
RESEARCH STRATEGY 
 
I. Background and key challenges 

As antibiotic resistance increases globally, there 
is an urgent need to identify new antimicrobials1. 
Successful novel antimicrobials could target essential 
proteins, proteins essential for a specific pathogen, or 
proteins critical for bacterial virulence. A major benefit of 
identifying pathogen- or virulence-specific processes 
and drugs that target them would be a reduced impact 
on the commensal host microbiome2. By studying basic 
mechanisms of bacterial gene expression, we can both 
better understand the essential processes that lead to 
gene regulation and identify new, potentially species-
specific, targets for antimicrobial development. The 
overarching focus of the research program in my 
laboratory is to understand how bacterial cells 
regulate gene expression, to ultimately identify novel 
targets for antimicrobial development.  

The ribosome is an essential player in gene expression and a major drug target; a large number of 
ribosome-inhibiting antibiotics are used clinically. Extensive research in ribosome biology has led to major 
advances in our understanding of translation and ribosome-targeting drugs3–5. Most studies have focused on 
model organisms like Escherichia coli and fewer have examined ribosomes in other pathogenic bacteria. While 
the mechanism of protein synthesis is conserved across all domains of life, there are significant differences in 
ribosome composition among bacterial species. Even within the same species, there can be significant 
heterogeneity in ribosome composition6. Ribosomal proteins (r-proteins) provide one source of this 
heterogeneity. R-protein sequences can differ significantly between species and even in the same organism; 
most bacteria encode more than one homolog for at least one r-protein7. The functional consequences of 
bacterial ribosome heterogeneity have yet to be fully understood and there are many open questions in this 
field8. This is particularly true with respect to ribosomes containing alternate r-proteins in the same bacterial 
species9–12. The impacts of ribosome heterogeneity on translation, gene expression, and drug efficacy 
are generally not well understood and represent key gaps in our knowledge.  

There are some well-understood examples of how bacterial ribosomes become heterogenous. While it 
is extremely clear how changes in the environment can lead to regulated changes in ribosome composition, it is 
unclear how or if these changes result in modified ribosome activity and/or function. One well-studied example 
of ribosome heterogeneity is the incorporation of r-protein paralogs that either do or do not coordinate zinc10,11,13–
17. In some organisms, including mycobacteria and Bacillus subtilis, r-protein paralogs capable of coordinating 
zinc are produced and incorporated into ribosomes in zinc-replete conditions. When zinc levels are lower, a 
coordinated program of gene expression leads to production of multiple r-protein paralogs that do not coordinate 
zinc, which are subsequently incorporated into the ribosome. This paralog switching appears to allow dynamic 
control of available zinc inside the cell but the consequences of this heterogeneity on ribosome function are less 
clear. One complication is that this switch involves multiple r-proteins (four in Mycobacterium tuberculosis, for 
example), so ribosomes with many different r-protein combinations may be present in each cell. Nonetheless, 
evidence is accumulating that these alternate ribosomes do lead to changes in gene expression, although the 
molecular mechanisms have yet to be elucidated9,12.  

We propose to answer key questions about the impact of ribosome heterogeneity on gene 
expression, cell survival, and antimicrobial sensitivity by taking an innovative strategy and focusing on 
one source of ribosome heterogeneity, the r-protein bS21, in multiple bacterial species (Figure 1). The 
proposed work is innovative because it takes a rigorous, reductionist approach to examine one poorly-
understood source of ribosome heterogeneity with species-specific impacts on translation to elucidate 
fundamental features of translation and inform the design of novel antimicrobials. 

Our laboratory has recently identified a previously uncharacterized source of bacterial ribosome 
heterogeneity (unrelated to zinc) that impacts gene expression and antibiotic sensitivity. This heterogeneity is 
due to incorporation of distinct homologs of the r-protein bS21 into Francisella tularensis ribosomes18 (described 
in detail in Section II, Recent Progress; bS21 was previously known as S2119). While it is thought to play a role 
in translation initiation20,21, the precise function of bS21 in translation is not known. This small subunit r-

Figure 1. To answer key questions about translation and gene regulation, 
we will study one source of ribosome heterogeneity in multiple organisms. 



