
1998). The leapfrog algorithm for integrating Newton’s equations was
used, and periodic boundary conditions were applied. The proteinwas
solvated in a rectangular box of SPC water (Berendsen et al., 1981)
with a minimum distance of 1 nm from the protein to the edge of the
box. To obtain a neutral total charge in the system, four Naþ coun-
terions were added for W100E and three for WT. The total sizes of the
systems were 23,073 and 23,160 atoms, including 6933 and 6536
water molecules, for W100E and WT, respectively. All bonds were
constrained using LINCS (Hess et al., 1997). During energy minimiza-
tion, the steepest descent algorithm was used, and convergence was
reached in 200 steps. Further equilibration of the system was



Table 1
Comparison of model performance in terms of structural analysis

Model PROCHEK SOLVX ANOLEA VERIFY3D
(Laskowski et al.,
1998, 1996)Resi-
dues in most
favored regions

(Holm and
Sander,
1992)

(Melo et al., 1997)
Total number of
non-local atomic
interactions

(Lüthy et al.,
1992)

1AX8 94.7% 0 11,048 0.30
I-Tasser 92.3 % 0 11,860 0.30
Modeler 81.5% 0 12,576 0.30
Moe 0% 0 13,158 0.35
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accomplished in 5000 steps (10 ps) of MD simulation with restricted
protein atoms and NVT conditions with a box size of 5.73, 6.003 and
6.868 nm for W100E and 5.72, 5.785 and 6.963 nm for WT. After-
wards, both systems were subjected to the same protocol. The pro-
tocol began with 20 ns of MD at 300 K without any atom fixing; that
outcome was used as a starting point for 20 ns of MD at 400 K, and
the subsequent outcome was used as a starting point for 20 ns of MD
at 500 K. MD simulations were performed with a time step of 2 fs
under NPT conditions such that the size of the box could fluctuate to
keep the pressure at a constant value, and the coordinates for the
whole system were saved every 250 steps. For all MD simulations,
neighbor lists were updated every 10 steps. The PME algorithm
(Essmann et al., 1995) was used for the electrostatic interactions with
a cutoff of 1 nm, and a reciprocal grid of 0.12 cells was used with 4th
order B-spline interpolation. A single cut-off of 1 nm was used to
calculate the van der Waals interactions. Temperature and pressure
coupling were performed with the Nosé–Hoover algorithm (Nosé and
Klein, 1983; Parinello and Rahmand,1981) and the Parrinello–Rahman
algorithm, (Nosé, 1984; Hoover, 1985), respectively. After stabilization
of the system, the potential energy was conserved in all cases during
the MD simulations. The analysis tools included in GROMACS were
used to calculate the RMSD, RMSF, Rg, and SASA. The evolution of the
secondary structure was followed using the DSSP program (Kabsch
and Sander, 1983). Graphical representations of the models were
obtained using VMD 1.9.1 (Humphrey et al., 1996). All MD simulations
were performed by triplicate.

2.4. Disordered tendency prediction

Intrinsically unstructured/disordered regions within both con-
structs of leptin were predicted using the IUPred algorithm, which
assumes that folding, is unlikely in these intrinsically disordered
regions or proteins due to their inability to form sufficient stabilizing
inter-residue interactions (Dosztányi et al., 2005). The parameter set
best suited for predicting short disordered regions was employed.
3. Results

Wewere not able to find any reports using precisely this construct
in similar studies. Commonly Leptin treatments are carried out using
either metreleptin or a variety of mutants or analog constructs with
different composition toW100E Leptin. Considering that a single point
mutation might be sufficient to modify the conformation, stability and
functionality of any protein; we were motivated to make a detailed
study on the conformational and molecular dynamics of WT and
W100E leptin.

3.1. Three-dimensional structure of WT and W100E leptin constructs

The crystallographic structure of W100E leptin was obtained
almost two decades ago (PDB ID 1AX8). This structure lacks residues
(Houseknecht et al., 1998; Zhang et al., 1995) 25–38. We obtained the
full-length WT and W100E leptin structures using several modeling
programs. Ramachandran plots, RMSD values, and structural analysis
of the models indicated that the I-TASSER server provided the best
structures (Table 1), which are shown in Fig. 1. As expected, the
characteristic large, hydrophobic and cylindrical core of the leptin
structure is highly conserved. Ab initio procedures predicted different
secondary structures for residues 25-38 of the two molecules. For the
WT human leptin, this region was modeled as a loop, while the
W100Emutant showed the formation of an α-helix involving residues
34–41. To confirm this observation, we performed a thorough
inspection of this region for all models provided by the I-TASSER
server, as well as for the models produced by other structure pre-
dictors, such as MOE and Modeler. The resulting models all indicated
that residues 34 to 41 are prone to a helical conformation in W100E
leptin, while the same amino acid residues in WT leptin do not show
this propensity.

