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Nick Dowdy IS 303 Ghosh Assignment What is the “Protein Folding Problem” ? The “protein folding problem” refers to the issue of an amino-acid polymer, a polypeptide, becoming a functional protein (the native form) spontaneously and nearly instantaneously. At the surface, this does not seem like a problem, however when the number of possible conformations a protein could potentially fold into is considered, the protein folding problem emerges. It cannot be that the folding process is random because that implies a sampling of all the possible conformations. Were this to be the case, the time it would take for even the smallest of protein sequences to fold would be more than astronomical. To determine the number one would use, n=20 L , where L is the length of the protein and n is the number of possible fold combinations to sample. This issue in the protein folding problem is known as Levinthal's paradox. The impossibility of random sampling then implies there is some force driving the folding process. The only possible factors that may play a role in folding are the constituents of the protein itself, the amino-acid residues, the medium in which the protein is folding, which is typically cytosol, and at times other chaperone, or helper, proteins. Essentially the protein folding problem asks how the amino-acid composition of a protein affects the folding process and the native form of the protein. Every protein is made up of amino-acids. There are 20 main amino-acids used in organisms on Earth (Figure 1). Each amino-acid has its own particular molecular structure and each structure imbues unique characteristics. It is these characteristics which are involved in determining how a protein folds. These attributes are collectively known as intermolecular forces and are shown in (Figure 2). One possibility for folding could be that as the protein is created by a ribosome the sequentially chained amino-acids fold. It seems, however, that this cannot be the case after reviewing many structures resolved using techniques such as NMR and xray crystallography. Images have shown structures that could not come about with simple local interactions. This idea of the protein folding process being a sum of small local interactions between intermolecular forces has since been altered. It has now been determined that the burying of hydrophobic side-chains is the driving force behind folding. This means that a major factor in where a particular residue will be located in the native form is largely dependent upon non-local interactions. Using this model, biochemists have invoked free energy to explain the spontaneity of folding. Figure 1. The twenty common amino-acids grouped by characteristics.



Nick Dowdy IS 303 Ghosh Assignment Gibb's free energy equation (Figure 3) determines the spontaneity of a reaction (in this case folding) based on the enthalpy, temperature, and internal entropy in a system (the protein and its surroundings). The hydrophobic effect acts to increase the entropy in a system. Prior to this increasing effect, there was an increase in the Gibb's free energy which could be viewed as a potential energy for driving a reaction spontaneously. The initial increase in Gibb's free energy stems from the protein's surrounding water molecules. When the protein is in a disordered state it tends to be loose which creates a lot of surface area for Figure 2. The intermolecular forces. water molecules to interact. These interactions cause the water molecule to order themselves around the protein. It is this ordering which initializes the decrease in entropy, causing an increase in Gibb's free energy, and finally causing a stabilizing increase in entropy. This stabilizing increase in entropy is achieved by folding the protein into a tight, compact form with hydrophobic molecules buried away from water to minimize both the number of interactions and the strength of interactions. The solution a protein is in therefore greatly affects the folding of a protein as well as the temperature (a factor in the Gibb's free energy equation). There are other intermolecular forces at work Figure 3. Gibbs free energy equation. during protein folding as well. One of those is hydrogen bonding between residues. As the hydrophobic effect compacts the protein, hydrogen bonds can form between residues and help reinforce the compacting action. These hydrogen bonds can form secondary structures such as alpha helices, beta sheets, and loops (Figure 4). Other interactions include salt bridge formation, covalent bonds, and metal ion coordination (Figure 4).
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Figure 4. Secondary structures and the behind their formations. There are many implications for solving the protein folding problem including designing foldamers, drugs with the capability of folding like proteins, antimicrobials, siRNA delivery agents, and the creation of synthetic proteins. Developing the capability to determine the folded structure of a hypothetical protein based solely on the amino-acid sequence will also be beneficial. Drug discovery will be faster and accurately determining a proteins three-dimensional structure will no longer require large, expensive, and sometimes inaccurate equipment. Currently, there are two main approaches for solving the protein folding problem. The first attempts to tackle predicting the native state using the amino-acid sequence alone. This technique is known as homology modeling and involves using a template protein that is homologous protein's structure. By looking at the homologous protein's three-dimensional structure before attempting to build the sequence of interest the rough native form can be used as a template. The rest of the construction would be to simply replace homologous residues with those from the protein of interest. This approach comes with a few requirements. First, a homologous structure is needed to use as a template for the protein of interest. Second, the process relies on the availability of a high resolution homologous structure as well as limited insertion/deletion events between the proteins being compared. If there are numerous structure gaps in the template protein the model quality, and therefore the certainty of the protein of interest's native form, will be greatly diminished. There is a similar approach to determining the native form of a polypeptide chain called protein threading. This technique is akin to homologous modeling, but differs in the use of homologous protein structures. This technique uses a database of known structures and their corresponding amino-acid sequences as a template for predicting the structure of a protein sequence of interest. This relies on the assumption that, generally, similar or identical amino-acid sequences, regardless of homology, will fold in a similar fashion as well as the presumption that there are data suitable for comparison.



