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Abstract 

Proteins are basically polymers of amino acids that are linked together through peptide bonds.  The biological function of a given protein 

depends on its native structure, which has the lowest free energy level; hence finding out the structure is very important. The de novo protein 

method for predicting the structure of proteins has been proved to be nondeterministic polynomial time (NP)-hard even with short lattices. In 

order to facilitate a study of the factors influencing conformation of a protein to its native structure, we develop a Monte Carlo model of protein 

conformation on square lattice. We studied the effect of amino-acid gyration on the native conformation of a protein. We found that this model 

is very effective and gives compact structures for isotropic gyration.  
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*INTRODUCTION 

 

Proteins, like other biological macromolecules such as 

polysaccharides, lipids and nucleic acids are essential parts of 

organisms, exist and functions in aqueous environments, and 

participate in virtually every process within cells and act as the  

workhorse on which all life-form on earth relies (Tyers and 

Mann, 2003; Michael, 2003). Hence, the importance of 

proteins to life cannot be overemphasized.  For instance, Hugh 

et al., (2013) observed the increased level of homocysteine, an 

amino acid with dementia for both Yoruba and African 

Americans, as a result of aberrant proteins. They observed that 

increase in homocysteine levels posed a significant increase in 

dementia risk among the elderly people in the observed 

communities. Ogunniyi et al., (2011) studied hypertension as 

a risk factor for dementia among the elderly in Nigeria 

communities which is also a result of aberrant protein in the 

body common to elderly people aged 55 and  above.   

The amino acid sequence of each protein determines 

how it folds into a unique three-dimensional (native) 

conformation, which is the minimal free energy state (Hans-

Joachim and Dirk, 2007).  A protein can then be unfolded or 

denatured by adding some denaturants like solvent, pH, 

temperature e.tc. These denaturants change the protein into a 

flexible chain that has lost its natural shape. When the 

denaturant is removed, the protein refolds into its original 

conformation. More than half of the dry weight of a cell is 

made up of proteins of various shapes and sizes and a protein’s 

specific folded three-dimensional (3D) shape enables it to 

perform specific tasks. The knowledge of 3-D conformation of 

protein is crucial to drug design (pharmacology), to an 

understanding of the causes of the misfolding due to structural 

differences, i.e the origin of most diseases (medical science), 

and has some technological implications.   
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   All the information necessary to specify the three 

dimensional (native) structure, which determines outright the 

function of the protein, is contained in its amino acid sequence. 

Over the years, experimental techniques such as X-ray 

crystallography and nuclear magnetic resonance (NMR) 

spectroscopy have been veritable tools to determine the 3-D 

structure of a protein.  As potent as these techniques are, they 

are very expensive, time- consuming, laborious and restricted 

to some specific conditions. Since two decades ago, scientists 

have been devising computational approaches, which 

circumvent the experimental challenges to predict the 3-D 

structure of a protein. But the native structure of most proteins 

is still unknown.  

  This paper addresses the protein folding problem which 

consists of predicting the native structure of a protein from its 

sequence of amino acids. The problem involves conflicting 

constraints as well as rugged energy landscape (Anderea et al., 

2001; Seno et al., 1996). The folded structure must be stable 

and fold within a reasonable time interval (Martin, 2011).  We  

studied the influence of the gyrations of the protein sub-units 

(amino-acids) on the protein conformation with a straight 

forward self-avoiding walk (SAW) Monte Carlo procedure 

and test it within the frame work of a 2D square lattice 

backbone-only  model for chains with up to N = 50 monomers. 

The fundamental point is to view the effect of some gyrations, 

which could enhance the 3D conformation.  

 

MATERIALS AND METHODS 

 

Theoretical background: Folding of protein is driven by non-

bonded interactions which are represented as “contact 

energies” in the lattice model involving interactions between 

residues that are situated on adjacent (or nearest-neighbor) 

lattice site but are not covalently bonded together to each 

other.  
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 These interactions manifest in the gyrations of the amino-

acids and translate to directional probabilities in our SAW 

model. It is generally accepted that protein folding is driven 

mainly by the hydrophobic effect, which is the tendency of 

protein monomers to be repelled by water molecules. But, 

what is really lacking is an understanding of specific physical 

mechanism or principles governing the folding process. The 

main idea of our model is the simulation of these gyrations in 

terms of directional probabilities that maps the simulated 

structure to the native structure, which, to our knowledge is a 

new approach.  The mechanism may not uniquely obtain the 

folded structure, but it will drive it towards a sort of basin of 

attraction, which will give the basis for convergent evolution 

of the conformation.  

In lattice models, a protein of length x  and lattice L  

is usually considered as being defined by its sequence 

  x

x L ,.......,1  where the nature 1)( ik , if 

subunit 
iσ  is hydrophobic and 0 otherwise. 