Furthermore, we calculated the electrostatic potential of the
surfaces of WT and W100E leptin (Fig. 1B and C). There is a large
positive area in WT leptin near position 100, whereas this area is
modified to be more negative in the W100E mutant.

The conformational landscape of WT and W100E leptin was
explored by MD simulations at 300, 400 and 500 K for 20 ns. Some
structural parameters were examined and are shown in Fig. 2. In
the following results, we note the similarities and differences
between the trajectories of WT and W100E leptin.

3.2. Root mean square deviation (RMSDα) values

The root mean square deviation of the α-carbons (RMSDα) of the
models allows a comparison of the global movements of the models,
as shown in Fig. 2A and B. Initially, the RMSDα values increase in the
MD simulations during the equilibration period upon heating of the
system. On average, for both proteins, the RMSDα values were
approximately bounded between 0.2 and 0.4 nm at the temperatures
of 300 K and 400 K, although certain differences occurred in the
profiles of the curves for each protein. We observe that at 300 K, WT
leptin shows a long plateau at approximately 0.22 nm, with an abrupt
increase of the RMSD value to approximately 0.38 nm at approxi-
mately 9.5 ns. This abrupt change is coincident with changes in the
helical content of two helices; helix α3 is partially lost, while helix α2
becomes more structured. At that time, we also observe a reduction of
SASA. Meanwhile, for the mutant protein at 300 K, we do not observe
any rapid increments of the RMSDα values; instead, the values gra-
dually increase during the MD simulation. At 400 K, the WT construct
shows an RMSDα value of approximately 0.24 nm for the first 1.2 ns of
the simulation. At approximately this time, the RMSDα value
increased to approximately 0.4 nm and remained at that value until
the end of the trajectory. For W100E leptin at 400 K, we observe
similar RMSDα values bounded between 0.2 and 0.4 nm. In this case,
the RMSDα values ranged from approximately 0.2 to 0.25 nm for
9.5 ns of the simulation, after which we detected an increment in the
RMSDα value to approximately 0.4 nm for the rest of the simulation.
At 500 K, for both proteins, we observe important increments in the
RMSDα values from 0.4 to 1.4 nm. For the WT protein, equilibrium is
reached at approximately 5 ns. In contrast, the mutant shows a long
plateau for the first 5 ns of the experiment; this plateau occurs from
0.7 to 0.8 nm, and the RMSD slowly increases starting at approxi-
mately 8.5 ns to reach an RMSD value of approximately 1.2–1.3 circa
17.5 ns. On average, the WT leptin stabilizes more quickly than the
mutant at the three tested temperatures; this finding indicates that
apart from differences in the secondary structure, the W100E leptin
mutation also promotes continuous movement during the molecular
dynamic simulation. To group the conformations according to the
RMSD value, we performed clustering analysis (Fig. 1S). We were able
to recognize at least two main patterns in each construct at every
studied temperature. Specifically, WT human leptin shows three



Fig. 1. Structural model of Leptin. The helices α1, α1', α1'-2, α2, α3, α3', α3-3' and α4 are indicated. (A) Superimposed structure of WT (blue) and W100E (pink) Leptins. The
mutation at position 100 is indicated tryptophan (gray) and glutamic acid (green). (B) Surface electrostatic potential of WT Leptin, and (C) surface electrostatic potential of
W100E Leptin. (D, F, G) Average structures of WT and W100E Leptins at 300 K, 400 K, and 500 K. The Connolly surfaces of the proteins were created using the PyMol program
[http://www.pymol.org] The electrostatic potential is indicated by the color saturation (red for negative and blue for positive). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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groups of conformations at 300 K and at 500 K, whereas it shows
2 main ensembles of conformations at 400 K. W100E leptin can be
represented by two, three and four main clusters at 300, 400 and
500 K, respectively.