protein, in contrast to many other proteins, is ideally located in the ribosome to function in a regulatory manner. 
It is found next to the mRNA exit channel, a position in which it can interact with the 5´ untranslated region (5´ 
UTR) of transcripts during translation initiation, and makes contacts with the anti-Shine-Dalgarno sequence of 
the 16S rRNA (the sequence that base-pairs with the Shine-Dalgarno sequence of mRNAs, facilitating ribosome 
binding to the translation start site)22–24. As one of the last r-proteins to be incorporated, it is not essential for 
ribosome assembly25. In fact, because bS21 has been lost in multiple lineages across the bacterial phylogeny, 
it is thought to be non-essential to translation7,26,27. Finally, bS21 is considered loosely-associated with the 
ribosome and can be easily exchanged, suggesting that in organisms that encode multiple bS21 homologs 
ribosomes may rapidly switch between homologs28,29. These characteristics suggest that, instead of being 
essential for ribosome assembly or function, bS21 plays a regulatory role during translation initiation.  

Multiple observations support the idea that bS21 may function to regulate translation. For example, bS21 
in E. coli is important for translation of some, but not all, transcripts21. In other species, cells with bS21 mutations 
exhibit distinct phenotypes including reduced motility and biofilm formation, altered stress resistance, increased 
resistance to antibiotics, and decreased virulence30–39. A recent study of the ribosomes from Bacteroidetes 
revealed that bS21 homologs in these organisms have distinct C-terminal regions that, in a representative 
organism (Flavobacterium johnsoniae), interact directly with and occlude, the anti-Shine-Dalgarno sequence40. 
While most Bacteroidetes mRNAs lack a Shine-Dalgarno sequence, the transcript encoding bS21 contains a 
consensus Shine-Dalgarno sequence, suggesting a straightforward mechanism for bS21 to control its own 
production40. Finally, consistent with the potential for different bS21 homologs to influence gene expression, 
multiple bacteriophage-encoded bS21 genes have been identified and at least one bacteriophage-encoded bS21 
can be incorporated into E. coli ribosomes41–43. This raises the possibility that bacteriophage may use bS21 
homologs in their reprogramming of infected cells. While these diverse phenotypes can all be linked to bS21, 
it is not known how bS21 exerts its effect at the molecular level. These findings suggest that bS21 is 
important for regulating specific pathways, possibly by regulating translation initiation. 

While evidence suggests that bS21 may generally function as a regulator of translation, there appear to 
be organism-specific differences in the role of bS21. For example, in F. johnsoniae, bS21 may only function to 
control its own production while in F. tularensis, loss of one homolog changes the abundance of over 150 
proteins. And while bS21 is not essential in some organisms, it appears to be an essential protein in others. Why 
this protein should be essential in some organisms but not others remains unclear. By studying this single r-
protein in multiple organisms, we will gain critical insights into ribosome function, ribosome 
heterogeneity, and the potential development of ribosome-specific antibiotics.  

 
II. Recent progress by the Ramsey laboratory 
bS21 homologs provide a previously-unappreciated source of ribosome heterogeneity 

In contrast to genomes encoding one or no bS21 homologs, the genomes of at least 50 bacteria contain 
two to four distinct genes encoding bS21 (rpsU genes). Among these species is the human pathogen Francisella 
tularensis. This organism is notable for having a small genome (<2 Mbps) which encodes relatively few 
transcription factors. Despite this small genome, F. tularensis contains three distinct genes encoding bS21, 
raising the possibility that ribosomes might incorporate different bS21 homologs and that this heterogeneity 
provides a post-transcriptional mechanism to regulate gene expression. This is the only apparent source of 
ribosome heterogeneity in F. tularensis, as all three rRNA operons are identical and there is only one gene 
encoding each of the other r-proteins. We have demonstrated that distinct bS21 homologs lead to ribosome 
heterogeneity in F. tularensis18. By genetically manipulating F. tularensis, performing sucrose gradient 

analyses, and through mass spectrometry 
analyses, we found that each bS21 homolog can be 
incorporated into F. tularensis ribosomes and that 
populations of wild-type ribosomes contain more 
than one bS21 homolog18.  
A bS21 homolog governs gene expression, 
including key virulence genes 

If bS21 homologs impact translation, we 
reasoned that their loss should result in changes to 
the proteome (but not the transcriptome). When we 
compared the proteome of cells lacking one 
homolog, bS21-2, to the transcriptome, we found 
changes in protein abundance for about 160 genes 

