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Summary

	Francisella tularensis is a highly infectious bacterial pathogen that has been classified as a potential bioweapon. With the ability to be aerosolized, F. tularensis could incapacitate a large group of people even with antibiotic treatments. For these reasons it is important to fully comprehend the pathogenesis of this organism. To do this we must have a good understanding of all aspects of virulence, including anti-virulence. Anti-virulence factors provide a unique target for anti-microbial research, as these systems aim to reduce or halt the virulence programs of pathogens. 
	In learning about the pathogenesis of this organism we wanted to start to understand the functionality of the novel anti-virulence factor PriM. While it is known that the presence of PriM prevents intramacrophage replication, the exact molecular mechanism that results in this attenuation of virulence is unknown. We started with the structure of the protein targeting particular structural elements that might give us insight into how the protein was designed to function. Knowing that there was a disulfide bond within PriM, we started with a hypothesis that the formation of this disulfide bond could be titrating away the activity of disulfide bond forming enzymes from other virulence factors. The other method we used to learn more about PriM’s function was to examine a suppressor mutant that seemed to contain mutations that suppress PriM’s anti-virulence function. 

Results of PriM structure function analyses 
	After introducing mutations in PriM we were able to start to learn about which structural features of the protein are important for its anti-virulence function. After testing our three structural mutants we were able to conclude that the charged tip region of the protein and the disulfide bond are likely not essential for PriM to function as an anti-virulence factor. When we altered the potential small molecule binding pocket of PriM we found a partial increase in intramacrophage replication, indicating that is region is important for PriM as an anti-virulence factor. Our results were also able to confirm that there is at least some stable PriM being produced in each of the mutants we created, displaying that any change we observed in intramacrophage growth was not only due to an absence of stable PriM (Figure 7).  
	The tip region of PriM was chosen as potentially being important for anti-virulence because it has an overall electropositive charge. This charged region could be important for an interaction with another protein or complex that aids in causing anti-virulence. Interaction sites in protein-protein interactions sometimes will rely on specific electrostatic charges and altering these charges can weaken or prevent these interactions (Reichmann et al., 2007). However, after testing our mutant that altered the tip region of PriM to a neutral charge, we found no increase in intramacrophage replication meaning that PriM was still able to function as anti-virulence factor (Figure 3). These results suggest that the tip region of PriM is not essential for a protein-protein interaction that leads to attenuated intramacrophage replication. 
	In creating the cysteine mutant in PriM that prevented the formation of PriM’s intramolecular disulfide bond, we were exploring the hypothesis that PriM is titrating away disulfide bond activity from other critical virulence factors. This mutation in PriM changed one of its two cysteines to an alanine, preventing the formation of intramolecular disulfide bonds (Table 1). After testing this mutant in macrophage we did not find any recovery in intramacrophage growth, suggesting that the formation of a disulfide bond in PriM is not responsible for its anti-virulence function (Figure 4). The mutation made in PriM targeted the formation of intramolecular disulfide bonds, but it is also important to consider the possible formation of intermolecular disulfide bonds. Each mutated PriM molecule would still have one of its two cysteines available for disulfide bond formation meaning that it would be possible for a disulfide bond to form between cysteines of two separate PriM molecules. We did see some evidence of this in our western blots of the mutant PriM-V strains (Figure 7). There did seem to be dimerization between PriM molecules of the ΔpmrA (C303A) PriM-V cells, though this is not shown in the figure. Due to this realization we cannot completely dismiss our hypothesis that PriM is titrating away disulfide bond formation from other virulence factors.      
	The final PriM mutant tested targeted the potential small molecule binding pocket as a region where a reaction essential for virulence could take place. Testing this PriM mutant in macrophage lead to a partial recovery of intramacrophage growth (Figure 5). The ΔpmrA PriM (mpk) mutant did not replicate to the same level as wild-type cells, but the level of replication was nearly 1.5 logs higher than the ΔpmrA negative control strain. These results are consistent with the idea that the changes made within PriM are affecting its anti-virulence function. One important note to make is that we have been referring to the pocket region of PriM as a potential small molecule binding pocket, but it is possible that the pocket region is an interaction site for a protein-protein interaction instead, that could lead to PriM’s anti-virulence function. In verifying production of PriM in the mutants through western blotting, we noticed about a 3kDa shift down in molecular weight of the ΔpmrA PriM(mpk)-V cells when compared to wild-type and the other PriM mutants (Figure 7). There are a few explanations that could account for this change in molecular weight. One possibility is that there is some molecule complexed with PriM that can no longer bind with the mutations made in the small molecule binding pocket, although this interaction would have to be strong enough in the other PriM samples to withstand the reducing environment of an SDS-Page gel. Another possibility is that the mutations that we made in this particular mutant caused mis-folding or mis-localization of the PriM protein, making a small portion of the protein accessible for proteolysis. It has been observed that amino acid sequence changes can cause proteases to release partially degraded proteins, which would support a shift in the molecular weight of the protein (Too et al., 2013). 
	While verifying production of PriM that contains the tip region mutations, we noticed a decrease in the abundance of PriM as compared to wild-type PriM (Figure 7). This trend was observed for each of the PriM mutants we created, but there seemed to be the least abundant PriM in the PriM tip region mutant. One possible explanation for the decrease in PriM abundance in the tip mutant could be due to ribosome stalling. In creating the tip region mutant we changed a 13 amino acid region to all glycines (Table 1). Ribosome stalling can occur when the ribosome encounters a region with the same amino acid many times in a row, due to needing the same tRNA, as in our tip mutant, which can slow down the rate of translation, therefore decreasing the abundance of the protein (Buskirk & Green 2017). The amino acid changes made in the PriM mutants may have decreased the stability of the protein, leading to overall less abundant PriM.