3.3. Radius of gyration (RG)

The fluctuating RG values demonstrate the conformational move-
ments of the whole protein. The radius of gyration (RG) values of WT
and W100E leptin are shown in Fig. 2C and D. At 300 and 400 K, the
starting value for both proteins is approximately 1.55 nm. This result
confirms that mutation does not substantially alter the compactness
of leptin. During the MD simulations at 300 and 400 K, the RG value
fluctuates between 1.55 and 1.62 nm, whereas the RG values at 500 K
for both proteins show larger fluctuations from 1.6 to 1.72 nm. For the
WT protein in particular, the starting value is approximately 1.65 nm,
and the endpoint is 1.45 nm, indicating a small reduction in the
overall elongation of the molecule. Interestingly, this construct shows
RG values below 1.55 for long periods during the second half of the
simulation. In contrast, W100E leptin shows RG values below 1.55 for
shorter periods in conjunction with periods with RG values circa 1.65,
indicating alternating events of expansion and contraction of the
molecule. On average, at 500 K, W100E seems to be less compact than
the WT protein.
3.4. Solvent-accessible surface area (SASA)

The solvent-accessible surface area (SASA) profiles of WT and
W100E leptin throughout the simulations are shown in Fig. 2E and F,
respectively. Panel E shows that the SASA values for the WT protein
are bounded between 85 and 97 nm2 at 300 K throughout the
simulation, with the smallest values between 10 and 15 ns. At 400 K,
the values oscillate between 86 and 93 nm2. At 500 K, the values
increased and then oscillated at approximately 95 nm2. In contrast,
the mutant leptin at 300 K also shows SASA values bounded between
85 and 97 nm2 but with higher frequency oscillations than WT;
however, at 400 K, the values oscillate from 83 to 95 nm2, with the
largest values during the last two nanoseconds of the simulation. At
500 K, W100E leptin shows an important increase in SASA; on aver-
age, the SASA values oscillate at approximately 110 nm, with some
points reaching values greater than 115 and 120 nm2.

3.5. Root mean square fluctuation (RMSF) values

To explore the global backbone deviation, the RMSF values are
presented in Fig. 2G and H. At 300 and 400 K, we observe smaller
values for the structured regions than for the loops. The unstructured
regions occur in roughly the same residue ranges in the mutant leptin
as in the wild type. The RMSF values for both proteins within the
structured regions are close to 0.1 nm and 0.2 nm at 300 and 400 K,



Fig. 2. Structural analysis from the MD simulations of WT (A, C, E, G) and W100E (B, D, F, H) human leptin. Time evolution of (A, B) α-carbon RMSD, (C, D) radius of gyration,
and (E, F) solvent accessible surface area of the protein at three different temperatures. (G, H) The root mean square fluctuations of the α-carbon coordinates are shown as a
function of residue number; at the bottom, a representation of the secondary structure with labels for the main domains is included. The colors indicate the temperature of
the MD simulation: 300 (red), 400 (green) and 500 K (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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respectively. However, there are certain changes in these profiles for
each protein. In particular, at 300 K, the observed differences include
the following: the WT leptin shows RMSF values centered at 0.35 nm
in the region from residues 25 to 39. In contrast, this mobile zone
includes residues 23 to 41 in W100E leptin; on average, the values are
slightly higher, with some RMSF values of 0.4 nm. Certain distinctive
interactions might be responsible for the lower mobility (higher
rigidity) of residues 28–40 in the WT leptin. Another flexible region
involves residues 100–118. The RMSF values for the residues in this
region are higher forW100E leptin than for theWT protein. Regarding
the MD smulation at 400 K, residues 43–50 in the WT protein show
an increment in the RMSF values that is not observed in the mutant
protein. Furthermore, in the mutant protein, we observe increased
mobility in the regions between residues 65–95 and 100–120. At
500 K, the RMSF values of both proteins are mostly above 0.4 nm. For
W100E leptin, we observed the largest RMSF values for residues 1–17;
the rest of the protein shows a global deviation that fluctuates
between 0.5 and 0.9 nm. In contrast, at this temperature, the RMSF
Fig. 3. Time course evolution of the secondary structural elements of WT (A–C) and W
500 K. The colors are according to the DSSP classification. (For interpretation of the refer
article.)
values of WT leptin fluctuate between 0.5 and 1 nm. In particular, the
mutant protein shows larger RMSF values in the N-terminus (residues
1–17) and in the regions including residues 60–70 and 105–120.
Meanwhile, WT leptin has the largest fluctuations in the N- and C-
termini and in residues 75–82. It is important to note that this region
corresponds to helix 3. This helix and helix 1 are the main con-
tributors to the interaction with all isoforms of the leptin receptor.