1σ  is the N-

terminal and 
xσ the C-terminal residue assigned to a run of at 

least three helix residues or three strand residues and k  is the 

number of contact.  Its (coordinated) structure 

 xSSS ,........,1  where 
iS represents the position of the 

ith  monomer and the Euclidean distance between the 

coordinates 
iS and jS is represented as   jiji SSSS ,ξ

 A general theoretical model is the two-dimensional 

hydrophobic-polar (HP) model which was first proposed by 

Dill (Dill, 1985) as a free energy model where the low energy 

conformation is favored with a hydrophobic core by allowing 

the hydrophobic residues, which are less ionic and have low 

affinity for water, to cluster inside while the hydrophilic/polar 

residues which are ionic and bond well with water are at the 

surface. In this model protein folding and conformation are 

attributed to the repulsion or attraction between the 

hydrophobic (H) unit or the polar (P) unit respectively and 

water molecules. 

 In the HP model, the 20 kinds of amino acids are grouped 

into two letters, H for hydrophobic monomers and P for polar 

monomers. HP model is feasible if one can associate a protein 

sequence with a unique ground state energy minimum and the 

sequence must be able to attain the minimum energy structure 

in a short time interval. The “contact” energy Ε of a given 

conformation is typically calculated by summing the values of 

energies over all nonbonded contacts in the lattice (Seno et al., 

1996; Irback et al., 1998; Mann et al., 2008, 2009) 

 

 ∑ ΔσE
neighbors

jiij qq ,        (1.1) 

 

where 
iq and jq denote the locations of residues at i and j and  

  0-Δ ji qq    (1.2) 

  

unless residues i and j are on adjacent vertices of the lattice. 

While ijσ indicates the nonbonded neighboring interaction 

between the residues of i and j. These contact interactions are 

typically on the order of TkB . The conformation of the protein 

is then self-avoiding walk (SAW) on a 2D lattice such that its 

energy E which depends on the topological neighboring 

contacts between hydrophobic amino acids is minimal. 

To obtain a conformation that is stable with unique 

ground state energy minimum in this model, a directional 

probability  σ/0xP   plays a vital rule. This probability is 

given by 

 
 

 σ
/)σ,(exp

σ/ 0
0

Z

Tx
xP

Η
   (1.3) 

 

Where 
0x denotes the target structure, T the temperature, 

)σ,( 0xΗ  is the energy and the partition function  Z  is 

given by  

      TxZ /σ,expσ Η    (1.4) 

 

 The objective function of this model is to maximize the 

number of H-H contacts, that is, the number of adjacencies in 

the lattice between hydrophobic amino acids. For a given 

sequence, a structure is called native if and only if it’s 

),( PHE  is minimal among all structures of the sequence 

(Abkevich et al., 1995).  Also, the energy of a given 

conformation ( ζ ) is defined as the number of topological 

neighboring (TN) contacts between those of Hs (i.e the 

adjacent hydrophobic amino acids that are not neighbors in the 

sequence) in the lattice, denoted by H-H with 1HHE , and 

0 PPHP EE . If a conformation is denoted as

xζ,....,ζ,ζζ 21 ;  PHi ,ζ  and  ni ,......,2,1 , 

where 
iζ is H if ith  amino acid is hydrophobic and P if it is 

polar. Therefore, if we have λ such H-H TN contacts, its 

energy    1 λζE , the energy evaluation focuses on 

hydrophobicity only; a conformation with the highest number 

of H-H contacts is the one with the lowest free energy.  

 Monomer Gyration Move-Biased (MGMB) model 

 We model the gyration of the monomers, due to the 

interactions of nonbonded monomers, as the directional 

probabilities of a SAW. SAW is a random walk that is 

prohibited from revisiting an old site previously visited. SAW 

was first proposed about 5 decades ago as a standard model of 

a linear polymer molecule of long chain in a good solvent 

(Madras and Sokal, 1988; Madras and Slade, 1993; Alan, 

1996). However, a lot of software used for protein structure 

prediction iterates on SAW subsets but our model differs in 

the inclusion of a mapping process to account for the fact that 

different protein-solvent systems correspond in our model to 

different sets of the directional probabilities and SAW length.  

Our model also include a post-SAW relaxation move in which 

case the SAW generated structure relaxes into vacant sites via 

pull moves (move-biased). 

 In our approach we simulate a protein conformation as a 

SAW on a square lattice to model the folding process but if the 

walk terminates before a specified length required for the map, 

we retrace the step and try it again until it continues and 

terminates on the specified length.  

 In this paper we analyze the influence of the variation of 

the probabilities, of the four possible directions which a SAW 

may take, on the sequence length (length of simulated protein).  
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 We let

d

u

P

P
 , where 

4/1,2/1005.0  du PP    so that  

 

0.202.0     (1.5) 

 

 

l

r

P

P
β , where 

4/1,005.02/1  lr PP   so that

02.00.2  ;               (1.6) 

 



d   (1.7)   

Where
uP ,

dP , rP , and  
lP  are the probabilities of up, down 

right and left step  respectively. 

