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A new Monte Carlo sampling scheme, namely the Modified Valley Restrained Monte Carlo 
procedure, is used to obtain the global energy minimum conformations for polypeptides, such 
as Met-enkephalin and Melittin. For each peptide, we found close agreement with previous 
results from both theoretical and experimental studies. The simple idea for controlling the step 
size according to the Valley Function, provides useful suggestions in searching the global 
energy minimum structures, and furthermore helps solve the multiple minima problem. 

Keywords: Simulation; Monte Carlo; Valley Function; variable step size; global optimization 

1. INTRODUCTION 

A full understanding of protein functions requires knowledge of their three- 
dimensional structure. Unfortunately, experimentally determined structures 
for most proteins are unavailable. Consequently, it is essential to develop 
approaches for predicting secondary and tertiary structures of proteins. 

In the late 1950s Anfinsen and his colleagues made a remarkable discov- 
ery [ 11. They were exploring a long-standing puzzle in biology. What causes 
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newly made proteins to wind into specifically shaped forms able to perform 
crucial tasks in the living cell? In the process of discovery the team found 
the answer was simpler than anyone had imagined. It was the sequence 
of amino acids, referred to as the primary structure of the protein, that 
determines the native conformation. This structure is stable under physiolo- 
gical conditions and has a biological activity. 

This successful experiment of refolding the ribonuclease by Anfinsen 
et al. [l], has evoked a new fundamental subject in predicting the tertiary 
structure of proteins theoretically from the sequence of its amino acids. It 
is now assumed that the native conformation of a protein is that which corre- 
sponds to the global minimum for a potential energy function. This global 
optimization of protein and polypeptide structure has its own formidable 
problems due to the high complexity of their energy hyper-surface; i e . ,  
multiple minima problem. The typical number of local minima in the 
potential energy surface varies as lo", where n is the number of residues 
of polypeptides. Thus a direct searching of the global energy minimum 
structure in the whole conformational space, quickly becomes impossible 
as the number of residues increases. 

In order to get over this multiple minima problem, many theoretical 
works for the computing the stable conformations of proteins have been 
developed [2 - 81. These previous works can be classified into two categories; 
an improvement in the methodology of computation, and the simplification 
of the interaction potential function. But yet there is none which can be 
regarded as a close solution to the problem. There still should be much 
research to find it. 

Since the Monte Carlo method simulates the thermal Markovian proc- 
esses, it might be applicable to this problem of obtaining a global energy 
minimum structure for a protein. However a straightforward application of 
the conventional Metropolis method for a protein system has proven to be 
very inefficient [9- 111. Many previous researchers have tried to improve 
the efficiency of the conventional Metropolis Monte Carlo Method, and 
to also overcome the energy barrier between local minima [ 12- 201. 

One of the main difficulties is the isotropic sampling of the Metropolis 
Monte Carlo procedure without considering the anisotropic potential ener- 
gy surface of proteins. If we properly take into account this anisotropic 
energy surface in the progression of the simulation steps, we may say 
hopefully that the Monte Carlo method will become a powerful method to 
simulate the globular structural changes of proteins. 

Valley Restrained Monte Carlo (VRMC) [ 151, that predicts the topology 
of the potential surface using both statistical and empirical data, has an 
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LOW ENERGY STRUCTURES OF PEPTIDES 387 

additional Preselection Step. This step carries out a preferential sampling 
of the region near the energy minima and the valley between minima. How- 
ever, in spite of the efficient sampling ability of VRMC, the Preselection Step 
(a priori selection step) induces a little bias, because of a defect where 
sampling of phase space cannot cover all the conformational space in the 
main MC step. 

The main idea of this work is that (1) knowledge about the statistical 
properties of amino acids is used in an optimal way, (2) the moving bound- 
ary (step size) of the next set is controlled by the Valley Function of the 
previous set, (3) although the search still continuously covers all the con- 
formational space, the search for the statistically important regions of a 
conformational space is reinforced more than the search for other 
conventional procedures. 