On average, W100E leptin is more exposed to the solvent
(higher SASA values), is more expanded (higher Rg values) and
takes a longer time to reach equilibrium during the simulation.

3.6. Secondary structure

The time course evolution of the secondary structure of the WT
and W100E leptin constructs at three different temperatures is shown
in Fig. 3. At 300 K, both proteins mostly retain their secondary
structures. In the WT protein (Fig. 3A), helix α1 (residues 3–25) is
maintained throughout the simulation, whereas the C-end of the
100E (D–F) leptin during simulations. (A and D) 300, (B and E) 400 and (C and F)
ences to color in this figure legend, the reader is referred to the web version of this
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same helix in W100E (Fig. 3D) shows a tendency to adopt a turn
conformation for approximately one-third of the simulation period. In
contrast, helix α2 in the mutant protein appears to be more stable
during the simulation at 300 K than in the WT leptin. Helix α3 is the
most stable region in both proteins, while helix α4 seems to lose its
helical content surrounding residue 130 during most of the simulation
in WT leptin. In contrast, helix α4 of W100E leptin seems to be more
stable during the MD simulation. The residues surrounding position
110 show a tendency to adopt a helical conformation in both proteins.
This susceptibility is more persistent in W100E leptin. At 400 K
(Fig. 3B and E), both proteins show higher fluctuations in their helices.
Residues 28–38 show a propensity to adopt a β-sheet conformation.
Although this tendency also occurs in the WT protein (roughly 20% of
the MD simulation), it is much more persistent in the mutant protein
(approximately 70% of the time span of the MD simulation). Residues
110–120 of the WT protein also show this propensity, which is
noticeably greater in the WT protein. At 500 K, both proteins show an
important loss of secondary structure (Fig. 3C and F). In WT leptin,
helices α1 and α3 are fully unstructured before 5 ns, while helices α2
and α4 show certain fluctuations between helical and turn con-
formations; however, the helical conformation predominates in helix
α2, and the turn conformation predominates in helix α4. The residues
from 34 to 41 show a propensity to adopt a β-sheet conformation for
approximately 50% of the duration of the simulation at 500 K. Helix
α3 in W100E leptin shows helical content throughout most of the
simulation, while the rest of the protein does not conserve its sec-
ondary structure. The tendency to adopt a β-strand structure is much
lower in the mutant protein and is only partially observable in helix
α1´and at the end of α2.

3.7. Native state of WT and W100E leptin

WT and W100E leptin show different profiles in their molecular
dynamics. InFig. 4, we show certain representative images illustrating
this statement. At 300 K, the overall conformation of helices α1, α2,
α3 and α4 does not substantially change in WT leptin. Some of the
most appreciable movements are the extension of α3’ to form a loop
that approaches the loop between α3–α3′ (residues 100–120) and
helix α4, causing a bending of this helix. Additionally, α1´ oscillates
between helix and loop conformations during the simulation. At
400 K, helices α3 and α4 are mostly conserved during the simulation.
In contrast, helices α1′ and α3′ are mainly unstructured, while the
C-terminal half of helix 2 loses helicity and forms a loop, and helix α1
oscillates between unstructured and helical conformations.

Regarding the structural changes of the mutant protein, we
observe that at 300 K, helices α1´ and α3´ lose their helicity
(Fig. 4A1-ii,-iii), while α1, α2, α3 and α4 are conserved and remain
almost intact throughout the simulation. At 400 K, the helix α1´
shows a tendency to adopt a β-strand structure, while α3´ seems
to be unstructured and approaches helix α4. The loop between α3
and α3´ rotates and approaches the core of the protein. At this
temperature, α1, α2, α3 and α4 are mostly intact. Additionally, as
mentioned above, the coordinates of α1´ were built using ab initio
procedures in the I-TASSER modeler; α1´ was modeled as a helical
region in W100E, while it was presented as an unstructured region
in the WT protein. MD simulations showed that the helical content
of residues 25 to 38 does not remain throughout the simulation of
the mutant protein.

