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[bookmark: _Toc143849926]SUMMARY AND CONCLUSIONS
Chapter 2 Summary
As described in Chapter 2, the results of our transcriptomic analysis revealed that any of the three bS21 homologs of F. tularensis can repress the abundance of the rpsU2 operon transcript. However, bS21-1 and bS21-3 were not found to regulate their own expression, indicating that autoregulation of bS21-2 is unique among the three homologs.
We subsequently used the sequences upstream of rpsU2 and translational lacZ reporter fusions to further investigate the cis-factors that lead to bS21-2 autoregulation. Using qRT-PCR, we found that these reporters accurately recapitulated the regulation revealed by the transcriptomic data. In particular, the abundance of our reporter transcripts was several fold higher in cells lacking bS21-2 than in wild-type cells. Additionally, it was shown that the 5′ UTR of the rpsU2 transcript is sufficient to lead to this change in transcript abundance. Yet, when measuring the relative protein production, β-galactosidase assays showed that in cells lacking bS21-2, contrary to the increase in transcript abundance, reporter protein activity (and presumably bS21-2 protein abundance) did not similarly increase. 
Secondary structures predicted in the 5′ UTR of rpsU2 were tested as a potential site of regulatory activity. Translational reporters using the 5′ UTR of rpsU2 fused to GFP were used to assess the contribution of these stem loops to both the transcript and protein abundances of rpsU2 and bS21-2. Our qRT-PCR results indicated that the first 38 nucleotides of the leader sequence are not required for regulation of transcript abundance. In addition, GFP assays also indicated that these nucleotides did not result in significant changes in fluorescence, suggesting that they were not required for regulation of translation of bS21-2. 
Finally, we assessed how bS21-2 influences the stability of the rpsU2 transcript. We found that the half-life of the rpsU2 transcript was increased in cells lacking bS21-2 in multiple experiments. This suggests that bS21-2 destabilizes its own transcript. However, due to variability among the replicates, this change in transcript half-life was not statistically significant in any of the experiments. Thus, further testing would be required to confirm whether bS21-2 destabilizes its own transcript as the mode of autoregulation. 
While this study examined some interesting aspects of regulation of the bS21 homologs, there are many questions remaining. 
Chapter 3 Summary
In Chapter 3, I screened different growth conditions to identify stimuli that lead to altered abundance of bS21-1 or bS21-3. In particular, I used GFP reporter fusions to screen for potential changes in transcript abundance corresponding to either bS21-1 or bS21-3. While I tested eleven conditions, I identified only two in which there may be major altered abundance of bS21-1 and/or bS21-3. 
When compared to cells grown in our standard culture media, supplemented Mueller-Hinton Broth (sMHB), cells grown on cystine heart agar plates with hemoglobin (CHA-H plates) had an increase in reporter activity corresponding to both bS21-1 and bS21-3. This was also true of the cells grown in Chamberlain's chemically defined liquid medium (CDM). Both findings were replicated using reporters of bS21-1 and bS21-3 protein abundance, cells in which the lacZ gene is present on the chromosome directly after the native rpsU1 or rpsU3 gene, respectively. 
I also found that cells with the plasmid-based gfp reporter for bS21-1 had increased reporter gene expression in low pH MHB. This suggests that low pH could lead to an increased abundance of the rpsU1 transcript. However, these results could not be validated in cells containing the chromosomally-encoded bS21-1 lacZ reporter construct. In fact, there was nearly no reporter gene activity (ß-galactosidase activity) after cells were incubated for one hour in low pH. 
The discordance between these reporters may be explained by a few options. First, the gfp reporter construct to assess bS21-1 production may more accurately reveal regulation of the first gene in the operon, the cold shock family protein, cpsC. It is possible that cspC is induced in low pH conditions, but that other regulatory mechanisms prevent additional production of bS21-1 (and thus, production of ß-galactosidase from the translational reporter). However, it seems more likely that the low pH conditions inactivated the ß-galactosidase enzyme. In particular, I also found that cells with the bS21-3 lacZ reporter construct had no reporter activity when tested in the same low pH condition. 
Together, I found that F. tularensis cells grown in different growth media appear to have increased production of bS21-1 and bS21-3, and low pH may induce production of bS21-1. However, much remains to be found about how production of these ribosomal proteins are controlled. 

[bookmark: _Toc143849927]FURTHER QUESTIONS
1. Does bS21-2 definitively affect the stability of its own transcript, and is this a direct interaction?
In Chapter 2, I explored the cis-encoded factors which lead to the regulation of the rpsU2 transcript by its own protein. Specifically, I established that the 5′ UTR of rpsU2 is sufficient to lead to regulation by bS21-2. This led me to investigate whether or not bS21-2 was impacting the stability of its own transcript. In multiple replicates of this experiment, the mRNA corresponding to the rpsU2 operon had increased stability in wild-type cells compared to cells lacking bS21-2. However, these differences were not statistically significant. This could have either resulted from stability simply not being the factor affected by bS21-2, or it could be due to a need to optimize the protocol to reduce variability amongst replicates. Thus, to determine if stability actually plays a role in the regulation of the rpsU2 transcript, it would be necessary to repeat the stability assay described in Chapter 2. 
