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Abstract Energy minimization algorithms for bio-molecular systems are critical to applications such as the prediction of protein folding. Conventional energy minimization methods such as the steepest descent method and conjugate gradient method suffer from the drawback that they can only locate local energy minima that are extremely dependent on the initial parameter settings of the computation. Here we present an energy minimization algorithm based on genetic algorithms that largely overcomes this drawback of conventional methods because it provides a effective mechanism, through crossover and mutation, to explore new regions of the parameter space without being dependent on a single, preselected parameter setting. This allows the algorithm to cross local energy barriers not surmountable by conventional methods. The algorithm significantly increases the probability of reaching deeper energy minima and locating the global energy minimum. Tests show that the genetic algorithm based approach can achieve much lower final energy than conventional methods. Our genetic algorithm approach differs from other genetic algorithm based approaches in that we do not use the genetic algorithm to directly compute molecular conformations but instead compute a set of parameters to be used in conjunction with a molecular dynamics simulation package (GROMOS96).



1 Introduction Proteins perform nearly all of the cell’s myriad of functions. The multitude of functions proteins perform arises from the huge number of different shapes (conformations) they adopt – structure dictates function. A protein molecule is made from a long polymer chain of a universal set of 20 amino acids, each linked to its neighbor through a covalent peptide bond (proteins are also called polypeptides). Each type of protein encoded by a single gene has a unique sequence of amino acids. In addition, each type of protein has a particular three-dimensional folded structure that is determined by the linear order of the amino acids in its chain (Alberts et al., 2004). Because long polypeptide chains are very flexible, proteins can in principle fold in an enormous number of ways. Each folded chain is constrained by many different sets of weak noncovalent bonds that form within proteins. These bonds involve atoms in the polypeptide backbone as well as in the amino acid side chains. The non-covalent bonds that help proteins maintain their shape include hydrogen bonds, ionic bonds, van-der-Waals attractions, and the hydrophobicity/hydrophilicity of the side chains. Due to the fact that individual noncovalent bonds are much weaker than covalent bonds, it takes many of these bonds to hold two regions of a polypeptide chain together tightly. The stability of each folded shape will therefore be affected by the combined strength of large numbers of non-covalent bonds. Protein folding is intimately related to energy minimization. A protein generally folds into the final shape in which the total free energy is minimized, which is the so-called “thermodynamic hypothesis” (Anfinsen, 1973). The fact that a protein can regain the correct conformation on its own indicates that all the information necessary to specify the threedimensional shape of a protein is contained in its linear amino acid sequence. Misfolded proteins are the origin of a number of serious diseases in animals and human beings. When proteins fold improperly, they can form aggregates that damage cells and even whole tissues. For example, aggregated proteins are the cause of Alzheimer’s disease and Huntington’s disease. Prion diseases such as the “mad cow disease” are also characterized by changes in protein folding. The prion protein can adopt a special misfolded form that is considered infectious, because it can convert properly folded 1
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proteins into the abnormal conformation. This allows the misfolded prion protein to spread rapidly from cell to cell in the brain, causing the death of the infected animal or human (Alberts et al., 2004). It is evident that prediction of the three-dimensional conformation that a given protein folds into based on the primary linear sequence of its amino acids is extremely important. Since proteins fold efficiently into a conformation of lowest total energy, all protein folding prediction methods are based on some sort of energy minimization algorithm. Energy minimization algorithms are therefore critical for the computer-based modeling of protein folding. Protein folding through theoretical simulations faces a variety of significant difficulties. Two of the most challenging problems are the large conformational space that has to be searched and the existence of numerous similar energy minima that hampers conventional energy minimization methods (Hao and Scheraga, 1996). Anfinsen’s (1973) thermodynamic hypothesis suggests that protein structures might be predicted from the amino acid sequence by minimizing an appropriate free energy function. Although it has been confirmed in laboratory experiments that the conformations of a correctly folded protein are based on the minimum of the total free energy, a mathematical expression of an energy function over native protein structures that computes the global energy minimum has been difficult to define (Koretke et al., 1998). Therefore, a significant amount of research has been devoted to developing and optimizing simplified energy functions through parametrization (Rosen et al., 2000; Goldstein et al., 1992; Hao and Scheraga, 1996; Seok et al., 2003). Energy function parameter optimization through threading (Goldstein et al., 1992; Maiorov and Crippen, 1994; Thomas and Dill, 1996; Mirny and Shakhnovich, 1996; Koretke et al., 1996) and the lattice models of folding (Shrivastava et al., 1995; Hao and Scheraga, 1996) are two such optimization methods. Another method is the decoy-based parametrization (Seok et al., 2003), in which energy function parameters are determined by maximizing the energy gap between the native protein structures and decoy structures. The above methods are enabled by the assumption that the conformational space is discrete. This restriction is relaxed by another method (Rosen et al., 2000) recently, which can handle energy function parameter optimization for models having continuous degrees of freedom. We note that in all the above studies the choices of the parameters for the energy functions are experience based, that is, parameters are picked to represent the most reasonable set of initial conditions for the energy minimization function. In very few instances a methodological search over the parameter space is attempted in order to find improved energy minima. In contrast, in the present study we employ a genetic algorithm to search for the energy function parameters, such that the total energy of a bio-molecular system is minimized. We demonstrate that genetic algorithms provide an effective mechanism for overcoming local energy barriers and reaching deeper energy minima. This significantly increases the probability to achieve lower energy values and locating the global energy minimum. Our system uses the GROMOS96 molecular dynamics simulation package (van Gunstern et al, 1996) in order to compute the molecular energies during minimization. Due to this we call our combined system GA-GROMOS. Our system substantially differs from other genetic algorithm approaches, e.g. (T. Dandekar, 1992; S. Schulze-Kremer, 1992), in that we do not directly optimize the conformational structure of the protein but instead we optimize the energy function parameters as embodied by the molecular dynamics package GROMOS96.



2 GA-GROMOS Methodology We apply genetic algorithms in order to search for parameters that minimize the free energy of a bio-molecular system. The main idea is to encode the simulation parameters and conditions into strings, and apply the genetic algorithm to the strings with an objective function reflecting the magnitude of the system energy. The genetic algorithm guides the search in an informed fashion: good parameters (in terms of achieving lower energy minimum) are retained and exploited to the maximum degree through reproduction, while new regions of the parameter space are explored systematically through crossover and mutation. We employ the GROMOS96 package (van Gunsteren et al., 1996) to compute the energy of bio-molecular systems. It is worthwhile noting that a single energy minimization computation in GROMOS96 has five distinct phases: The first four stages are molecular dynamics simulations, and the final stage is the energy minimization step using steepest descent or conjugate gradient method. These five stages mimic a process of initialization, heating, constant temperature molecular dynamics simulation, cooling, and energy minimization. GROMOS96 parameters consist of several categories concerning boundary conditions, constraints, potential energy functions, center of mass motions, non-bonded interactions, and program control parameters for these computations. A subset of these parameters is typically selected for optimization and is encoded into genetic algorithm strings. The set of parameters to be optimized is problem dependent, and is chosen based on the physical requirements and configurations of the system.
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In the present study we encode the parameters to be optimized into binary strings over the alphabet {0,1}. Translations between genetic algorithm binary strings and values of parameters to be optimized, which can be an integer or a real number, are given by the following rules: • A binary string of length K is mapped to an integer I with N1 ! I ! N 2 in the following way: the binary string
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