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INTRODUCTION

Melittin is a small polypeptide that consists of
26 amino acids (C

 

133

 

H

 

229

 

N

 

39

 

O

 

31

 

). It contains a single
essential fluorophore, tryptophane [1]. When com-
pletely folded it forms symmetrical tetramers [2, 3]. Its
structure has been determined to a high degree of reso-
lution by X-ray crystallography [2] and NMR spectros-
copy. The NMR structures have been determined in
detergent micelles [4] and in nonpolar solvent [5], in
which the protein is present as a monomeric form while
crystals grow from concentrated aqueous salt solutions
in which melittin molecules form closely associated
tetramers through hydrophobic contacts [2]. These
studies indicate that melittin adopts very similar aheli-
cal conformations in the very different environments.

Melittin originates in honeybee (

 

Apis mellifera

 

)
venom, of which it composes 50% of the dry weight. In
a neutral situation, melittin has a net charge of +5
(4 from the leu amino acids and 1 from the N-termi-
nus). This charge inhibits the formation of any second-
ary structure under neutral conditions. It is attractive to
assume that proteins in different classes might display
significantly different presentations in their folding
pathways. Melittin is usually a random coil monomer,
but when basic conditions or other effects shield the
charge, melittin forms 2

 

α

 

-helices at an angle of 120

 

°

 

 to
each other. This angle gives amino acids 11–13 some
helical character. Amino acids 5–11 and 16–24 have the
most helical natures [6, 7]. Four of these 

 

α

 

-helical
monomers can then form a tetramer. That melittin has
one tryptophane amino acid (Trp19) is another argu-

ment for the use of melittin as a folding model. This is
because Trp19 is the only amino acid in melittin that
fluoresces and its spectrum is dependent on the polarity
of the solvent. The more structured it is, the more the
Trp19 is shielded from the aqueous medium [8].

The melittin occupation depends strongly on the
solvent and the temperature. Increasing the concentra-
tion of melittin promotes a helical state. The state in
which melittin exists depends strongly on the tempera-
ture. When using circular dichroism, both hot and cold
denaturations are found. But the temperature of the
maximum helicity depends markedly on the solvent
used and on the melittin concentration. The 

 

α

 

-helical
position has its steadiest pattern between 35.5 and
43

 

°

 

C, depending on pH [9]. Not many thermodynami-
cal studies of melittin have been performed to date. The
folding process of melittin can be divided into two dif-
ferent processes: 

 

α

 

-helix configuration and tetramer-
ization of single melittin molecules. However, these
processes depend on each other and, under steady-state
conditions, are thought to occur all at once [10]. The
melittin folding equilibrium depends on many vari-
ables, and we are mostly concerned with its tempera-
ture dependence, as we want to use the system for
dynamical studies also. Thus far, the temperature
dependence of the folding equilibrium has been calcu-
lated by a number of different spectroscopic tech-
niques: NMR [6], circular dichroism [7, 11], fluores-
cence [12], and fluorescence polarization [13].
Smoluch and et al. [14] have studied the temperature
dependence of the melittin folding equilibrium by
means of fluorescence spectroscopy.
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±

 

0.001 Å for the translations and 

 

±

 

15

 

°

 

C for the rotations. Around 311 K, the folded structure of the protein has
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ϕ

 

 angles for melittin. The final optimized struc-
ture of melittin strongly depends on the temperature. The melittin tetramer is found to have a temperature of
maximum stability ranging from 35.5 to 43

 

°

 

C.
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A great deal of information is currently known
regarding the general principles of the folding and
structural stability of soluble proteins [15, 16]. Some
general principles are beginning to emerge [17–20], but
the amount of thermodynamic data is quite limited, due
principally to the experimental difficulties caused by
their insolubility in water in both folded and unfolded
forms.

A common approach to the thermodynamic stability
of proteins is to study the energetics of the fold-
ing/unfolding process [21] induced by heat [22] or
denaturants [23]. In this approach, which requires that
the folding/unfolding reaction be reversible, as dis-
cussed by Haltia and Freire [24], the main difficulty is
that membrane proteins resist complete denaturation
because of the great stability of the transmembrane sec-
ondary structure elements within the membrane. The
denaturizing that does occur is frequently irreversible
and arises mainly from the dissociation of multimers,
subunits, and secondary structure elements and the
unfolding of extra membrane domains. The stability of
the individual secondary structure elements, usually
K-helices, is exposed by the great amount of the sec-
ondary structure (determined by circular dichroism)
that remains after denaturation. This residual structure
within the membrane phase (bilayers or micelles) indi-
cates the resistance of secondary structure elements to
adsorption and/or unfolding under a denaturing situa-
tion.

