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LAY ABSTRACT 
 

In all cells, translation is carried out by ribosomes, large molecules that mediate 

the interpretation of the genetic code. These cellular interpreters are absolutely required 

for protein synthesis in bacteria and thus, are necessary for life. Like proteins, ribosomes 

themselves must also be synthesized, a process known as ribosome biogenesis. The 

ribosome consists of myriad RNA and protein components and is perhaps the single most 

complex machine in cells. Nevertheless, cells can build these enormous molecules in less 

than two minutes. This is made possible by a team of helper proteins, such as the bacterial 

assembly factor YjeQ. The function of this protein has evaded researchers, but there is 

growing evidence that it facilitates a key stage in the assembly process. Our work 

provides new detail into how this protein influences ribosome biogenesis, and how this in 

turn affects the overall health and proliferation of bacterial cells.  
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ABSTRACT 
 

As the gateway to translation, ribosome biogenesis is a core cellular process that is 

highly efficient, accurate and regulated. This is made possible in part by a suite of 

ancillary proteins with diverse but poorly understood functions. One such factor, the 

Escherichia coli GTPase YjeQ, is suspected of playing a critical role in the assembly of 

the 30S ribosomal subunit. Here we demonstrate that the absence of this factor in vivo 

leads to an accumulation of a late-stage immature 30S subunit species. While these 

precursors lack several ribosomal proteins and feature a number of conformational 

abnormalities, they are competent for maturation, suggesting that they represent an 

assembly intermediate.  We further demonstrate that YjeQ accelerates the maturation of 

these precursors in vivo. In addition, we explore the role of YjeQ through genetic 

interaction studies and substantiate a functional connection with the putative assembly 

factor RbfA.  

A linear correlation between growth rate and ribosomal content has been observed 

for multiple wild-type microbes.  We have examined this relationship in the ΔyjeQ strain 

and found there to be a significant increase in the total cellular ribosomal material in 

comparison to the wild-type. This phenotype is not wholly exclusive to perturbations in 

biogenesis. Indeed, linear correlations and elevated levels of ribosomal content are also 

observed for several translation mutants.  The degree of elevation, however, is marginal 

in comparison to that seen in the biogenesis mutant. Our work explores this phenomenon 

and the possibility of exploiting it to identify and further characterize perturbations in the 

ribosome assembly process. 
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CHAPTER 1. Introduction  

1.1    ANTIBOTICS 
 
1.1.1 Origins of the ‘Wonder Drug’ 
	  

Antibiotics are arguably one of the most successful therapeutic classes in the 

history of medicine.  The famously serendipitous discovery of penicillin by Alexander 

Fleming and the development of early sulfa drugs by Gerhard Domagk revolutionized the 

treatment of infectious diseases caused by bacteria, many of which had been intractable 

for much of human existence [1, 2]. Likewise, seminal work conducted by Paul Ehrlich 

had profound implications for clinical practices and set the tone for the future of drug 

discovery. His search for the proverbial “magic bullet,” a chemical capable of selectively 

targeting a pathogenic agent in a host, laid the foundations for chemical screening and 

defined a drug discovery paradigm that has persisted to present day [3].  

The work by these early pioneers at the dawn of the antibiotic era paved the way 

for a golden age of drug discovery between 1940-1960, which saw the development and 

clinical introduction of the vast majority of antibiotics in use today [4]. The forty years 

that followed, however, were marred by stagnant development, with only one wholly new 

class of antibiotic being introduced. Only recently has there been renewed momentum in 

antibiotic discovery with a number of distinct classes emerging since 2000, including the 

oxazolidinones, lipopeptides, mutilins amongst others [5, 6].  

1.1.2 The Threat of Microbial Resistance 
	  

Despite the string of therapeutic successes, nearly 75 years after the introduction 

of penicillin to the clinic bacterial infections are still a grave concern to global healthcare 
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(reviewed in [7]). The widespread emergence of microbial resistance is to blame; as 

pathogens have acquired the means to subvert antibiotic mechanisms, they have greatly 

undermined the therapeutic utility of nearly all clinically-relevant drugs (reviewed in [8]).  