 Large d represents very low beta relative to alpha (since 

the maximum of alpha is 2.0) d increases as beta tends to 0.02 

this means that two directions are formed for high d, 

probability of up and that of down (see figure 1). For low beta, 

the probability of right is lower than left; that is why the 

sequence length may be short because two directions are 

favored. The fluctuation in the sequence length as a function 

of alpha in figure 2(a) is due to the other factors (directions). 

If all other directional probabilities are fixed; then the 

fluctuations will give way to a more steady variation. A run 

for such parameter revealed that some variations still which 

can be explained is of a competition between the three 

directions. Figure (2b) shows a gradual decrease in the 

sequence length as alpha increases which confirms that the 

variation in the sequence length stabilizes with reduction in the 

competition between the directions (for this figure we used 

,02.0dP  ,02.0rP  and 25.0lP  to simulate a 

situation in which only the left direction is dominant).  Figure 

(3) shows the variation of the walker with respect to the 

sequence and the directional probabilities. 

 

Numerical Simulation: The folding simulation has a specific 

role and the main goal is to mimic the structure formation 

process of a protein. It is more of the structural changes rather 

than the final result. In our lattice model we used Markov 

chain Monte Carlo to simulate the folding.  

We compute the energy  σζ,E  from the following 

procedures 

1.  For (i=1 to maximum step) do 

2.  If (step not equal to 1) then  

3. Call random number ( ) [0,1] 

4 If   
1W  then 

5 Row=row+1, the walker goes down 

6 Else, if  }{ 21 WW  , then 

7 Row=row-1, the walker goes up 

8 Else, if }{ 321 WWW  then 

9 Column=column+1, the walker goes right 

10 Else, column =column-1, the walker goes to the left 

A periodic boundary condition is applied: if row 1 Lr  

then set ,1r and if 0r then set Lr  . The same thing 

applies to the column. 

Starting with a short chain (N=16) 

(PHPPPPHPPHHHPPHP) on a square lattice in which the 

non-degenerate ground state has been designed by (Seno et 

al., 1996; Irback et al., 1998) on the square lattice, this chain 

has both compact and non-compact 802075 different 

conformations for (Abkevich et al., 1995) which there is 456 

good conformations and 1539 sequences out of all 
N2

possible sequences. Other sequences considered are N = 24, 

25 and 48 from (Unger and Moult, 1993; Toma and Toma, 

1996). A conformation    is good if there is at least one 

sequence that has   as its nondegenerate ground state (Seno 

et al., 1996) 

 

RESULTS AND DISCUSSION 

 

We have  introduced a new 2D square HP lattice model  for 

the Monte Carlo simulation of protein conformations and 

demostrated the effect of  amino-acid gyrations on the 

formation of the native state in proteins. The gyration is 

modelled as directional probability and was shown to play an 

important  role in the formation of 3D structure of protein on 

which the function of a protein depends.  

 Figure 1 shows the variation of the probabilities on the 

sequence length. Figures 5 and 7  give the results of more 

compact structures where the native structure can be obtained, 

while figure 6,  gives the results of non-compact structures,  an 

aberration from the native state as a result of the intermediate 

state often known as “misfolding” caused by aggregation.  

 
Figure 1 
The plot of sequence length (N) against d when the realization is (a) 5 and (b) 10 
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Figure 2  
The plot of sequence length (N) against (a) alpha (b) beta
 

 

 
Figure 3 
The plot of sequence length (N) against alpha 

 

 
Figure 5 
Examples of conformations for N=16 when the probabilities of the self-avoiding walker are equal; where the blue and the red atoms are polar 

and hydrophobic residues respectively. The plus and minus signs are the starting and ending point respectively. The walker tends to move 

equally 

 

 
 
Figure 6  
Examples of structures for N =16 where holes are the unoccupied site and -1 is the starting point (a) when the probability of down self-avoiding 

walker is greater than others, The walker tends to move downwards (b) when the probability of the up self-avoiding walker is greater than 

others, the walker tends to move upwards (c) when the probability of the right self-avoiding walker is greater than others, the walker moves to 

the right. 

 

Figure 4 
Example of a conformation with unique ground energy state 

for N = 16 (adapted from Seno et al. 1996).  
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Table 1:  
Experimental results for MGMB sequences where the probabilities are equal 

Instances N H-P Sequence of amino acids Ea Eb  

1 16 PHP4HP2H3P2HP -4 -4  

2 24 H2P2HP2HP2HP2HP2HP2HP2H2 -9 -9  

3 25 P2HP2H2P4H2P4H2P4H2 -8 -8  

4 36 P3H2P2H2P5H7P2H2P4H2P2HP2 -14 -14  

H is hydrophobic and P is polar;  E is the energy value; N is the sequence length 
a the putative energy value; b the energy value obtained by MGMB 

 

 
Figure 7 

 (color online) The optimal  structures for (a) N= 24 (b) N = 25 and (c) N = 36 when the probabilities of the self avoiding walker 

are equal; where red atoms are hydrophobic, blues are polar, and the green diamonds are the non-bounded contacts between the 

hydrophobic residues.  The plus and minus signs are the starting and the ending points. The walker tends to move equally to 

form compact conformations. 
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