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Project Summary:

	The proposed study would be a comprehensive phylogenetic analysis of the coevolution of the multiple subunits of the tryptophan synthase complex. The overall objective of such a study would be to find evidence of coevolution between the subunits and provide possible evolutionary mechanisms by which the single subunits may have joined to become a fully integrated complex. Several phylogenetic tests will be carried out on nucleotide sequences collected from various different types of bacteria, including pairwise distance tests, selection pressure tests, phylogenetic reconstruction, and 3D structure comparisons in order to better understand how coevolution may have developed and continues to develop. 
	The study could produce very valuable insights into the nature of the coevolution of multi-subunit enzymes and more specifically that of the tryptophan synthase enzyme, which is only present in microorganisms and some plants. Such a mechanism for evolution must be better understood in order to understand how proteins come to be and how they function. Thus the proposed study would have significant intellectual merit due to how little is known about coevolution of enzymes. 
	The study would also have broader impacts due to the fact that such a study has not been carried out and published before. The findings of the study could be the basis of many similar studies in the future, due to many useful applications of the information to be provided. The study would also provide another way of testing the status of the current phylogenetic methods and help to develop them further. 
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	The overall objective of the study will be to better understand how multi-subunit enzyme complexes evolve. The analysis would be carried out by focusing on the coevolution of the alpha and beta 1 subunits of the enzyme Tryptophan Synthase. It has been stipulated that many multi-subunit enzyme complexes start out as separate enzymes, performing completely separate reactions, but then by some evolutionary mechanism end up combining into a complex, often leading to an increase in activity and more sophisticated regulation.1 That process would be a very complex and interesting development that should be explored further in order to increase the amount of information on the subject. Several studies have been undertaken to better understand this issue of coevolution; however, clear evidence of coevolution between the two subunits has not been found. Thus the research question to be examined will be how the alpha and beta subunits of the tryptophan synthase complex might have coevolved over time. The focus for the study would be solely on bacteria, although future studies might examine the question in complexes found in archaea and plants. The question will be examined using relevant bioinformatics techniques with a phylogenetic approach.
The research done through the course of the study has many possible useful applications. Further research on the evolution of tryptophan synthase could provide more insight into the mechanisms of molecular evolution in general, as well as be applied to the study of other multi-subunit complexes. Another reason why tryptophan synthase in particular should be further studied is because many bacteria, particularly infectious strains, contain the enzyme while humans and other mammals do not.2 If an efficient way to disrupt tryptophan synthase could be found, then that information could be used to produce better antibiotics by weakening bacteria while not interacting with and disrupting human metabolism. Information from the study may provide important insights into that issue. 
Phylogenic studies in general can be very challenging to undertake with many possible directions and with many possibly confounding factors to look out for. Also, all phylogenetic techniques have their individual pros and cons that should be taken into account, meaning that for this kind of study, some are better than others. However, just so long as the techniques are used properly, such a study could provide very interesting and useful results. Possible results include statistically significant phylogenetic trees mapping out similarities and differences between the tryptophan synthase alpha and beta chains of different strains of bacteria. Insights into the possible modes of evolution for tryptophan synthase and other multi-subunit enzymes would also be examined. New bacterial sequences coding for the tryptophan synthase subunits would also possibly be found and added to the NCBI sequence bank. 
	Tryptophan synthase has been a long studied enzyme, particularly due to the fact that Trp operon has long been used as a model for studies on operons. The enzyme is not found in mammals, only in microorganisms and plants, which likely cannot get the amino acid tryptophan from the environment, thus must generate it de novo.3 Most tryptophan synthase complexes are made up of an alpha-betabeta-alpha complex, which in bacteria are coded for by the TrpA and TrpB1 genes in the trp codon (Fig. 1). 
[image: ]
Figure 1: The structure of a tryptophan synthase complex, with alpha subunit chains indicated in blue and the beta subunits in purple. The structure was identified at a resolution of 3.05 Å using x-ray diffraction.4

Tryptophan synthase catalyzes the final step in tryptophan synthesis and does so very efficiently by linking the reactions and keeping the substrates separated from the outer environment. Subunit A and subunit B are linked together by a channel built into the structure. Subunit A catalyzes the first reaction producing a product, which travels uncontested by the environmental solvent down the channel where it is used by the B subunit to produce tryptophan.5 It has been found that when the two subunits bind together into the complex, that they both become activated and change formation. Thus, the two subunits strongly interact with each other.6 The question then becomes, how did the two subunits coevolve in order to link together? 