Nick Dowdy IS 303 Ghosh Assignment The second main approach is known as the physics based approach. This model uses only the laws of physics to model the folding of proteins. This technique does not use Gibb's free energy or any other secondary structure predictors, but instead focuses on treating the protein as a string of balls connected by springs. These balls on springs are assigned properties based on what aminoacid they should be and then subjected to intermolecular forces and molecular motion (known as force-fields, Figure 5). This approach is also now being combined with data base information similar to the protein threading technique. This technique can predict conformational changes, such as those Figure 5. Five types of "Force Fields" in proteins. that would happen when binding a substrate, and can predict the structure of a protein in different solutions or in the presence of other environmental factors. These capabilities make the physics based approach very appealing and very powerful especially in designing new drugs. Physical based approaches to protein folding come with high costs. There are inaccuracies in the computation of molecular motions as well as the high computational requirements needed to perform the many calculations. Calculation times can be worked out making some assumptions about the time involved at each step of the modeling as well as average numbers of molecules to be simulated and the number of interactions simulated on each molecule (Figure 6). What is the purpose of the program “foldit” and how has this been utilized? Foldit is a computer game based on folding proteins. It does not utilize physics based modeling, homologous modeling, or protein threading, but rather is a tool with the goal of figuring out how to solve the protein folding problem efficiently using Figure 6. Constants need for calculating the time needed to fold of 32,000 atoms (includes surrounding computational methods. How can simulate a protein 9 water) with 10 interactions between them all. This comes out to playing a game solve the protein approximately one year of calculation time. Adapted from Dill et folding problem? Foldit takes al. 2007. data on how humans fold simulated protein structures. An elongated polypeptide is provided to users and their goal is to pull, shake, or otherwise modify the structure to improve their score. The score is a representation of the energy of the conformation the user has produced. A high score corresponds to a lower energy state. Since the native form of a protein always finds stability at its lowest energy state the highest score will



Nick Dowdy IS 303 Ghosh Assignment theoretically be the native form of the protein. Foldit is attempting to deal with Levinthal's paradox by determining how a problem solving human, not limited by algorithms, would try to fold a protein. Computational methodologies such as Rosetta search the landscape of all possible protein conformations by making random perturbations and keeping those that decrease the energy state of the protein. There have been some attempts to include larger deviations from the structure the program holds within memory, but these are usually left unexplored due to the great increase in energy state. This leads to finding local minimums of energy states, but often never finds the global minimum energy state. This is a problem known as Markov Chain Monte Carlo (MCMC) method for exploring a state space (Figure 7) for the conformations of the protein. MCMC works by selecting a random, or sometimes non-random, starting point in the state space. For proteins this starting point is often some random, but elongated, unfolded state. The MCMC method then samples the states 'around' it. These would be the possible permutations on the current form of the protein. Of those sampled states, the one with the lowest energy state is chosen to become the next iteration of the protein. This process continues until the lowest energy is reached. This is similar to how a ball would roll down a hill. If the ball were to be modeled by discrete choices about which way to roll at certain times during its travel it would look much like a MCMC method. The problem with MCMC is that the entire state space may have many 'divots' in it for the Figure 7. Example of a state space to be MCMC to fall into. Once the MCMC has fallen into a explored by MCMC. The valleys divot it cannot escape because the method calls for represent local minimum energy states. moving to lower and lower energy states; moving The point N represents the global energy uphill would be a higher energy state. These divots minimum, or the native form. may also vary in depth. The native form of a protein would be represented by the very deepest divot in this 'field' of state spaces. If the MCMC rolls into a divot that is more shallow than the absolute deepest divot in the field, it will have failed to find the native form of a protein. This is the problem Foldit attempts to solve. Humans have the ability to use methods similar to MCMC, but they can also recognize that larger jumps of higher energy must be made. The visual integration and problem solving abilities of humans allow them to make decisions on when enough 'rolling uphill' is enough to start the process of 'rolling back down'. The goal of Foldit is to try and take data on the habits of Foldit players when faced with having to explore high energy states while hunting for the deepest divot in the state space. If Foldit succeeds it may teach computers how to fold, and more importantly unfold, proteins quickly and could have implications for many other MCMC applications such as phylogenetics.