We do control MC moving boundary, according to the Preselection 
Surface obtained the Valley Function. The Valley Function which passes 
through the local minima and then goes along the valley between local 
minima on the hyper-surface, is formulated from the acquired Protein Data 
Bank (PDB) in advance. VF is the most probable pathway for crossing the 
barrier in the process of simulation, because it is the curve which connects 
two minima by way of the lowest energy barrier. And then, we can suppose 
the step size as a function of the Preselection Surface obtained from VF. The 
higher the Preselection Factor, which is the value obtained from the 
Preselection Surface for the arbitrary (4, $J) zone, then the higher the prob- 
ability that the system also exists near the local energy minimum. Then, 
it can cross over the energy barrier more efficiently, by increasing the step 
size near the valley region. We will explain about the analytical form 
of both the Preselection Surface as well as the Valley Function in the 
next section. 

The method is tested with the well-studied pentapeptide, Met-enkephalin, 
and 20 residue segment of Melittin, using CVFF (Consistent Valence Force 
Field) potential parameters [22] in order to describe its pair-wise atomic 
interactions. To estimate the efficiency of the method, it is further compared 
with a “classical” optimization method: Metropolis Monte Carlo procedure 
(MMC). 

2. METHODOLOGY 

The Ramachandran maps of 20 amino acids from the selected 101 protein 
data sets were obtained from Brookhaven Protein Data Bank. The selected 
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proteins have a resolution equal to or higher than 3.0 A. The average length 
of sequences is 226. Though there are some differences in the number of 
data for each amino acid according to its natural abundance, the average 
number of data for one amino acid is 1136. This is sufficient to manipulate 
statistically. 

The following is a brief summary to get the Valley Function (VF). The 
Valley Function (VF) can be derived from a back-bone torsion set of 
selected protein structures as shown in previous paper 1151. Equation (1) 
describes the Valley Function which optimally passes through torsional 
zones (4, $J) of individual residues. 

The coefficients (bl, . . . , b9) can be determined in Eq. (1) by using least 
square methods (Eqs. (2,3)). The coefficients have been listed as shown in 
the original paper [ 151. 

(3) 
B{Error(bl,. . . , b9)) ] = o  

j=1, ..., 9 

The value moves zero for a point on the VF curve, while the absolute 
value increases as the point far from the curve. For an arbitrary torsional 
set (4, +), we can then define both the “Preselection Surface” and “Prese- 
lection Factor”, as determined by Eq. (4). If the chosen torsional set 
(q50, .Jlo) is on the VF curve, the Preselection Factor ( PS(q50, $J0)) is therefore 
one, because VF(qjo, $Jo) is equal to zero whereas the Preselection Factor 
decreases and finally converges to zero, as the torsional set deviates from 
the VF. The equation form is the same with the “Preselection Surface” 
of VRMC, except the steepness factor (q) exists outside of the exponential 
function. 

where PS is ranged from 0 to q. q is the steepness factor which controls the 
smoothness of the Preselection Surface. 
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LOW ENERGY STRUCTURES OF PEPTIDES 389 

In the “Near” Valley Region, where individual residues of protein struct- 
ures exist with higher probability, it is thought that an unknown target 
system may have many local minima and with high energy barriers. Then, 
it is reasonable to sample torsional phase space with a relatively large step 
size. On the contrary, supposing that a “Far away” Valley Region has a 
more steep Potential Energy Surface with relatively lower energy barriers, 
step size in this region can also be controlled in order to decrease it accord- 
ing to the Preselection Factor. 

As a result, we can search lower energy structures with more sampling 
efficiency. This is shown the schematic picture in Figure 1.  

We average out the Preselection Factor for back-bone torsion in a 
previous MC set, then we can resize the moving boundary for the next ( k )  
set in the product form of the initial step size (6,) and Preselection factor. 
This average out for each torsion in the previous ( k  - 1) set, as shown in 
Eq. (5 ) .  The Preselection Surfaces of individual residues are obtained from 
Eq. (4). 

where VFm(&&) is the Valley Function for a back-bone dihedral angle 
(+i, @i) of m-th set and 7 is the steepness factor. 

We will describe the implementation in detail. 

1. The total steps M,,, are divided by M ,  the number of steps per set, to give 
M,,,/M sets. A4 should be chosen so that the information on the different 
local energy minima do not mix together and therefore lose statistical 

Near Valley Region 

FIGURE 1 A schematic picture of variable step size 6, dependent on Valley Region. 
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390 C. C. CHAI et al. 

significance. A4 values can be obtained by monitoring the convergence 
of conformational fluctuations, and it is found that M =  20 - 30 MCS 
(Monte Carlo Steps per particle or torsion) is adequate. 