It has been shown that [25], while melittin at micro
molar concentrations is unfolded under conditions of
low salt concentration at neutral pH, it transforms into
an 

 

α

 

-helical tetramer under high-salt conditions or
alkaline pH. Generally, statistical treatments of protein
conformations have considered the interdependence of
the backbone torsion 

 

ψ

 

 and 

 

ϕ

 

 angles neighboring the
peptide bond (Ramachandran plots) and neglected
higher order interdependences between bond dihedral
angles. Systematic analyses of 

 

ψ

 

 and 

 

ϕ 

 

angles for dif-
ferent types of amino acids lead to resemblance coeffi-
cients between amino acid pairs, which are practical in
estimating the structural effects of amino acid substitu-
tions and providing an efficient scoring scheme for
sequence alignments [26]. On the other hand, common
secondary structure motifs, such as 

 

α

 

-helices and

 

β

 

-sheets, result from the repetition of well-defined rota-
tions along the main chain. Turns also constitute units
that are distinguishable by their particular dihedral
angle sequences. Applications such as protein folding
require an understanding of the conformational space
of these macromolecules.

Biomolecules with the common all-atom force
fields have rugged energy landscapes and multiple time
scales that both limit the small time step of molecular
dynamics (MD) and require the integration of many
time steps to sufficiently sample the slow molecular
modes. This is exacerbated by trappings in local min-
ima to try to overcome these problems with some tech-

niques, such as Monte Carlo simulation. We have
attempted to use the Monte Carlo simulation method
when the goal is single temperature canonical sam-
pling. This turns to suggest other simulation strategies,
such as Hamiltonian exchange [27] and resolution
exchange [28]. Rathore and de Pablo [29] have also
performed Monte Carlo simulation through a random
walk in energy space to study random coil–helix and
random coil–beta sheet transitions in model proteins.
They employed a cubic lattice model, and have shown
that the method is able to fold long polypeptides repro-
ducibly.

MOLECULAR MECHANICS FORCE FIELD

Calculations were performed with the Charmm sim-
ulation program [30], in which an empirical energy
function that contains terms for both internal and exter-
nal interactions was used. The energy function has the
form

where 

 

K

 

, 

 

K

 

UB

 

, 

 

K

 

θ

 

, 

 

K

 

χ

 

 and 

 

K

 

imp

 

 are the bond, Urey–Bra-
dley, angle, dihedral angle, and improper dihedral
angle force constants, respectively, and 

 

b

 

, 

 

S

 

, 

 

θ

 

, 

 

χ

 

 and

 

ϕ

 

 are the bond length, Urey–Bradley 1,3-distance,
bond angle, dihedral angle, and improper torsion
angle, respectively, with the subscript zero represent-
ing the equilibrium values for the individual terms.
From 6 to 12 Coulomb and Lennard-Jones terms con-
tribute to the nonbonded interactions. 

 

ε

 

 is the Len-
nard-Jones well depth, 

 

R

 

min

 

 is the distance at the Len-
nard-Jones minimum, and 

 

q

 

i

 

 is the partial atomic
charge. The Lennard-Jones parameters between pairs
of different atoms are obtained from the Lorentz–
Bethelodt combination rules.

MONTE CARLO PROCEDURE

Monte Carlo statistical mechanical simulations
were carried out in a standard manner using the
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Metropolis sampling technique [31] in a canonical
(

 

T

 

, 

 

V

 

, 

 

N

 

) ensemble. In Monte Carlo simulations, mak-
ing random structural changes to the internal degrees of
freedom and subsequently accepting or rejecting them
based on the Metropolis criterion at generating new
molecular configurations of the system. One of the
potential advantages of this is that the simulation trajec-
tory is a Markov chain of configurations that explores
phase space in a time-independent manner, thereby for-
mulating an equilibrium statistical mechanical repre-
sentation of the system. With sufficient sampling, this
can be used to derive a wide variety of thermodynamic
parameters.

Minimizing the peptide has been divided to two sec-
tions: the main chain and side chain of peptide. In the
backbone moves, one unit was randomly selected and
the backbone (

 

ψ

 

, 

 

ϕ

 

) torsion angles are changed. The
maximum of the moves have been chosen 

 

±

 

15°. The
resulting conformation has been minimized and
accepted or rejected according to the Metropolis crite-
rion.