Figure 2. bS21-2 post-transcriptionally controls 
gene expression. A. Cells without bS21-2 have 
changes to protein unlinked to changes in 
mRNA18. B. In F. tularensis, specific 5´ UTR 
sequences lead to regulation by bS21-2.  



that cannot be explained by changes in transcript abundance (Figure 2A, yellow dots)18. These changes include 
reduced abundance of type 6 secretion system (T6SS) proteins critical for F. tularensis virulence18. The 
abundance of the T6SS proteins can be complemented by ectopic expression of bS21-2 or another homolog, 
bS21-318. Yet bS21-2 is uniquely important for intramacrophage survival of F. tularensis, suggesting that bS21-
2 alone regulates additional virulence genes18. Our data are consistent with a model in which bS21 homologs 
modulate translation initiation for a subset of transcripts. Our successful use of unbiased multi-omics approaches 
revealed genome-wide changes in cells lacking bS21-2 and provides key information for future experiments. 
5´ UTR sequences can lead to regulation by ribosomes with bS21-2 
 We hypothesize that incorporation of specific bS21 homologs into the ribosome may lead to preferential 
translation initiation of a subset of transcripts. If this is the case, we further hypothesize that this regulation would 
be due to specific sequence elements in the 5´ UTR of the transcript, as bS21 is located in an ideal location to 
interact with 5´ UTRs. To test this possibility, we created F. tularensis reporter strains which use a constitutive 
promoter driving expression of different 5´ UTRs fused to lacZ (encoding beta-galactosidase). For control 5´ 
UTRs (genes unaffected by the loss of bS21-2), reporter gene activity is unaffected by the presence or absence 
of bS21-2 (Figure 2B, tul4). However, for genes regulated by bS21-2, there are significant changes in reporter 
activity in the presence or absence of bS21-2 (Figure 2B, pdpA). Thus, specific 5´ UTRs are sufficient to 
permit regulation by a bS21 homolog (Figure 2B, pdpA). This regulation is lost when specific sequences 
elements in the 5´ UTR are modified (Figure 2B, pdpA mut2 vs pdpA mut1). While this suggests that the 
sequence of the 5´ UTR is key to regulation, many aspects of this regulatory mechanism remain to be 
determined, including if this regulation is direct or indirect, and what sequences are sufficient to lead to regulation.  
bS21 content leads to differential antibiotic sensitivity in F. tularensis 

Considering the impact of bS21-2 on 
gene expression, we hypothesized that 
incorporation of bS21-2 alters the structure or 
conformation of the ribosome, modifying 
ribosome activity and leading to changes in 
translation initiation. To probe for changes in 
ribosome structure among cells with different 
bS21 content, we used a set of translation 
inhibitors that function by binding to specific 
sites in the 30S subunit. To examine ribosomes 
homogenous for a given bS21 homolog, we created a set of isogenic strains with single bS21-coding genes in 
the same genomic context. Specifically, these cells lack all three native genes encoding bS21 and, at a neutral 
location (the Tn7 attachment site), encode a single bS21 homolog (Table 1). We tested the sensitivity of these 
cells to various antibiotics to determine how distinct bS21 homologs influences antibiotic efficacy. 

Using disc diffusion assays, we found no differences in antibiotic susceptibility among the isogenic strains 
for the 30S ribosome inhibitors kanamycin, tetracycline, streptomycin, or the DNA gyrase inhibitor ciprofloxacin. 
However, we found that cells containing only bS21-3 (Tn7::rpsU3) are significantly more susceptible to the 
translation initiation inhibitor kasugamycin, while cells containing only bS21-1 are less susceptible (Tn7::rpsU1; 
Table 1). Our findings suggest that incorporation of distinct bS21 homologs into the ribosome leads to structural 
changes in or around the kasugamycin binding site. This provides a proof of principle that we may be able 
to target specific ribosome populations to develop ribosome-specific inhibitors. If specific populations of 
ribosomes are necessary for virulence, such as those ribosomes incorporating bS21-2 in F. tularensis, 
compounds that inhibit these specific ribosomes could be effective virulence inhibitors.  