2. Prepare the initial structures of different conformations and perform 
the minimization for 1000 N 1500 step using an appropriate potential 
function in order to avoid the non-bonded crash. 

3. Temperature annealing from 1000 K to the room temperature using 3% 
annealing rates. This temperature range and the annealing rate were 
justified by analyzing the vibrational normal mode frequencies by Shin 
and Jhon [lo]. The temperature of the ( k  - 1) th set, which is composed 
of a number of Monte Carlo steps, is given by 

where xT is the temperature annealing factor. 

in the ( k  - 1)-th set. 
4. Determine the step size of k-th set using the averaged Preselection Factor 

where index ( i )  indicates the individual torsion number. 
5. Generate new configuration (#,,,, $new)k in the k-th set. 

geW = + 6; . R R E [ l ,  -11 

6. Conventional Metropolis test is performed through computing the ener- 
gy difference (AE= E(#new,  $new) - E(4old, $old)). 

AE I: accept the new configuration 
AE > reject or accept by Boltzmann Factor exp(-A/kT) (9) 

7. Return to Step 3 with the new configuration and iterate the process. 

When the Monte Carlo method is applied to find the minimum energy 
structure of a molecule, the geometry of the molecule is then usually treated 
as rigid; i.e., bond lengths and bond angles are fixed and only the torsional 
degrees of freedom are taken into account. 
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LOW ENERGY STRUCTURES OF PEPTIDES 39 1 

3. RESULTS AND DISCUSSION 

To compare the Modified Valley Restrained Monte Carlo (MVRMC) with 
the conventional Metropolis Monte Carlo (MMC), we carried out simu- 
lations for two peptides, Met-enkephalin and Melittin. 

3.1. Met-enkephalin 

Met-enkephalin is a pentapeptide hormone in the mammalian brain with 
morphine-like activities [23]. 

H-Tyr’ -Gly2-Gly3-Phe4-Met’-OH 

The initial structure was prepared in the full extended form, minimized 
for 1000 steps using the steepest descents method..We carried out the sev- 
eral runs to find the optimal value for the steepness factor (71) of a Presel- 
ection Surface at 300 K, by taking an average conformational change per 
step ( Ci(AOi)*) ’’’ as an indicator of the sampling efficiency. This is concep- 
tually very similar to the rms differences between the current structure and 
the next structure. Through the preliminary simulation runs for 400 K steps, 
the optimal steepness factor was determined by - 1.8. And initial step size 
was set to 20 degrees in order to get the optimal acceptance ratio 
(0.45-0.55). After the steepness factor was determined, we then per- 
formed the main simulation for a 20000 set with the factor ($. Because 
one set was composed of 20 MCS (Monte Carlo steps per a torsion), the 
overall procedure was composed of 800 K steps. 

Figure 2 shows the energy equilibration process in the simulation. This 
figure clearly shows the increased power of MVRMC as compared to that 
of MMC. In the case of MMC, the system may be trapped in local 
minima during the full simulation, while MVRMC makes it possible to es- 
cape from the local minima. In the energy profile of MVRMC, there is a 
large energy change at -3000 step. This fact indicates that while MMC 
could not escape from the local minima within current MC steps, MVRMC 
however enables the system to overcome the energy barrier and avoid be- 
ing trapped in the local minima. The acceptance ratios are 0.4578 and 
0.5225 for the MMC and MVRMC, respectively. It is remarkable that 
the acceptance ratio of MVRMC is larger than MMC, though the aver- 
aged step size slightly increase by - 3.4 degrees than MMC. It comes from 
the fact that the sampling of MVRMC is more efficient searching the lower 
energy surfaces. 
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FIGURE 2 A comparison of the energy equilibration process( kcal/mole) between MMC 
and MVRMC for Met-enkephalin, where it is reported per every set, and one set is composed 
of 400 steps. 