Regardless of If stability leads to the autoregulation by bS21-2, then it would be interesting to determine the exact mechanism by which bS21-2 controls mRNA abundance. Given that the 5′ UTR of rpsU2 is sufficient for regulation, and that there are many examples in which a transcript is mediated by an interaction (directly or indirectly) with the leader sequence, it would be informative to determine what elements of the 5′ UTR are necessary for the bS21-2-mediated changes in mRNA abundance. As described in Chapter 2, the two stem-loops at the 5´ end of the 5′ UTR are not necessary for regulation by bS21-2. To identify which elements of the 5′ UTR are necessary, we could make similar reporters with various mutations or truncations of the 5′ UTR and assess their relative transcript abundance in cells with and without bS21-2 to identify mutants that are no longer responsive to bS21-2. 
We could further determine whether bS21-2 exerts its effects by making direct contact with its own transcript using an electrophoresis mobility shift assay (EMSA). Specifically, we would purify bS21-2 and combine it with either its own transcript or a control (an mRNA unaffected by bS21-2). These samples are separated by size using gel electrophoresis. If bS21-2 stably binds directly to its own mRNA, we expect to see a band indicating that bS21-2 is complexing with its own mRNA transcript. In the control condition, we expect to see no evidence of bS21-2 complexing with the mRNA transcript. This would allow us to determine if bS21-2 binds directly to mRNA transcripts or not. In particular, we would test the ability of bS21-2 to bind to the rpsU2 5′ UTR compared to the tul4 5′ UTR, and any modified rpsU2 5′ UTRs that are unresponsive to bS21-2. 
2. What controls the expression of bS21 protein abundance?
Apart from the transcriptional regulation of rpsU2 discussed in Chapter 2, I also demonstrated that there is a disconnect between rpsU2 transcript abundance and bS21-2 protein abundance. This suggests that there is another factor regulating the translation of the rpsU2 transcript. A few methods could be implemented to elucidate these other factor(s). 
We could take an unbiased genetic approach to identify repressors of rpsU2 translation. First, we would construct a strain in which, at the native locus, GFP is inserted after the first six amino acids of the rpsU2 gene, replacing the rest of the gene. Then, we would utilize mariner transposon-led mutagenesis of the GFP reporter construct to indicate genes of interest. Presumably, were the transposon to interrupt a gene that represses bS21-2 then the GFP abundance would increase, and this will be caught by colony color changes. Individual mutants of interest will then be further verified through fluorescence readings. Subsequently, mutants with higher abundance of bS21-2 will be sequenced and analyzed to reveal potential regulatory proteins, particularly by determining where the transposon inserted in the genome. The interrupted gene would then, presumably, encode regulatory proteins. 
In a biochemical approach, we could attempt to identify proteins that directly bind the rpsU2 5′ UTR. Specifically, we would obtain a synthesized version of the rpsU2 5′ UTR containing a 3´ biotin tag. We would incubate this with cell lysates and isolate any RNA-protein complexes by immunoprecipitation using streptavidin beads. Associated proteins will be identified using mass spectrometry, generating a list of proteins that interact with the bS21-2 transcript and may regulate the protein abundance of bS21-2. These can be further characterized through standard genetic knockout studies. 
3. What genetic elements influence the production of bS21-1 and bS21-3?
In Chapter 3, I screened a number of growth conditions to identify significant changes in both transcript and protein abundance of bS21-1 and bS21-3. However, most of the environments screened did not result in any statistically or biologically significant changes in either or both transcript and protein abundance. 
Another way to identify factors controlling expression of these bS21 homologs would be to take a genetic approach. In particular, I propose taking a transposon mutagenesis approach to screen for genes important for bS21 homolog production, using GFP as a reporter. Specifically, I would generate cells in which there are fusions of bS21-1 or bS21-3 with GFP, by adding gfp in-frame to the 3´ end of the native rpsU1 or rpsU3 gene on the chromosome. We would then mutagenize these cells and screen for colonies which produce more or less fluorescence. The subsequent analysis and interpretation would be similar as described above in future direction 2. In this case, we expect to identify genes that function to regulate bS21-1 or bS21-3 production. 
It is important to mention that we do not know how strong the fluorescent signal for bS21-1-GFP or bS21-3-GFP would be. If, in otherwise wild-type cells, the signal is very low, we expect to only be able to detect increases in fluorescence. In this case, because this strategy relies on inactivation of gene products by transposon mutagenesis, we would expect to identify repressors of bS21-1 or bS21-3. We would be unlikely to find positive regulators of bS21-1 or bS21-3 expression (whose inactivation would lead to less fluorescence). However, this remains to be determined. 
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