 
III. Overview of the future research program 

We propose to answer fundamental questions related to ribosome biology and gene expression. 
Our recent progress demonstrates our expertise in a variety of approaches, including multiple “omics” analyses, 
quantitative protein analysis, ribosome purification techniques, and bacterial genetics. Give this expertise, we 
propose to extend our current studies to examine several broad questions. In particular, we are interested in (A) 
How does ribosome heterogeneity impact gene expression? (B) Why is a ribosomal protein non-essential for 
translation essential for bacterial survival? and (C) How does an r-protein impact cell envelope-targeting 
antibiotic sensitivity?  

During the next five years, we will answer these questions by focusing on a single ribosomal protein, 
bS21, and its function in different bacterial organisms (Figure 1). This work will examine species that may take 
advantage of fundamental features of translation initiation to use bS21 in distinct ways. The first is the human 

Table 1. Inhibitory zone diameter (mm) of select antibiotics 
  WT 

(all bS21 
homologs) 

Tn7::bS21-1 
(only bS21-1) 

Tn7::bS21-2 
(only bS21-2) 

Tn7::bS21-3 
(only bS21-3) 

kasugamycin 33.5 +/- 1.4 30.5 +/- 0.4* 34.3 +/- 2.1 39.7 +/- 0.8* 
kanamycin 53.5 +/- 0.6 55.3 +/- 0.2 53.6 +/- 0.4 53.2 +/- 0.5 
tetracycline 46.0 +/- 0.9 45.8 +/- 1.4 49.0 +/- 1.9 47.2 +/- 0.3 
streptomycin 55.1 +/- 3.4 54.9 +/- 0.7 56.1 +/- 0.1 58.0 +/- 1.8 
ciprofloxacin 56.5 +/- 1.3 56.0 +/- 1.2 55.1 +/- 0.1 56.0 +/- 0.1 
+/- values represent standard deviation; results are representative of at least two 
replicate experiments performed in biological triplicate 
*Students t-test p < 0.05 compared to WT 