The average structure obtained from clustering analysis
(Fig. 1D) for the WT and W100E human leptin constructs at 300 K
are almost superimposable; the only detected differences detected
are the formation of a small helix (α3´) in the region between
residues 106 and 115 in the W100E leptin while this region is fully
unstructured in the WT leptin. In addition, the position of the
loops changes with respect to the main core of the protein. At
400 K, the more relevant differences in the average structures of
WT and W100E leptin are the appearance of two beta-strands
formed by residues 26–41 in the mutant protein but not in the WT
leptin (Fig. 1E).

By analyzing the average structures from the clustering analysis
in the two constructs (Fig. 1F), we conclude that on average,
W100E leptin seems to be more resistant to thermal treatment
and shows important conservation of the four core helices of its
structure while the WT leptin seems to be more unstructured on
average. Thus, on average, W100E leptin might be described as a
more stable construct than WT leptin.

3.8. Unfolding reaction of WT and W100E leptin

At 500 K, both proteins lose most of their secondary structure
[Fig. 4A(3)], but the series of events that form the unfolding
pathway are different in each construct. In the WT protein, α1 is
the first helix to lose its helical conformation; the loop between α3
and α3´ moves away from the main core of the protein. After-
wards, helix α4 is highly unstructured and tends to lose its helicity,
but during the course of simulation, it is able to recover part of its
native-like secondary structure. Helix α3 is conserved for
approximately 5 ns of the simulation, but after this time, it also
loses its helicity. The protein is largely unfolded by 10 ns of
simulation. However, the WT leptin maintains, at least partially,
the helical content of helix α2. We determined that the interac-
tions between Ile64-Leu90-S67 and Thr27-Leu126 have an
important effect that maintains the integrity of helix α2.

In the mutant protein, helix α1 is the first to lose helicity, fol-
lowed by α3′, which is later transformed into a loop that combines
with the loop between α3 and α3´. In conjunction, this long loop
appears to have very high mobility and extends away from the
core of the protein. This extension causes a deformation of helix
α2, and afterwards, α4 starts to lose its helical content. Later, α2
becomes fully unstructured, followed by helix α4. In this case,
neither α2 nor α4 are able to recover their helical content upon
denaturation. Interestingly, helix α3 is mostly conserved
throughout the course of the 20 ns of simulation at 500 K. As has
been mentioned, helix α3 is an important participant in the
interaction of leptin with all isoforms of the leptin receptor. It is
remarkable that a single point mutation is able to modify the
dynamics and temperature stability of this region of the hormone
protein. This helix is contiguous with the loop that harbors residue
100. We thoroughly explored the differences in the interactions
between the WT and W100E leptin constructs near the mutation
region. We discovered that the network of hydrogen bonding is
not substantially modified between the constructs (data not
shown). We identified a distinctive interaction in the mutant
protein that is absent in the WT leptin: the network of electro-
static interactions between Q56, R84 and E100 (Fig. 5D). We
noticed that these residues are positioned in a triangular shape,
and therefore, the perimeter of this triangle is proportional to the
distances between each pair of the three amino acid residues. To
evaluate the persistence of this interaction network, we calculated
the evolution of the triangle perimeter in both constructs during
the time course of simulations (at 300 K and 500 K; Fig. 5E). The
perimeter of this triangle is consistently shorter in the mutant
protein than in the WT construct. This result indicates that the
distances among Q56, R84 and E100 are constantly smaller than
the distances among Q56, R84 and W100. Therefore, we postulate
that this interaction network might be responsible for maintaining
the helical content of helix α3 of W100E leptin.

3.9. Normal mode analysis

Normal mode analysis of the native structures of both leptin
proteins was also performed to identify potential conformational



Fig. 4. Representative snapshots of the trajectory followed by WT (A) and W100E (B) leptin. The temperatures and times of simulation are indicated. The protein coloring
indicates (pink) residues 1–44 helix α1–α1', (cyan) residues 45–69 helix α2, (blue) residues 70–116 helix α3 and (green) residues 117–146 helix α4. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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changes of the proteins (data not shown). Of particular interest are
modes from 7 to 11; in both proteins, the frequency of these
modes is low and there are large collective motifs is high. The
region from residues 26 to 41 has the highest mobility in both
constructs, and the mobility is slightly larger for the WT. Another
zone with high mobility is the region between residues 95 and
120. In both cases, this finding is consistent with the RMSF results.
Another flexible zone identified by the ElNemo server was resi-
dues 48–53; this region is located in the loop between α1´ and α2.
The mobility of this last region is not appreciable in the RMSF
plots. The N-terminal region seems to be more flexible in the
W100E mutant than in the WT leptin.