TABLE I A comparison of principal torsion angles for Met-enkephalin 

Torsional angles (in degree) 
Residue @ i W 

Tyr' 

Phe4 
Met5 

Gly2 
a y 3  

-59.03(-83.50)* 122.13(155.80) - 169.3 I ( -  177.20) 

86.21(82.92) -76.30(-75.10) - 178.8 1 (- 169.98) 
- 141.13(- 136.89) 19.08(19.12) - 178.66(-174.09) 
- 132.30(- 163.50) 160.08(161.20) - 175.66(- 179.80) 

-129.88(-154.31) 87.04(86.00) 168.19( 168.50) 

'The values in parenthesis are the results of previous works 1241 

In the Table I, the results of the MVRMC simulation are compared with 
that of MMC. The MVRMC structure is consistent with that of a previous 
report [24] which shows that the global energy minimum structure of Met- 
enkephalin is a II'P-bend type of structure. Another simulation from 
random starting point gives similar results, although it is not shown in this 
report. 
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3.2. Melittin 

Melittin is the principal component of the venom from honey bees, with 
26 amino acid residues and six positive and no negative charges. The 
conformation of the dimer of the melittin from X-ray data [27-291 is 
shown in Figure 3. NMR experimental results indicate that the six C- 
terminal residues do not influence the conformation of the 20 N-terminal 
125,261. We simulate the 20-residue fragment of melittin with the sequence 

F 

FIGURE 3 The crystal structure of Melittin dimer found by X-ray crystal diffraction. 
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as follows; 
GIGAVLKVLTTGLPALIS WI 

where each of the characters represent the one-letter abbreviation of an 
amino acid. 

Clearly, the structure is composed of two helices jointed by a “hinge- 
like” structure between the Tyr” and GZy” residues. The side chains are 
distributed such that the polar side chains point to the convex part of the 
molecule, while the non-polar side chains point to the concave part. And 
melittin is known to be either unordered or having just a trace of helix in 
water without salt at a neutral pH and at low concentrations. However in 
high protein concentrations and/or in a solution with high ionic strength, it 
adopts a largely helical conformation and aggregates as a tetramer. We 
applied the MVRMC method to locate the lowest energy conformation for 
monomeric melittin in a deprotonated form, which mimics the conforma- 
tion at higher pH. 

At first, we select the starting structure such that all the torsion angles 
of the main chain are ( -90,0), which is the saddle point between two sec- 
ondary structures, a-helix and P-sheet. From the view point of reducing the 
convergence time, taking a starting conformation at a saddle point is very 
effective to reduce the negative effects of the initial condition. 

TABLE I1 A comparison of principal torsion angles of the lowest energy minimum confor- 
mation for Melittin 2- 19 segments 

Residue 
Torsional angles (in degree) 

4 1c, 
Ile2 -61.78(-65.86)* -40.48(-28.65) 
~1~~ -45.31(-70.27) -45.30(-60.00) 
~1~~ -65.49(-56.74) -46.39(-44.43) 
ValS -46.05(-62.28) -63.37(-44.42) 
Leu6 -55.76(-63.11) -47.18(-37.03) 
Lys’ -56.24(-62.60) -52.32(-43.83) 
Val8 -58.31(-61.00) -39.15(-49.73) 
~ e u ’  -80.69(-53.87) -30.57(-35.29) 
Thrlo -83.99(-73.50) -29.60(- 19.17) 
Thr” - 1  10.68(-75.13) -40.74( 106.30) 
Glyl2 -47.66( 108.52) -6 1.83(-78.05) 
~ e u ’ ~  -61.3%-67.87) -55.20(-65.12) 

-53.17(-60.19) -48,121-35.76) 
Ala” -62.26(-58.49) -46.93(-43.70) 
Leu’6 -56.13(-60.47) -52.79(-53.97) 
1ieI7 -56.36(-63.41) -47.64( -27.1 7) 
Ser’* -55.23(-68.24) -37.52(-47.68) 
Trp” -67.1 I(-66.34) -35.83(-50.62) 

*The values in parenthesis are the results by the simulation of X-ray. 
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The steepness factor is determined to 1.4 through preliminary simulation, 
which is slightly smaller value than in the case of Met-enkephalin because 
of the complexity of Potential Energy Surface. The total simulations were 
performed for 1840K steps, i.e., 1000 set, with one set consisting of 1840 
steps. Other conditions are analogous to those of Met-enkephalin. 