pathogen F. tularensis, which encodes multiple distinct bS21 homologs. Given these multiple homologs, we will 
explore the possibility that use of distinct bS21 homologs in translation could provide a mechanism for post-
transcriptional regulation. The second is the model organism and potential pathogen E. coli, which encodes a 
single, apparently essential, bS21 protein. This raises the possibility that bS21 in pathogens like E. coli could be 
targeted by antimicrobials. The third organism is the pathobiont S. aureus, which encodes a single non-essential 
bS21 important for sensitivity to certain antimicrobials via an unknown mechanism. Studying the role and function 
of the same ribosomal protein in these three organisms will lead to novel and key insights into fundamental 
aspects of translation and how ribosome heterogeneity impacts gene expression, both of which we may be able 
to leverage in future antibiotic development.  
A. The role of multiple bS21 homologs 
Scientific Challenge: While most organisms have one or no bS21-encoding gene, a subset of organisms, 
including human pathogens like F. tularensis, the plant pathogen Agrobacterium tumefaciens, symbiotic bacteria 
(e.g. Sinorhizobium meliloti), and free-living cells (e.g. Shewanella oneidensis), encode multiple bS21 homologs. 
How incorporation of these homologs into the ribosome impacts gene expression is unknown.  
Overall Strategy: We will leverage the Ramsey laboratory’s expertise in F. tularensis to: (1) identify which 
transcripts are translated by ribosomes containing particular bS21 homologs using ribosome profiling and (2) 
determine how bS21 exerts its effects on gene expression at the molecular level using reporter fusion assays 
and structural studies. 
Rationale: bS21 has been implicated in gene regulation in multiple organisms and we have recently 
demonstrated that bS21 governs expression of important virulence genes in F. tularensis. Given our recent 
progress and expertise in F. tularensis biology and genetic manipulation, F. tularensis is an ideal model organism 
to investigate how multiple bS21 homologs impact translation and gene expression at the molecular level.  
Experimental Plans:  
1. Using ribosome profiling to determine transcripts translated by ribosomes with particular bS21 homologs. We 
will perform ribosome profiling on all the ribosomes in the cell and on ribosomes that only incorporate one of the 
three bS21 homologs. In order to accomplish this goal with appropriate rigor and minimally perturb ribosome 
abundance, we will immunoprecipitated each class of ribosomes from the same cells using affinity-tagged 
versions of bS21 homologs encoded by their native genomic loci. This will ensure that all cells have biologically 
relevant amounts of total ribosomes and still provide homolog-specific information about translation. We will take 
advantage of protocols developed specifically for bacterial ribosome profiling44,45. These analyses will be paired 
with RNA-Seq, to assess relative transcript abundance. Because two bS21 homologs are less abundant in 
standard in vitro conditions, we will identify factors that lead to their increased abundance and perform ribosome 
profiling on cells grown accordingly. Specifically, we will create fusions between reporter genes (e.g., gfp, lacZ), 
and the promoters for each bS21 homolog. We will then test and identify conditions that lead to increased 
reporter activity., e.g., altered media composition, temperature, and/or mutation by transposon mutagenesis.  
2. Determining the molecular mechanism by which bS21 exerts its effects. bS21 functions in translation initiation 
and is located in an ideal location in the 30S subunit to interact with the 5’ UTR of translating mRNAs, adjacent 
to the mRNA exit channel23. We hypothesize that interactions between certain 5’ UTR sequences and bS21 
influence translation initiation, a hypothesis supported by recent progress (Figure 2B)18. Incorporating 
bioinformatics analysis of the data generated in section 1, we will continue to use similar reporter constructs to 
identify and confirm the sequences elements that are necessary and sufficient for regulation by each bS21 
homolog in F. tularensis. To address if this regulation is the result of direct or indirect interactions between bS21 
and the 5´ UTR, we will take advantage of a commercially available in vitro translation kit (NEB PURExpress 
∆Ribosome kit). This will allow us to examine the impact of purified F. tularenis ribosomes with varied bS21 
content on translation of specific 5’ UTR-reporter transcripts. Finally, to examine how incorporation of distinct 
bS21 homologs impacts ribosome conformation, we will use chemical footprinting to determine the precise 
location of different F. tularensis bS21 homologs on the ribosome. bS21 binds to the 16S rRNA; exposure of 
ribosomes to hydroxyl radicals will lead to cleavage at solvent-accessible nucleotides. By comparing the 
modifications among ribosomes with different bS21 content, we will identify which rRNA nucleotides, if any, have 
changed conformation (become more or less solvent-accessible) due to changes in bS21. Similarly, we can 
perform chemical footprinting on ribosomes forming initiation complexes with mRNA to determine how bS21 
content impacts the conformation of the mRNA.  
Expected Results: These studies would be the first to identify how changes in a single r-protein impact 
translation across the genome and to determine how bS21 exerts its effects on gene expression at the molecular 
level. Our ribosome profiling results will identify which genes are directly regulated by particular bS21 homologs. 
This will provide a robust dataset to computationally analyze the regulated genes and bioinformatically predict 