The second stage of optimization has been done
with moves in the side chain. For the Monte Carlo sim-
ulation of the side chain of melittin, two types of move
have been considered. One of the four hundred and
thirty-three atoms of melittin is first randomly chosen
and then moves in the maximum range of ±0.001 Å ran-
domly. The second type of move was the rotation of
peptide side chain torsions. New configurations were
achieved by using ranges of ±50°. Periodic boundary
conditions were employed in computation. A spherical
cut-off for the potential of 13 Å has been used for non-
bonded interactions. The system is thoroughly equili-
brated by using several hundreds-of-thousand configu-
rations. Each run consisted of 105–106 attempted
moves. Every calculation was extended to include as
many configurations as were necessary to reduce the
statistical error to the level at which calculated energy
differences have quantitative significance. We have
done the computations in the different drmax (maximum
range of displacement of atoms) and dθmax (maximum
range of rotations) ranges to find the optimum value of
drmax. All the simulations were carried out in the tem-
perature range of 303–314 K.

RESULTS AND DISCUSSION

Protein folding involves a complex molecular rec-
ognition process that depends on the cooperative action
of many interactions. It is a heterogeneous process, and
the net stability is the result of relations between
entropic and enthalpic contributions. The folding
mechanism can be described using the manner in which
the protein finds its native structure within a short
period (seconds or minutes) of time. Many diseases are
caused by misfolded proteins (e.g., cancer). In the
improvement in methodology for statistical prediction
of protein structures, the inventors of different methods

Fig. 1. Resultant structure of melittin.
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Fig. 2. Internal and external energies vs. Nstep.
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Table 1.  Internal and external energies at different displacements at 300 K 

dr, Å Etotal
Einternal Eexternal

Ebonds Eangles Eurey-b Edihedrals Eimpropers –Evdw –Eelec

0.001 356.03 108.40 396.89 35.56 140.705 13.014 40.38 298.16
0.010 348.14 125.31 384.35 35.80 139.01 15.22 48.33 303.22
0.020 369.08 145.90 373.92 32.33 155.17 15.80 45.06 308.97
0.050 319.44 151.87 323.22 31.50 154.79 12.49 50.09 304.34
0.080 286.54 131.98 323.56 33.05 144.83 13.55 32.41 328.02
0.100 268.32 157.82 296.07 36.64 152.07 10.84 46.13 339.00
0.150 253.21 169.45 272.87 34.18 141.10 11.56 34.22 341.72
0.200 233.58 151.05 258.27 30.36 160.55 16.75 21.73 361.68

Note: All of the energies are in kcal/mol.

Table 2.  Internal and external energies at different rotation angles at 300 K

dθ, deg Etotal
Einternal Eexternal

Ebonds Eangles Eurey-b Edihedrals Eimpropers –Evdw –Eelec

35 326.95 107.09 396.42 35.36 143.58 13.26 50.96 317.80
40 332.27 108.83 395.24 35.47 142.00 13.16 48.36 314.07
45 350.44 108.23 396.78 35.47 138.24 13.19 43.57 297.90
50 356.03 108.40 396.89 35.56 140.70 13.01 40.38 298.16
55 335.18 106.94 396.93 35.53 153.95 13.35 45.62 325.90
60 356.57 107.48 396.88 35.59 156.36 13.20 47.44 305.50

Note: All of the energies are in kcal/mol.

Table 3.  Internal and external energies in different NSTEPs and the total number of MC steps, at 300 K

Nstep Etotal
Einternal Eexternal

Ebonds Eangles Eurey-b Edihedrals Eimpropers –Evdw –Eelec

10000 356.03 108.40 396.89 35.56 140.70 13.01 40.38 298.16
20000 324.71 107.32 397.43 35.56 138.44 13.26 44.14 323.15
40000 323.15 109.54 397.06 35.73 154.60 14.18 48.78 357.34
50000 290.35 108.98 397.12 35.65 156.82 13.67 47.85 374.04
60000 273.19 109.79 399.87 35.78 152.43 13.27 57.83 380.13
80000 257.95 111.93 396.46 35.87 150.74 14.03 50.40 400.69

100000 254.22 108.07 394.12 35.92 153.81 14.19 30.26 421.64
Note: All of the energies are in kcal/mol.