Fig. 5. Interactions between Arg 84, Gln 56 and W/E at position 100 of human leptin. (A) WT leptin at 300 K, (B and C) WT leptin at 500 K, (D) W100E leptin at 300 K, and
(E) W100E leptin at 500 K. The coloring of the residues is the same as in Fig. 4. (F) Time course evolution of the perimeter of the triangle formed between R84, Q56 and W/E
at position 100 of human leptin measured at 300 and 500 K.
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4. Discussion

Leptin is implicated in a variety of physiological processes. The
best-described process is its participation in energy homeostasis.
Several efforts have been made to use this protein and its mutants to
treat obesity and other related pathologies, such as lipodystrophy and
diabetes. Nevertheless, the impact of mutations on the molecular
dynamics and stability of leptin has not been fully assessed. In addi-
tion, the reports of the structure and molecular dynamics of leptin
refer solely to the mutant in the crystallographic studies, W100E.
However, to our knowledge, the structure and dynamical properties of
the mutant have not been compared to those of the WT protein. Here,
we have explored for the first time the conformational space of
human leptin and its soluble mutant W100E leptin at different tem-
peratures. We observed that this single point mutation is sufficient to
alter the structure and conformational movements of human leptin.

First, we obtained the coordinates of the full-length WT and
W100E leptin constructs. This first step was necessary because the
crystallographic structure of human leptin is missing residues 25–
38. I-TASSER and certain other modelers modeled this region dif-
ferently in the WT leptin than in W100E leptin. The region was
modeled as an unstructured region in WT leptin, but for the
W100E mutant, this region was predicted to be a helix (residues
34–41). In addition in a future research it might be interesting to
further explore this region using, the molecular force called polar
hydrogen–π interaction (Hp–π), which may play an important role
in supporting the backbones of protein loops (Du et al., 2014).
During the simulations, the two proteins showed different beha-
vior at the temperatures tested. This result demonstrated that the
substitution of a single amino acid residue led to differences in the
conformational movements of human leptin. These differences
occurred near the mutation as well as at distal sites. Additionally,
the electrostatic potential of the surface of the protein differs in
the two constructs. These conformational and dynamical behavior
changes might lead to the increased propensity of W100E to
crystallize without effects on its biological activity because
the mutation does not reside in the main regions that have
been reported to be involved in the interaction of leptin with its
receptor.

4.1. Amino acid residues 25–41 are defined as a putative intrinsically
disordered region

Residues 25–38 show poor electron density in the crystallographic
analysis (Zhang et al., 1997). Certain studies have investigated the
molecular dynamics of W100E human leptin. One example is a report
from Onuchic´s group, who constructed a Cα-model and performed
all-atom simulations of W100E leptin; the investigation focused on
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the role of the disulfide bridge formation on the local and distal
motions of the peptide hormone (Carpenter et al., 2012). More
recently, W100E leptin in complex with its receptor was modeled to
perform a high-throughput virtual screening to design new agonizts
for leptin (Fernandez Fuentes et al., 2006). In the first case, ArchPRED
(a template based loop structure prediction server) (Tutone et al.,
2014) was used to model the region from amino acid residues 25 to
38. The second study used the I-TASSER modeler to obtain the full
coordinates of this region, similarly to our method. We obtained
models that indicated that the secondary structure of this region dif-
fered between WT and W100E leptin. Furthermore, during the
simulations at 300 and 400 K, this region in conjunctionwith residues
25–41 showed a tendency to adopt either a turn conformation or a β-
strand structure. These intriguing results led us to postulate that
residues 25–41 constitute a putative intrinsically disordered region
(IDR). Therefore, we performed a thorough analysis to confirm this
hypothesis. We used the IUPred program (Dosztányi et al., 2005) to
further investigate the tendency for the region containing residues
25–41 in human leptin to become disordered. We observed that this
region shows the highest tendency to become disordered within the
whole length of both proteins (Fig. 2S), even higher than the N- and
C-termini. Furthermore, normal mode analysis using the ElNemo
server indicated that this region has the highest mobility within the
whole structure in both leptin constructs. Intrinsically unstructured
regions in proteins have no single well-defined tertiary structure in
their native state. Similar to other intrinsically disordered regions or
proteins, the 25–41 region resembles the denatured state of a protein
and seems to interconvert among alternative structures; the region
also has some tendency to form local secondary structure elements,
either an α-helix or β-strand structure. This finding raises a crucial
question: why does leptin need an IDR? One possibility might be to
facilitate the interaction of leptin with its receptor. To date, helices α1
and α3 have been described as the main regions responsible for this
interaction. IDRs have been identified as having important roles in
molecular recognition, for which structural disorder confers specific
advantages, such as increased speed of interaction and specificity
without excessive binding strength. Disordered regions can also con-
stitute flexible linkers or spacers with a role in forming macro-
molecular assemblies, which raises the possibility that the region
between residues 25 and 41 might also be involved in the cell sig-
naling of leptin. Another plausible reason for the presence of an IDR
within the leptin structure might be to facilitate the threading of the
N-terminus through the covalent loop (residues 96–146) to form the
characteristic slipknot of the leptin structure. Further investigation is
required to confirm either of these two possibilities or to propose
another possible explanation.