The molecule easily converges to the minimum energy structure (full a- 
helix structure), which is identical to a previous X-ray structure. The result- 
ant principal torsion angles are shown in Table 11, and then compared 
with the simulation of the X-ray structure and MMC. The structure of 
MMC cannot reach to a full a-helix form, as expected. 

Figure 4 shows the energy profile of MMC and MVRMC during the 
simulation. This figure shows that MVRMC always searches lower energy 
surfaces than does MMC. The structure from the MMC is trapped in the 
local minimum structure, so as not to reach a full a-helix structure, where- 
as that from the MVRMC reaches to the full helix structure, as shown 
Figure 5 .  

340 

320 

3 300 

E 

y, 280 

- 
0 

> 
3 
2. F c 
W 260 

240 

MMC - -- 
\ I. 

100 200 300 400 500 600 700 800 900 1000 
220 

Set number 

FIGURE 4 A comparison of the energy equilibration process (kcal/mole) between MMC and 
MVRMC for Melittin, where it is reported per every set, and one set is composed of 1840 steps. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



396 C. C. CHAI et al. 

(a) Starting Structure (b) MMC Simulation (c) MVRMC Simulation 

FIGURE 5 A comparison of lowest energy structures from MVRMC and MMC. 

4. CONCLUSION 

In this paper, we present the Modified VRMC procedure, which is directly 
implemented into the Metropolis procedure by controlling the step size. 
Although the method is the same in the view of using the topology of the 
energy surface of the Valley Function, MVRMC though can remove the 
bias in sampling process. The MVRMC procedure was implemented suc- 
cessfully in the peptides system (Met-enkephalin and Melittin) in order to 
search a lower energy minimum structure. 

Recently, 3-D structures of the numerous proteins have become known 
due to the advancement of X-ray or NMR experiment technology. Because 
this MVRMC is based on the known 3-dimensional structures of proteins, 
the accuracy of the Valley Function will be improved, and then the power of 
MVRMC will be known. 

Acknowledgement 

This work was supported in part by the Korea Research Center for Theo- 
retical Physics and Chemistry. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



LOW ENERGY STRUCTURES O F  PEPTIDES 397 

References 

[I] Anfinsen, C. B. (1967). “The Formation of the Tertiary Structure of Proteins”, Harvey 
Lect., 61, 95. 

[2] Paine, G. H. and Scheraga, H. A. (1985). “Prediction of the Native Conformation of a 
Polypeptide by a Statistical- Mechanical Procedure. I. Backbone Structure of Enkepha- 
lin”, Biopolymers, 24, 139 1 .  

[3] Paine, G. H. and Scheraga, H. A. (1985). “Prediction of the Native Conformation of a 
Polypeptide by a Statistical-Mechanical Procedure. 11. Average Backbone Structure of 
Enkephalin”, Biopolymers, 24, 1547. 

[4] Bruccoleri, R. E. and Karplus, M. (1987). “Prediction of the Folding of Short Polypeptide 
Segments by Uniform Conformational Sampling”, Biopolymers, 26, 137. 

[5] Kostrowicki, J. and Scheraga, H. A. (1992). “Application of Diffusion Equation Method 
for Global Optimization to Polypeptide”, J .  Phys. Chem., 96, 7442. 

[6] Karplus, M. and Petsko, G. A. (1990). “Molecular Dynamics Simulations in Biology”, 
Nature, 347, 631. 

[7] Kim, T. K., Yoon, J. H., Shin, J. K. and Jhon, M. S. (1995). “Use of the High Direc- 
tional Monte Carlo Methods to Predict the Low Energy Structures of Melittin”, Mole- 
cular Simulation, 15, 177. 

[8] Northrip, S. H. and McCammon, J. A. (1980). “Simulation Methods for Protein Structure 
Fluctuations”, Biopolymers, 19, 100 1. 

[9] Ripoll, D. R. and Scheraga, H. A. (1988). “On the Multiple-Minima Problem in the 
Conformational Analysis of Polypeptides. 11. An Electrostatically Driven Monte Carlo 
Methods-Tests on Poly(L-Alanine)”, Biopolymers, 27, 1283. 

[lo] Shin, J. K. and Jhon, M. S. (1992). “High Directional Monte Carlo Procedure Coupled 
with the Temperature Heating and Annealing as a Method to Obtain the Global Energy 
Minimum Structure of Polypeptides and Proteins”, Biopolymers, 31, 177. 