	There is only one A subunit gene, but there are two B subunit genes: B1 and B2. Phylogenetically, Trp B1 and Trp B2 have been found to be two completely different groups and they both have different functions and affinities to the A subunit. Subunit TrpB2 has been found to bind very briefly to subunit A, enough to activate it but does not bind long term. Only the TrpB1 subunit can bind properly to the TrpA subunit.7 The largest difference between TrpB1 and TrpB2 is that TrpB2 has a N-terminal end extension and two insertions. Those insertions might be the reason why the subunit is unable to successfully bind and interact with subunit A.8 Another structural difference between the two that might affect binding to subunit A is that TrpB1 contains particular arginine, lysine, and aspartate residues that are not conserved in TrpB2. 
	The main model for evolution for the tryptophan synthase complex that has been cited is that there was an ancient TrpB2 gene that existed outside of an operon. At some point during duplication a redundant copy was produced and likely placed into the Trp operon with the gene coding for subunit A. Eventually the mutation was fixed and differing evolutionary pressures in TrpB2 and the new TrpB1 led to significant divergence.9 Because TrpB1 was located so close to TrpA, in the same operon, it is likely that they then began to coevolve to work together. There is some evidence that has been cited in support of this theory. For example, a few microorganisms have been found that lack a copy of TrpB1 gene, but still have the TrpB2 gene, the bacterium T. acidophilum.10 This points to TrpB2 possibly being an ancestor-like state. Strains of E. coli have been found to have lost TrpB2 but kept TrpB1, while other strains of E. coli still have the TrpB2 gene.11 Thus the two subunits have a complicated history that should be resolved. Because TrpB1 and TrpA have such different structures and function, it is highly unlikely that the two are related, it is much more likely that the two began to coevolve recently due to an evolutionary event such as the proposed duplication. 
	Thus far, most phylogenetic research done on the tryptophan synthase complex has been to examine evolution between subunit TrpB1 and subunit TrpB2. The research has provided important insights into the origin of the complex, but not a lot past that. No literature has published a study on the evolutionary relationship between subunits Trp A and TrpB. Leopoldseder et al. supported the above mentioned route of evolution and provide possible intermediates, from which TrpB1 might have arisen, that improve in their affinity for TrpA slightly with each step.12 That provides an evolutionary model governing TrpB1’s affinity to TrpA, but did not provide any answers to the question of how TrpA might have evolved better affinity to TrpB1. TrpA also must have coevolved to a certain extent because of the conformational changes seen in the molecule upon binding to TrpB1. Merkl carried out a more expansive phylogenetic analysis on the same question of the origin of TrpB1 (4). He came to the same conclusion that the TrpB2 variant is closer to the ancestor than the TrpB1, which likely diverged from the ancestral Trp gene.13 Merkl did not hypothesize on the coevolution of TrpA and Trp B1 any more than Leopoldseder et al. did.14 15 Because no other studies are specifically aiming to examine the coevolution of subunit A and subunit B1, it makes this proposed study even more important to provide the whole context of the enzyme complex. 
	Some initial analyzes have been run on some amino acid sequences compiled from the NCBI database. Fifteen sequences were found for subunit A, each sequence from a different strain of bacteria. Sequences for subunit B1 were all found in the same strains. The ascension numbers for the Tryptophan Synthase subunit A analysis are as follows: CAA79517.1 (Vibrio metschnikovii), CAA35036.1 (Vibrio parahaemolyticus), ADD77237.1 (Pantoea ananatis), ACN16418.1 (Desulfobacterium autotrophicum), ABC57458.1 (Methanosphaera stadtmanae), ADR57819.1 (Pseudomonas putida), ACO74242.1 (Laribacter hongkongensis), CAN91260.1 (Sorangium cellulosum), ABS74441.1 (Bacillus amyloliquefaciens), ABV02245.1 (Chlamydia trachomatis), CAY74175.1 (Erwinia pyrifoliae), AAS67018.1 (Rhizobium etli), AAC60451.2 (Bacillus subtilis), EES90151.1 (Helicobacter canadensis), and ADI70266.1 (Streptococcus pneumoniae). The ascension numbers for the Tryptophan Synthase subunit B analysis are as follows: CAA79516.1 (Vibrio metschnikovii), CAA35035.1 (Vibrio parahaemolyticus), BAK11472.1 (Pantoea ananatis), YP_002604583.1 (Desulfobacterium autotrophicum), YP_448100.1 (Methanosphaera stadtmanae), ADR57820.1 (Pseudomonas putida), YP_002795250.1 (Laribacter hongkongensis), CAN91259.1 (Sorangium cellulosum), JN0593 (Bacillus amyloliquefaciens), AMM19201.2 (Chlamydia trachomatis), YP_002648678.1 (Erwinia pyrifoliae), CAB55324.2 (Rhizobium etli), AAA20865.1 (Bacillus subtilis), ZP_07804853.1 (Helicobacter canadensis), and ABJ54918.1 (Streptococcus pneumoniae). The bacteria chosen for the study were either pathogenic in humans or plants or are well-studied, soil dwelling strains. Sequences were aligned using ClustalW2 in the program seaview (v. 4.2.12) and then cleaned up. The data were exported into the program MEGA (v. 5.03) for all other analyses. 