Nick Dowdy IS 303 Ghosh Assignment What did you learn by using foldit? While Foldit may one day allow humans to teach computers, humans have a lot to learn while playing Foldit as well. Many of the people playing Foldit are not in the biochemistry field. The exposure to protein structure and folding alone is a great boon to educating our society. Personally, I already had an extensive background knowledge of biochemistry and proteins. What Foldit did make me think about was the folding process. When taking a course in biochemistry the protein folding problem is not really discussed, perhaps because it would take too much time to explain in detail. I remember simply talking about the fact that proteins fold due to specific intermolecular forces and that their conformations are important to function. Beyond these basic principles we may have talked about the effects of different pH levels on the folded state as well as conformational changes such as induced fit, but that was the extent of my knowledge about protein folding. I never really thought about the mechanism of folding; I always assumed the protein's native form was encoded in the amino-acid sequence and that was that. I certainly was not thinking about how to build fancy models of proteins using a computer. That is where Foldit changed my perspective. I felt playing the game gave a good feeling for how difficult folding can be. You can shake and wiggle the protein all you like, but if you have become trapped in a conformational state it can be frustrating. You have to take a leap and tear your protein apart and tie pieces together to keep increasing the score. It is a lot of work. Falling into one of these pits, therefore, can be very instructional. It is easy to recognize, after working on improving your score for an hour, what it means to be trapped in a state of local low energy. The game emphasizes the burial of hydrophobic side-chains and the reduction of voids and clashes as a way to greatly improve score. I found this a good point to get across to players, but it was nothing new to me. The interesting observation is that doing these can be difficult. You may think you have things sufficiently buried, or that there are no voids and clashes, but most likely there is something off. I found most of my time in the game was spent rubber banding and wiggling and that the major jumps in score must have been coming from optimizing the location of hydrophobic sidechains within the protein or getting closer to some optimum between residue distances. All in all, I find little an undergraduate with experience in the biochemistry field can learn from foldit. The major benefit foldit can provide is an appreciation for the amount of computing necessary for folding proteins and the unique way in which foldit hopes to get around that problem. I do not find this unexpected, however, since foldit uses basic chemical and physical principles to resolve what will happen in the structure upon manipulation. So long as you know the rules of chemistry you know the rules of foldit and can score well. Not unlike MCMC I would determine if the change I made increased or decreased my score. If the score increased I kept it. The difference between me and an MCMC method is that once my method stops working I know to tear it apart. Getting the highest scores seems to be trial and error. You might yank on a section of a protein and wiggle it only to find that your score decreased dramatically. You can then simply click the undo button and give it another go. Perhaps you were too liberal with your mouse movement, so you make a smaller adjustment and wiggle, but with the effect of increasing your score. I decided to test this by working a protein in foldit until I had gotten the best structure I could in about a minute of work. From this point forward I would make small changes and then perform a wiggle and see what result I would get. I then hit the undo button and tried to recreate the same small translational change and perform a wiggle until the score stopped increasing. My results (Figures 8, 9, and 10) found that very small differences in translational changes can make huge wiggle differences. In this experimental case, my translational deviation was very small,



Nick Dowdy IS 303 Ghosh Assignment measuring with the eye, yet the outcomes were extremely different. The first attempt created a structure with a lower energy score than the base structure. The second attempt did better, actually bumping me up two ranks.



Figure 9. Original Foldit protein after translational change and wiggling. Score decreased 41points. Figure 8. Original Foldit protein, before translation. Translation trajectory marked in red.



Figure 10. Original Foldit protein after same translational change and wiggling. Score increased 11 points and caused a rank increase of 5 places.



Nick Dowdy IS 303 Ghosh Assignment What do you perceive to be problems with foldit as discussed in class? Part of my problem with foldit stems from the above observation. I do not understand how it could be so difficult to tell a computer to make a small translational change in a protein and then perform a wiggle. When this method fails, tell the computer to make a random large scale change and repeat the process. If the goal of foldit was to learn how a human folds a protein in order to teach a computer then my method is very simple to translate. The catch with my argument is that I am not the number one scorer and I am working with proteins of known structures. Since I am not the top scorer (in the top 30 for some puzzles though) I cannot claim to be finding the absolute minimum energy states. Perhaps my method will not reliably find those global energy minimums and foldit has little to learn from me. Also, working with known proteins, for which template structures are provided, seems to lessen the experience. I look at it as someone giving you a picture of something and handing you a chunk of clay and asking you to reproduce what you see. Sure, if you make random adjustments to try and recreate the image it will take an infinite amount of time to accurately represent that image in clay. A human, on the other hand, can make fine adjustments to copy an image by making small scale comparisons and changing the clay section by section. This is the heart of foldit, to learn these clay molding (read protein folding) techniques we employ. What I don't understand is how a human's input can be useful without a template to copy from. I feel like our intuition, the thing foldit is trying to distill into computer form, comes from looking at a known version of what we want to replicate and performing small scale replications until our copy looks like the original. I have tried puzzles without known structures and some people have very high scores. I do not. I feel it is because I am simply following an MCMC method. Perhaps some people have a gift and others do not. One other issue with foldit is with its goal. Foldit attempts to teach a computer how to fold a protein as a human would, but the folding in foldit may not be realistic as Laurel brought up in class. In the cell there are many factors which can help folding along such as the chaperone proteins which act to dig proteins out of divots in the energy state landscape. How do protein folding and computational methods as used in foldit integrate Physics, Chemistry, and Biochemistry? How is this relevant to Biology as a whole? While foldit has some flaws, it's goal is noble. Foldit is a great example of how many disciplines can be integrated to solve particularly complex problems like the . The computational methods in foldit must, at some level, use physics and chemistry to determine the intermolecular forces acting between amino-acids. Determining these interactions allow the folding process to take place. Along with this, foldit stores the data on how users manipulate the proteins to reach ever lower energy states. This data collection serves to help understand how the proteins may be finding these low energy states so quickly in nature. It is this understanding that will create breakthroughs in the field of biochemistry and in general biology.
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