[I I] Yoon, J. H., Shin, J. K. and Jhon, M. S. (1995). “Determination of C-Terminal Structure 
of Human C-Ha-Ras Oncogenic Protein”, J .  Comp. Chem., 16, 478. 

[I21 Rao, M. and Gerne, B. J. (1979). “On the Force Bias Monte Carlo Simulation of Simple 
Liquids”, J .  Chem. Phys., 71, 129. 

[I31 Rossky, P. J., Doll, J. D. and Friedman, H. L. (1978). “Brownian Dynamics as Smart 
Monte Carlo Simulation”, J .  Chem. Phys., 69, 4628. 

[14] Shin, J. K., Yu, J. Y. and Jhon, M. S. (1992). “Acceleration of Convergence Rates by High 
Directional Monte Carlo Sampling Procedure”, J. Chem. Phys., 97, 9283. 

[15] Choi, S. H. and Jhon, M. S. (1999). “Valley Restrained Monte Carlo Procedure as a 
Method to Improve Sampling Efficiency”, Molecular Simulation, 22, 123 - 147. 

[16] Choi, S. H., Hong, S. D. and Jhon, M. S. (1999). “Taboo-based Monte Carlo search as a 
method to improve sampling efficiency”, Molecular Simulation (1999/, 23, 151. 

[I71 Frantz, D. D., Freeman, D. L. and Doll, J. D. (1992). “Extended J-Walking to Quantum- 
System-Applications to Atomic Clusters”, J .  Chem. Phys., 97, 5713. 

[18] Hong, S. D. and Jhon, M. S. (1997). “Restricted Random Search Methods Based on 
Taboo Search in the Multiple Minima Problem”, Chem. Phys. Lett., 267, 422. 

[19] Klein, C. T., Mayer, B., Kohler, G. and Wolschann, P. (1998). “Systematic step-size 
variation: efficient method for searching conformational space of polypeptides”, J.  Comp. 
Chem., 19, 1470- 1481. 

[20] Abagyan, R. and Totrov, M. (1994). “Biased probability Monte Carlo conformational 
searches and electrostatic calculations for peptides and proteins”, J .  Mol. Bio., 235, 983 - 
1002. 

(211 Evans, J. S., Mathiowetz, A. M., Chan, S. I. and Goddard 111, W. A. (1995). “De novo 
prediction of polypeptide conformations using dihedral probability grid Monte Carlo 
Methodology”, Protein Science, 4, 1203- 1216. 

[22] Hagler, A. T., Stern, P. S . ,  Sharon, R., Becker, J. M. and Naider, F. (1979). “Computer 
Simulation of the Conformational Properties of Oligopeptides. Comparison of 
Theoretical Methods and Analysis of Experimental Results”, J .  Am. Chem. SOC., 101, 
6842. 

[23] Premilat, S. and Maigret, B. (1980). J .  Phys. Chem., 84, 293-299. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



398 C. C. CHAI et al. 

[24] Lee, J., Scheraga, H. A. and Rackovsky, R. (1997). “New optimization method for 
conformational energy calculations on polypeptides: conformational space annealing”, 
J. Comput. Chem., 18, 1222- 1232. 

[25] Vogel, H. and Jahnig, F. (1986). “The structure of Melittin in membranes”, Biophys. J., 
50, 573. 

[26] Kubota, S. and Yang, J. (1986). “Conformation and aggregation of Melittin: effect of pH 
and concentration of sodium dodecyl sulfate”, Biopolymers, 25, 1493. 

[27] Anderson, D., Terwilliger, T. C., Wickner, W. and Eisenberg, D. (1980). “Melittin forms 
crystals which are suitable for high resolution X-ray structure analysis and which reveal 
a molecular 2-fold axis symmetry”, J. Biol. Chem., 255, 2578. 

[28] Terwilliger, T. C. and Eisenberg, D. (1982). “The structure of melittin. I. Structure 
determination and partial refinement”, J. Bio. Chem., 257, 6010. 

[29] Terwilliger, T. C. and Eisenberg, D. (1982). “The structure of melittin. 11. Interpretation of 
the structure”, J. Bio. Chem., 257, 6016. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1