	Analyses for the TrpA subunit of the enzyme showed that there were many more variable regions than non-variable regions, thus among those bacteria many areas of the sequence are not highly conserved. Because the analysis was completed on amino acid sequences rather than nucleotide sequences, there is likely more variation than that which was found. On average, the proteins were very alanine and glycine heavy and none of the sequences contained tryptophan and few contained cysteine. 
	A pairwise distance test was run and the number of amino acid differences per site between each of the subunit A sequences was found, and the overall average was 0.612. The complete matrix can be found in Figure 2. There was a reasonable amount of genetic difference between each of the A subunits in the different strains indicating that they are diverging from each other at a reasonable rate. This makes sense due to the small generation time present in many bacteria; however, the protein subunit must also be under some selection.
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Figure 2: The pairwise distance matrix for tryptophan synthase subunit A amino acid sequences observed in fifteen different strains of bacteria. Thus, genetically there is a reasonable amount of distance between all of the different strains. This matrix was generated in MEGA using using p-distance analysis.

The pairwise distances were examined for patterns between the different strains of bacteria. Some difference in the subunit divergence between the pathogenic bacteria and the non-pathogenic, soil dwelling bacteria was expected but not found with this analysis. Whether those changes have any connection to coevolution with subunit B1 cannot be seen here. However, evolution within the groups analyzed has occurred, so it is possible that some of those changes included ongoing coevolution with subunit B1. 
	A maximum-likelihood tree was constructed using the bacterial sequences for subunit A from the fifteen strains of bacteria (Figure 3). 
[image: ]
Figure 3: The maximum likelihood tree of the subunit A amino acid sequences of tryptophan synthase. The tree was constructed in MEGA using the Jones-Taylor-Thornton model with a bootstrap test of 500 replications. 

Clustering on the tree was expected in the two very closely related pairs B. amyloliquefaciens and B. subtilis, and V. metschnikovii and V. parahaemolyticus. Not much more of a pattern appeared between the non-harmful strains of bacteria and the harmful strains. However, strains P. ananatis and E. pyrifoliae, which are both pathogenic in plants, are fairly closely related in regards to the tryptophan synthase subunit A.16 17 Also, the two strains that are strongly pathogenic in humans, C. trachomatis and S. pneumoniae appear to be evolving fairly quickly and are not too closely related in terms of the protein subunit A to the other strains examined. This makes sense because both are evolving rapidly to continually infect humans, thus this evolution may be occurring at the level of tryptophan synthase subunit A. 
	The same analyses were run on tryptophan synthase subunit B1. The alignment of the fifteen amino acid sequences of subunit B1 showed that it is much more strongly conserved than the TrpA subunit, but while still maintaining some variability. Just like in subunit A, alanine and glycine were both very common in the sequence. A small amount of tryptophan was present in the subunit sequences of all proteins.
	A pairwise distance test was run and the number of amino acid differences per site between each of the subunit B1 sequences was found, and the overall average was 0.427, the matrix is shown in Figure 4. 
[image: ]
Figure 4: The pairwise distance matrix for tryptophan synthase subunit B1 amino acid sequences observed in fifteen different strains of bacteria. Thus, genetically there is a lesser amount of genetic variation in the protein. This matrix was generated in MEGA using using p-distance analysis.

The pairwise distance matrix showed that genetically, the proteins are all very similar, with much less genetic differences than found in subunit A. However, evolution in the species is still occurring and some of that might be continued coevolution with subunit A. Thus, it is likely that subunit A made more genetic changes to conform to subunit B1 than subunit B1 had to make to bind with subunit A. The pairwise distances were also examined for patterns between the strains of bacteria. Some difference in the subunit divergence between the pathogenic bacteria and the non-pathogenic, soil dwelling bacteria was expected but not found with this analysis.
	A maximum-likelihood tree was constructed using the bacterial sequences for subunit A from the fifteen strains of bacteria (Figure 5). 