PmrA Suppressor Mutant Reveals Potential Interactions in Virulence 

	While investigating the PriM structural mutants we discovered cells that were lacking the repressor pmrA that should have been attenuated for virulence in macrophage, but were still replicating to wildtype levels (Figure 8). We named this strain the ΔpmrA suppressor strain in which PriM is still active, yet the anti-virulence function is largely diminished. We were hoping to discover a mutation in a potential interacting partner of PriM that was essential for PriM to function as an anti-virulence factor. To identify the mutations in the suppressor strain we sent genomic DNA samples from the ΔpmrA and the ΔpmrA suppressor strains out for whole genome re-sequencing and these results identified three single nucleotide polymorphisms (Table 2). The most likely mutation to cause the phenotypic change was the mutation F315L in FTL_0146, as the other two mutations were either a synonymous mutation, or occurred in a noncoding region. After recreating this specific mutation in wildtype and the ΔpmrA backgrounds there was an increase in intramacrophage replication in both strains where the mutation was recreated (Figure 10). These results suggest that the mutation in FTL_0146 is likely not solely responsible for the recovery in virulence observed in the ΔpmrA suppressor strain, but this mutation is leading to better intramacrophage replication overall. 
	The mutation in FTL_0146 is in a gene that encodes an ATP binding protein as part of an ATP-binding cassette (ABC) transport system. These transport systems are common in bacteria for both import and export of a variety of molecules. In F. tularensis subspecies tularensis there were about 15 identified functional ABC transport systems (Atkins et al., 2006). The equivalent system to FTL_0146 in subspecies tularensis (FTT_0266) was predicted to be involved with nitrate transport, but was identified as being part of a nonfunctional ABC transport system due to a missing substrate binding protein (Atkins et al., 2006). FTL_0146 has two predicted domains with the mutation occurring in a domain frequently found associated with proteins with ATPase activity (C-terminal AAA-associated domain) (Figure 9). Data from a Tn-seq experiment however, identified FTL_0145, the transmembrane protein associated with FTL_0146, and the ATP binding domain of FTL_0146 as essential for in vitro growth, suggesting that this system is functional in LVS (Ramsey et al., 2020). It is possible that the mutation in FTL_0146 alters the function of the transport system to work differently providing an intramacrophage growth benefit, or the mutation leads to a decrease in the amount of PriM, also providing a growth benefit intracellularly. 
	In continuing to study the ΔpmrA suppressor strain, we decided to look at PriM transcript abundance and protein abundance to detect any differences at the levels of transcription and translation of PriM. Analysis of qRT-PCR data revealed that there was a lower PriM transcript abundance in the ΔpmrA suppressor strain than in the ΔpmrA strain (Figure 11). Following up on those results we wanted to affirm that the levels of PriM protein abundance would also be lower in the ΔpmrA suppressor strain. Analysis by western blot confirmed lower levels of PriM abundance in the ΔpmrA suppressor strain, which is consistent with observing lower PriM transcript abundance (Figure 12). It is still unknown if the decrease in PriM transcript/abundance is sufficient for the increased intramacrophage growth observed in the ΔpmrA suppressor mutant. One possibility could be that the lower PriM abundance combined with the growth benefit provided by the mutation in FTL_0146 could be accounting for the large increase in intramacrophage growth observed by the ΔpmrA suppressor mutant, however this remains to be tested. 