4.2. Unfolding pathway of the slipknotted human leptin

The unique topological feature of leptin is the formation of a
slipknot inwhich the N-terminal region threads across a covalent loop
formed by a disulfide bridge between the C-terminus and residue 96;
this feature makes exploring the conformational space and unfolding
pathway of leptin interesting and challenging. Here, we subjected the
coordinates of WT and W100E leptin to molecular dynamics simula-
tions at 500 K. Both leptin constructs lost their native structure during
the simulations at this temperature, but we observed different
unfolding pathways for the two leptin constructs. In both cases, we
observed that the most unstable region corresponds to α1. Another
conformational change observed during the unfolding of leptin was
that the loop between α3 and α3´ becamemore mobile and separated
from the main core of the protein. Next, helical content of α2 and α4
was lost, but in the WT protein, these two helices (mainly α2) are
prone to recovering part of their secondary structure. In contrast, in
the mutant protein, once α2 and α4 have lost their secondary struc-
tures, they are unable to recover. The most stable regions might be
helix α2 in the WT protein and helix α3 in the mutant leptin; these
regions maintain their helicity for the longest periods during the
simulations. The interactions between Ile64-Leu90-S67 and Thr27-
Ser67 are conserved in the WT leptin upon thermal denaturation and
might contribute to the stabilization of helix α2. In contrast, these
pairs are not observed in the mutant leptin after 3 ns of simulation at
500 K. Additionally, we noticed that the substitution of tryptophan for
a glutamic acid at position 100 leads to the establishment of a network
of electrostatic interactions, which stabilize helix α3. This network is
mainly formed by R84, which is orientated towards E100 to form a salt
bridge, and Q56 is attracted by the ions. This interaction represents a
trade-off that increases the stability of α3 at the expense of the
reduced stability of α2 in the mutant protein. Furthermore, the knot
does not become unthreaded in either of the constructs. Thus, during
the time course of the simulation, the N-terminus is incapable of
unknotting through the inner space of the covalent loop. This loop
contains the loop between α3 and α3´, as we mentioned, and this
region moves away from the core of the protein, providing room for
the N-terminus to unthread through the covalent loop. Nonetheless,
the knot is maintained throughout the time course of the simulation
at 500 K in both leptin constructs.
5. Concluding remarks

The conformational landscapes of WTandW100E leptin have been
explored using molecular dynamics simulations at 300, 400 and
500 K. We concluded that the two constructs vary in their dynamical
behavior, stability and unfolding pathway. We identified a network of
interactions that differs between the leptin constructs and contributes
to the dissimilarities in their structure and dynamical features. Addi-
tionally, these interactions might serve as safety locks to maintain
helix α2 in the WT protein or helix α3 in W100E leptin upon thermal
denaturation. In addition, we found that the region between residues
25 and 41 might be described as a putative intrinsically disordered
region. The reasons for the presence of this unstructured regionwithin
leptin could be either structural or functional. Our findings might
facilitate the therapeutic usage of leptin. However we still need to
address this problem, by other biophysical approaches. We will
investigate this in our future research.
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