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Figure 3: The maximum likelihood tree amino acid sequences of the subunit B1 of tryptophan synthase. The tree was constructed on MEGA using the Jones-Taylor-Thornton model with a bootstrap test of 500 replications. 

Once again, clustering of the two very closely related pairs B. amyloliquefaciens and B. subtilis, and V. metschnikovii and V. parahaemolyticus was observed; however, as can be seen by the differences in distance in each of the pairs, one is evolving fast than the other. Interestingly enough V. metschnikovii appears to be evolving faster than V. parahaemolyticus, which could be because V. metschnikovii appears to cause more cases of pneumonia than V. parahaemolyticus, and has to evolve more rapidly to keep up with the immune system of the human host.18 As found in subunit A, not much of a pattern appeared between the non-harmful strains of bacteria and the harmful strains. As also found in subunit A, strains P. ananatis and E. pyrifoliae, which, as mentioned before, are both pathogenic in plants, are fairly closely related in regards to the subunit B1.19 20 
	The initial analysis gave a quick overview of the general shape of the data to be found as a result of this kind of study. It appeared as though subunit A is evolving much more quickly than subunit B1, whether that trend has been the case throughout their coevolution is difficult to tell. Interestingly enough the two trees are fairly different, oftentimes when looking for signs of coevolution, two almost identical trees are an indicator of that kind of evolution. However, the scope of this initial trial was very small and much more time and information was needed in order to continue and produce more concrete trends. Also, some expected trends might not apply in this case due to the nature of the coevolution of the two subunits.
	The small sample size in the initial trial is one of the barriers to progress in the study, more samples were needed in order to provide a more comprehensive picture of the coevolution of the two tryptophan synthase subunits. A greater diversity of samples was needed as well; the samples that were freely accessible from the NCBI database were all either from model organisms, pathogens, or soil dwelling bacteria. The addition of some samples from extremophiles and some samples from human gastrointestinal tract flora could provide some interesting insights into the evolution of the subunits. Extremophiles would have much less access to amino acids such as tryptophan in their environment, and thus would have different evolutionary pressure on the subunits than the intestinal strains that would likely have less need for tryptophan synthase efficiency, because the environment might provide a majority of it. 
	Another limiting factor was that most of the sequences stored in the NCBI sequence bank for tryptophan synthase subunits were only in amino acid form, not in nucleotide form. Basic tests and models testing for selection pressures on sequences are not compatible with amino acid sequences, and translating the sequences into nucleotides could cause problems. 
	Another factor that might be useful to look at is how subunit B2 might be evolving in strains that have it in conjunction with subunit A for comparison. That could be an important angle to investigate because it could still be shaping the evolution of subunit A in subtle ways. Subunit B2 does still bind to subunit A, even if it is for a very short time, thus both subunits are likely still affecting each other in a weak form of coevolution. 
	Thus the major technical goals of the future study would be to collect nucleotide sequence samples of bacteria from various different groups and environments in order to provide an overall picture of coevolution in the two subunits. Then various phylogenetic tests would be carried out on the data to investigate the question of coevolution by reconstructing phylogenic trees and testing for evidence of selection on the subunits, which would include subunit B2. The tests all together could answer the question as to how coevolution has been developing the two subunits of the tryptophan synthase protein, as well as give further insight into how such an enzyme evolved from two separate proteins. 
	The first part of the research plan would be to find a significant number of bacterial nucleotide sequences of tryptophan synthase for the complete analysis. Sequences would be largely compiled from the NCBI database by searching through whole genome lists, because for the most part, tryptophan synthase sequences have not been isolated and entered separately into the database. Sequences from various different groups of bacteria would be found and used in the analysis including human pathogens, soil dwelling bacteria, extremophiles, natural human microbial communities, and other natural groups depending on type of sequence data found. Sequences to be compiled would include subunit A, subunit B1, and subunit B2 to explore trends in coevolution between them. Some bacterial strains with only subunit B1 or only subunit B2 would be identified and used in the study as a comparison to those strains with both types of B subunit. Only bacterial tryptophan synthase sequences would be collected and used through the course of the study in order to decrease possible complicating factors that might come with studying plant or archaea tryptophan synthase subunits. 
	Once the sequences have been complied they would have to be cleaned up in order to give a good analysis, which includes removal of stop codons, removal of poly-A tails, and of unnecessary gaps in sequence left by the alignment. The alignment algorithm should not be trusted completely with devising the best possible alignment. Each alignment run should be manually checked over for possible errors, because that could cause complicating issues in later analyses. Because the nature of the proposed dataset is currently unknown, the properties and stringency of the alignment are currently unknown as well. Some experimenting with the alignment preferences would have to be done before moving on to the next step. 