Future Experiments 
	Following up with the results we gathered from this study still leaves many questions about the anti-virulence function of PriM. Here we will propose a number of experiments that can help answer some of the original questions we had along with some new questions that surfaced during the course of this study. We were unable to fully answer the question about the hindrance of PriM disulfide bond formation to virulence due to the presence of intermolecular disulfide bonds. To address this problem we would create a mutant that replaces both cysteines with serines, being more structurally similar to cysteines than alanines, to prevent formation of any intramolecular or intermolecular disulfide bonds. By testing this mutant in intramacrophage growth assays we could come up with a more conclusive answer about the role of PriM disulfide bond formation in virulence. 
[bookmark: _GoBack]	The next experiment we would propose would aim to uncover more information about the interaction taking place at the binding pocket of PriM. During our experimentation we were unable to identify a direct interaction partner of PriM. However, we did learn that the pocket region of PriM does seem to have involvement in virulence, so we can explore the possibility of identifying an interacting partner that may interact at the pocket region. To address this question we would perform a coimmunoprecipitation experiment on both the ΔpmrA strain as well as the ΔpmrA PriM(mpk) strain. We would send the resulting proteins out for mass spectrometry to identify the proteins in each sample and then compare the two strains for proteins identified in the ΔpmrA strain that were not found to precipitate with the ΔpmrA PriM(mpk) strain due to the changes made in the pocket region of PriM. One reason this experiment may cause some difficulties is that PriM is found in the membrane fraction of the cell and must be immunoprecipitated from that fraction, which is insoluble. 
	We did observe a decrease in PriM transcript abundance in the ΔpmrA suppressor strain, but cannot yet explain what might be causing this decrease. One way to start to answer this question is to examine the levels of PriM transcript in the ΔpmrA FTL_0146 F315L mutant to understand if this mutation has a role in decreasing the amount of PriM being produced, or if there was another change in the ΔpmrA suppressor strain causing this decrease. It is still not clear which mutations in the ΔpmrA suppressor strain are responsible for the increase in intramacrophage growth. We were able to recreate the one mutation in FTL_0146, but that mutation did not seem to recreate the same phenotype as in the ΔpmrA suppressor strain. Next we would propose to recreate the other two mutations that were identified in the ΔpmrA suppressor by whole genome resequencing and testing those individual mutants in intramacrophage growth assays. 
	Ultimately, we had hoped to identify genes that were important for PriM to function as an anti-virulence factor in additional to creating and testing the structural mutants. Originally we planned to perform a transposon selection using a strain that contained an extra copy of PriM and identify cells that were able to replicate in macrophage. The strain that contains an extra copy of PriM was necessary for this experiment because the otherwise the majority of mutants that would have been recovered would have contained a transposon insertion in priM. There were technical difficulties in attempting to create this strain that contained PriM at two separate loci. Instead there is an additional experiment that we could use to answer this question, which would be to perform a Tn-seq experiment on the ΔpmrA cells that have a transposon insertion and are recovered though the intramacrophage growth assays. Tn-seq would allow us to identify any mutants that have an insertion in a gene (not counting the insertions in PriM) and allow us to explore if that particular gene is essential for PriM to function as an anti-virulence factor. 
	The last question we would like to answer is to determine the function of the ABC transport system consisting of FTL_0145 and FTL_0146. Our results did show that the mutation in FTL_0146 that was present in the ΔpmrA suppressor strain provided a growth benefit when the mutation was made in both the wildtype background as well as the ΔpmrA background. FTL_0145 and the ATP binding domain of FTL_0146 were found to be essential for in vitro growth, however the C-terminal domain of FTL_0146 was not identified as essential. Using this information there are two experiments we could perform to learn about the function of this transport system. One potential experiment would be to perform a coimmunoprecipitation to identify any interacting partners of this system. We also could remove the nonessential C-terminal domain from FTL_0146 and perform transposon mutagenesis followed by Tn-seq analysis to identify genes that may function with this ABC transport system. Hopefully, one of these two experiments could provide information about how this ABC transport system functions in LVS.          
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