what sequence elements lead to regulation by particular bS21 homologs. We will then test these predictions 
experimentally using reporter assays, in vitro and in vivo. The structural studies of the ribosome-bS21 homolog 
interactions will provide insight into the molecular basis for the effects of bS21 on gene expression.  
Potential problems and alternative strategies: When immunoprecipitating each bS21 homolog for ribosome 
profiling, there is likely to be different efficiencies of pull-down for each epitope tag. To ensure rigor and 
reproducibility, we will repeat these experiments after switching epitope tags, such that we IP each homolog with 
each tag. Ribosome profiling is technically challenging but the Ramsey lab has already demonstrated expertise 
in ribosome isolation, protein purification, and next-generation sequencing techniques18,46,47. In the event of 
additional challenges, Dr. Ramsey will consult with Dr. Allen Buskirk, an expert in ribosome profiling. For advice 
regarding chemical probing, Dr. Ramsey will consult with Dr. Steven Gregory, an expert in ribosome biology. 
Significance and long-term goals: The detailed studies proposed here are expected to reveal how ribosome 
heterogeneity within a single organism leads to gene regulation at the molecular level. Demonstrating that 
ribosomes can function as programmable regulatory machines would represent a significant innovation and a 
major paradigm shift in our understanding of bacterial gene expression. We expect our future work extending 
from this project would include how bS21 homologs are regulated in F. tularensis, additional structural studies 
on F. tularensis ribosomes (including using cryoEM to solve the structure ribosomes with each bS21 homolog, 
with and without antibiotics such as kasugamycin), and studies of multiple bS21 homologs in other organisms.  
B. The requirement for bS21 in cells 
Scientific Challenge: While the single bS21-encoding gene in E. coli is apparently essential, bS21 is 
dispensable for translation in vitro. Why bS21 is essential for viability, but not translation, is unknown.  
Overall Strategy: We will (1) confirm the essentiality of bS21 in E. coli and (2) compare genome-wide translation 
by ribosomes with and without bS21 using ribosome profiling. 
Rationale: The gene encoding bS21 has been lost multiple times across the bacterial phylogeny, strongly 
suggesting bS21 is non-essential7,26,27. Furthermore, E. coli ribosomes do not need bS21 for translation; in vitro, 
ribosomes lacking bS21 are competent for translation21,48. Yet attempts to generate E. coli without the single 
gene encoding bS21 have not been successful, strongly indicating it is essential for robust cell growth49–51. We 
have generated F. tularensis cells lacking the syntenic bS21 homolog, indicating that the inability to create a 
deletion mutant is not due to polar effects18. Potential explanations for this discrepancy include that bS21 is 
necessary to initiate translation of essential genes, or that ribosomes without bS21 cannot initiate translation in 
vivo. By performing ribosome profiling selectively on ribosomes with or without bS21, we should be able to 
distinguish between these possibilities.  
Experimental Plan:  
1. Confirming the essentiality of bS21 in E. coli. While multiple attempts to delete the gene encoding bS21 (rpsU) 
have been unsuccessful, we will formally test the essentiality of this gene using a well-described ClpXP-based 
depletion approach52. In particular, we will fuse a degradation tag (DAS4) to the C-terminus of bS21, in a strain 
with inducible SspB. When production of the SspB chaperone is induced, it will lead to degradation of the tagged 
bS21. This will allow us to assess cell survival upon depletion of bS21.  
2. Using ribosome profiling to compare genome-wide translation of ribosomes with and without bS21. Similarly 
to our study of multiple bS21 homologs in section A, we will assess translation using RNA-Seq and ribosome 
profiling. In particular, we will compare ribosomes immunoprecipitated with epitope-tagged bS21 to ribosomes 
that were not immunoprecipitated.  
Expected Results: In our initial experiments, we expect that loss of bS21 will result in non-viable cells. By 
performing ribosome profiling on ribosomes with and without bS21, we will be investigating both the role of an 
essential bS21 homolog as well as ribosome heterogeneity in E. coli. We expect that our analyses will either 
identify essential genes preferentially translated by ribosomes containing bS21 or a relative defect in translation 
by ribosomes without bS21.  
Potential problems and alternative strategies: It is possible that cells lacking bS21 are viable but grow poorly. 
The question of why bS21 is important for normal rates of cellular growth, but not for translation, would still lead 
to insight regarding the role of bS21 in translation. Another potential issue is that immunoprecipitating ribosomes 
with bS21 may not remove all the bS21-containing ribosomes from the lysate. We will optimize the 
immunoprecipitation conditions such that the remaining lysate is significantly enriched for ribosomes lacking 
bS21. If there are not sufficient ribosomes lacking bS21, we will use our depletion strategy to reduce the amount 
of bS21 in cells prior to performing ribosome profiling. There are other possible reasons bS21 is essential not 
described above (e.g., bS21 has another function). We expect our analyses will still reveal the molecular basis 
for the importance of bS21. The Ramsey laboratory has significant expertise in bacterial genetics but we will 
consult with Dr. Steven Gregory, an expert in E. coli genetics, should we encounter any issues.  