	Each of the three possible datasets (subunit A, subunit B1, and subunit B2) would then be used for several different analyses in order to search for the answer to the question of coevolution between the subunits. A simple pairwise distance test would be run first in order to get a general picture of the data and how different each of the different types of bacteria are from each other. Some general trends may become obvious during that step and give some hint as to the nature of the degree of coevolution between the subunits. 
	A series of models for selection would then be compared against the datasets. The coevolution in the subunits could be due to a strong kind of selection, particularly positive, neutral, or purifying selection. The degree of purifying selection could be particularly important in this case due to the fact that tryptophan synthase is often very helpful in the survival of the bacteria in an amino acid poor environment, such as extremophiles. Those bacteria may have purifying selection occurring on the tryptophan synthase subunits because of the importance of the enzyme to survival. In bacteria with a more amino acid rich environment such as human dwelling bacteria, purifying selection is less likely to be shaping the coevolution of the subunits. 
	Then a phylogenetic reconstruction, very similar to those in the initial analysis, would be done. With more sequences, hopefully a clearer pattern will emerge within the different groups of bacteria that could be explained in conjunction to the selective pressures that were found earlier. A maximum likelihood tree with a bootstrap test would be the best possible test for that type of analysis, due to the fact that it is more accurate for this size of data than the other trees. The only possible downside to constructing that kind of tree would be the amount of time that it would take to construct with the number of sequences that many be collected through the course of the analysis, however current computing power available should be enough for that particular analysis even with the bootstrap test. 
	If time allows and particular 3D images of the subunits are found, for example structures of subunits that might be closer to the ancestor state, a structure comparison might be run between ancestor states (possibly subunit B2) and more modern states in both subunit A and subunit B1. If that could be done then the entire molecule should be compared in order to look for conformational changes in the protein structure, in order to take into account that the individual subunits change conformation upon binding and could reveal co-evolutionary changes that could otherwise not be seen. Several possible algorithms for structure comparison exist and if relevant structures could be found on the Protein Data Bank database, then it could add to the evidence and explanation of coevolution between the subunits. 
	There are several potential contributions to science and education by the potential study. Because no such study has been published on the coevolution of tryptophan synthase, new information would be added to the state of scientific knowledge. That information could be the precursor to similar important studies into enzyme coevolution or tryptophan synthase in the future, which could be even more complicated in nature. Also, as mentioned before, because tryptophan synthase is not found in mammals, further studies into the protein complex could provide information needed to help develop new antibiotics that would potentially have less side effects and better efficiency than preexisting antibiotics because it would target a necessary protein complex which would then weaken the bacteria infecting the host allowing for difficult infections to be fought. Not only would tryptophan synthase be a possible complex to be disrupted, but there are other possible bacterial complexes that could be disrupted as well. Because the author of this study is an undergraduate student, providing the financial means of carrying out this experiment would be providing research experience to undergraduates, which is an important priority for the future advancement of the sciences. Also, by providing more data to the NCBI database will give more information for future studies to work off of, possibly leading to even more important advancements. 
	The research plan outlined earlier in the proposal would be carried out over the time period of 6 months, which will include time until possible publication of results. Within the first two months of the study the sequences for all three subunits in the amount of depth described earlier should be compiled and aligned properly. Then within the next two months the pairwise distance tests and the selection tests would be run on the sequences of the subunits, and phylogenetic trees will be constructed as well. The test preferences should be examined during this time in order to result in the most correct and best possible results. The last two months would be spent attempting the 3D structure analysis of the protein subunits and entire protein, as well as preparing to publish the data. Thus, the entire process would be easily finished with six months worth of funding. 
[bookmark: _GoBack]	There are several possible results that might result due to the work proposed to be done through the course of the study. Several useful types of results are to be expected such as a useful database of tryptophan synthase sequences from many different strains of bacteria that might be helpful for future studies as well as providing more sequences to the NCBI database. Evidence of coevolution in the two subunits A and B1, and possibly even between the subunits A and B2, could also be found in the phylogenetic information to be produced and in the 3D structure comparison. The phylogenetic trees in particular would help to provide evidence for coevolution as well as provide useful phylogenetic connections between different groups of bacteria. Thus, the information to be found as a result of the study could provide answers to the question of coevolution in tryptophan synthase subunits, as well as general phylogenetic information that could be used to better understand the web of life. 
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