Table 4.  Total, internal, and external energies at different temperatures

T, K Etotal
Einternal Eexternal

Ebonds Eangles Eurey-b Edihedrals Eimpropers –Evdw –Eelec

303 344.03 107.45 397.08 35.41 145.11 13.28 49.42 304.88
304 375.83 107.79 396.93 35.37 148.08 13.04 40.89 284.49
305 340.91 107.29 396.80 35.46 149.27 13.24 53.87 307.28
306 341.29 107.18 396.76 35.47 145.11 13.21 52.22 304.22
307 338.32 107.36 396.59 35.47 145.75 13.16 46.52 313.49
308 338.32 107.36 396.59 35.47 145.75 13.16 46.52 313.49
309 338.32 107.36 396.60 35.47 145.74 13.16 46.52 313.49
310 338.32 107.36 396.60 35.47 145.74 13.16 46.52 313.49
311 334.04 107.35 396.59 35.44 140.26 13.13 53.48 305.25
312 338.01 107.93 396.33 35.45 156.12 13.21 44.25 326.77
313 338.01 107.97 396.33 35.45 156.12 13.21 44.25 326.77
314 344.52 107.69 396.33 35.48 147.84 13.23 54.49 301.57

Note: All of the energies are in kcal/mol.
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usually have selected different sets of proteins to test
the predicted results. Therefore, it is hard to make a fair
comparison using the results they have reported. A
Monte Carlo simulation method is proposed to estab-
lish an objective criterion to measure the accuracy of
prediction for the protein folding type. Such an objec-
tive accuracy actually corresponds to the asymptotic
limit generated during the Monte Carlo simulation pro-
cess.

We have studied the folded structure of melittin
by the Monte Carlo simulation. For the melittin
folded molecule, noticeable changes with tempera-
ture have been observed. The resultant structure of
melittin is shown in Fig. 1. We have used different
values for the displacements in different NSTEPs to
find the best condition for optimizing the melittin
structure. Internal and external energies in different
displacements, rotations, and NSTEPs (the total
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Fig. 3. Total and Van der Waals energies vs. temperature.
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number of MC steps) at 300 K have been included in
Tables 1–3 respectively.

An increasing or decreasing the temperature from
the temperature of maximum stability ranging from
35.5 to 43°C destabilizes the Melittin tetramer.

As is shown in Table 1, Ebond has the minimum value
in the 0.001 Å displacement; also, almost 50% of the
configurations shown have been accepted [32]. In
Table 2, internal and external energies in different rota-
tions have been shown and as a maximum range of
±50° has been chosen, 50% of the configurations have
been accepted. Table 3 includes the internal and exter-
nal energies versus the total number of MC steps. In
Fig. 2, the internal and external energies versus NSTEP
are presented. Temperature-induced changes in the
Monte Carlo optimization of the melittin folded mole-
cule have been observed.

In Table 4, the total, internal, and external energies
at different temperatures are shown. The temperature
dependencies exhibited in the three-dimensional dia-
grams, in which the temperature is plotted against the
total energy, van der Waals energy, total electrostatic
energy, dihedral energy, internal angular energy, and
internal Urey–Bradley energy are consistent in their
results. As an example in Fig. 3, a three-dimensional
graph consisting of the total and van der Waals energies
versus the temperature for the folded melittin is pre-
sented. It is specified that, at 304.76 K, the total energy
is 341.22 kcal/mol and the external van der Waals
energy is the lowest one (–53.44 kcal/mol).

The variations of total energies and electrostatic
energies against different temperatures shows that, at
312.7 K, the total energy is 338.17 kcal/mol and the total
electrostatic energy is minimal (–326.59 kcal/mol). The
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variation of total energies and dihedral energies against
different temperatures specifies that at 310.04 K the total
energy is 334.04 kcal/mol and the total electrostatic
energy is minimal (140.90 kcal/mol). The variation of
total energies and internal angular energies against dif-
ferent temperature means that, at 307.4 K, the total
energy is 334.04 kcal/mol and the total electrostatic
energy is minimal (396.65 kcal/mol).

In Fig. 4, van der Waals energy, total electrostatic
energy, dihedral energy, internal angular energy, and
internal Urey–Bradley energy are plotted as contour
diagrams against temperature and the total energy.
Consequently, it is specified that, near 36.5°C, the inter-
nal and external energies are probably minimal and the
folded structure is in its most stable form. Calculations
at different temperatures have been done to predict the
effect of temperature on the stability of protein. The
energy parameters at different temperatures have been
included in Table 5; at around biological temperature,
melittin has a minimum total energy and so, at this tem-
perature, it has the most stably folded structure.
Where degenerate lines are pressed, the stability of
the structure will increase. Therefore, at around 311 K,
the folded structure of the protein has the most sta-
bility. Thus, the range of from –40 to –80 shows the
best ϕ angles for melittin. In Fig. 5, contour dia-
grams of ψ and ϕ angles in different temperatures are
reported.

CONCLUSIONS

The purpose of fold assignment and relative model-
ing is to assign each novel genome sequence to the
identified protein fold or structure that it most directly
resembles using computational Monte Carlo methods.

These calculations provide visualization of the relative
importance of various forces affecting the stability of
melittin in the folded structure and may provide a stan-
dard arrangement for future tests of computated ener-
gies on this simple protein system.
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