Significance and long-term goals: These studies are expected to determine why a ribosomal protein non-
essential for translation in vitro is critical for cell growth. These results may change our understanding of what 
constitutes the essential translation machinery in cells. If bS21 is essential for survival of E. coli, it raises the 
possibility that bS21 could be a novel drug target and we may be able to identify a species-specific drug by 
targeting E. coli bS21. Future areas of investigation may include identifying the mechanism for preferential 
translation of certain mRNAS (similar to section A), identifying differences between in vitro and in vivo translation 
initiation, and creating assays to screen for novel antimicrobials targeting ribosomes with bS21. 
C. The function of a non-essential bS21 in antibiotic sensitivity 
Scientific Challenge: Clinical isolates of S. aureus with increased vancomycin and daptomycin resistance have 
been identified with loss-of-function mutations in the gene encoding bS21. How loss of a ribosomal protein 
impacts the efficacy of cell envelope-targeting antibiotics is unknown.  
Overall Strategy: We will (1) confirm that loss of bS21 in S. aureus leads to increased vancomycin and 
daptomycin resistance, and (2) determine how bS21 influences sensitivity to cell envelop-targeting antibiotics. 
Rationale: In S. aureus, bS21 is not essential and its loss or mutation results in resistance to cell-wall targeting 
antibiotics through an unknown mechanism. It is possible that loss of bS21 leads to changes in gene expression 
that result in increased resistance through known pathways, such as modification of the cell envelop.  
Experimental Plan:  
1. Confirm the resistance of cells lacking bS21 to cell envelop-targeting antibiotics. Multiple studies indicate that 
loss of functional bS21 leads to increased vancomycin and daptomycin resistance32–37. We will validate this 
observation by creating a clean deletion of the gene encoding bS21 and assessing vancomycin and daptomycin 
sensitivity compared to wild-type cells.  
2. Determine how loss of bS21 impacts sensitivity to cell envelop-targeting antibiotics. Modified cell envelopes, 
and particularly increases in cell wall thickness, are a well-described mechanism leading to increased 
vancomycin resistance53,54. To determine if cells lacking bS21 are more resistant to cell envelope-targeting 
antibiotics due to increased cell wall thickness, we will use electron microscopy to compare cell wall thickness 
in cells with and without bS21. We will also take unbiased whole-genome approaches to determine what changes 
in gene expression lead to altered antibiotic resistance (and potentially cell wall modifications). In particular, 
similarly to our study of E. coli bS21 in section B, we will immunoprecipitate ribosomes with epitope-tagged bS21 
and use ribosome profiling and RNA-Seq to assess transcript abundance and translation. We will compare these 
results with the ribosomes that were not immunoprecipitated.  
Expected Results: In our initial experiments, we expect that loss of bS21 will result in increased resistance to 
vancomycin and daptomycin. We anticipate that this may be due to increased cell wall thickness of cells lacking 
bS21. Regardless of cell wall thickness, we will investigate the role of a non-essential bS21 homolog as well as 
ribosome heterogeneity on gene expression in S. aureus by performing ribosome profiling on ribosomes with 
and without bS21. We expect that our analyses will either identify differences in translation for mRNAs that lead 
to changes in cell wall thickness or other known modulators of drug resistance55.  
Potential problems and alternative strategies: While mutations in bS21 have been implicated in increased 
vancomycin and daptomycin resistance in multiple studies, it is possible that we will not be able to replicate these 
phenotypes with a clean deletion. In this case, we will create the mutations that were identified in the clinical 
isolates. The Ramsey laboratory has significant expertise in bacterial genetics, but if issues related to S. aureus 
genetics arise, we will consult with Dr. Thomas Bernhardt, an expert in bacterial cell wall biology with significant 
expertise in S. aureus genetics.  
Significance and long-term goals: Antibiotic-resistant S. aureus are a significant issue in healthcare. 
Understanding the mechanisms that lead to this resistance will allow us to develop improved novel antimicrobials 
or drugs that restore sensitivity to current antibiotics. In determining how a ribosomal protein can influence the 
efficacy of cell envelop-targeting antibiotics, we expect to better understand the regulatory mechanisms that lead 
to resistance and identify promising drug targets. In addition, we expect the ribosomal profiling experiments will 
provide innovative information to understand how bS21 post-transcriptionally regulates gene expression.  
Summary 
My proposed research plan takes advantage of a single poorly-understood ribosomal protein to address both 
specific and open-ended questions. These studies will provide innovative information about how the ribosome 
functions, how ribosome heterogeneity impacts gene expression, and potentially identify novel targets for 
species-specific or ribosome-specific antibiotics. In addition to potential future areas of investigation outlined 
above, these studies may lead us into projects continuing to study bS21 in other organisms (i.e., bacteriophage) 
or investigate the impacts of other sources of ribosome heterogeneity. Together, our work will have a significant 
impact the fields of ribosome biology, gene expression, and antibiotic development.   
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