Resistance is by no means a new phenomenon, having evolved alongside and in 

response to antibiotic agents developed by bacteria that sought to fend off their microbial 

neighbours. Thus, the antibiotic resistance we encounter today is a legacy of microbial 

warfare that has been ongoing for millennia [9, 10].  It is no surprise then that resistance 

to our clinical repertoire has emerged, as it is the natural progression that follows the 

advent of any antimicrobial agent. The problem of microbial resistance, however, has 

been substantially compounded by the extensive and at times irresponsible use of 

antibiotics worldwide [7].  

Mutation is the fundamental source of resistance. Antibiotics exert a selective 

pressure on microbes that favours those organisms with mutations conferring resistance. 

Thus, antibiotics have become victims of their own success as widespread use has 

cultivated an environment driving Darwinian selection of resistant pathogens [7]. With 

the emergence of seemingly pan-resistant pathogens, its has been postulated we may be 

on the verge of a post-antibiotic era, a gloomy scenario where the proliferation of 

resistance will render our therapeutic stockpiles ineffective [7]. In the context of this 

grizzly image, the impact of the hiatus in discovery is especially pronounced. Calls for 

action to stem the tide of resistance espouse responsible use and express an urgent need 

for innovation. One approach in responding to such calls will be to strengthen and 

diversify our catalogue of therapeutics. New drugs will require new targets.  
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1.1.3 The Ribosome as an Antibiotic Target 
	  

The ribosome is that cellular component, universal to biology, responsible for the 

interpretation of genetic code and its subsequent translation to the proteins that drive life. 

Generally speaking, the structure and function of this nucleoprotein is broadly conserved; 

two subunits of unequal size, comprised of multiple rRNAs and proteins, serve to 

catalyze peptide formation as dictated by mRNA transcripts [11]. The ribosomal active 

sites are remarkably similar across all three taxonomic domains and translation follows 

the same universal key to equate codons with their respective amino acids [12-14]. 

Despite many common attributes, however, the bacterial ribosome, and the process by 

which it achieves translation, differs from of that of eukaryotes in many respects [15-18]. 

It is these differences that have made selective targeting of this organelle possible and 

rendered it a cornerstone of our antimicrobial strategies. 

As the center of protein synthesis, the ribosome is a vital and ubiquitous piece of 

cellular machinery. For this reason, bacterial ribosomes have long been an important 

focus of therapeutic research, with inhibitors of translation representing a major 

component of our antibiotic arsenal [18]. Indeed, out of the twelve major classes of 

antibiotics, seven target the ribosome [4]. This includes antibiotics of the following 

classes: tetracyclines, aminoglycosides, macrolides, chloramphenicol, streptogramins, 

oxazolidinones and mutilins [15, 19]. Collectively, these make up ~20% of annual global 

antibiotic consumption, with the first three classes playing a major role in modern clinical 

settings. This wealth of therapeutics, however, represents only a narrow range of 

ribosomal targets and, as such, a limited number of resistance mechanisms have 
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effectively undermined the clinical utility of drugs that disrupt bacterial protein synthesis 

[18, 20].  Thus, new means of perturbing ribosome function are needed if bacterial 

translation is to remain a useful antimicrobial target.  

1.2.  THE PROKARYOTIC RIBOSOME 
	  
1.2.1  Ribosome Structure and Function 
	  

The 70S bacterial ribosome consists of two distinct subunits, termed 30S and 50S 

in reference to their sedimentation coefficients [21]. The 30S, or small subunit, features 

21 ribosomal proteins (r-proteins) and a singular strand of 16S rRNA that is 1542 

nucleotides (nt) in length. The 50S large subunit is comprised of 34 proteins and both a 

5S (120 nt) and 23S (2904 nt) strand of rRNA. These two subunits come together to form 

the functional 70S ribosome. The vast majority of this project has focused on the 30S 

subunit rather than the 50S subunit, and so special attention will be given to its structure, 

assembly and function. 

The new millennium bore witness to the first high-resolution x-ray crystal 

structures of the 70S bacterial ribosome [22-27].  This work was eventually awarded the 

2009 Nobel Prize in Chemistry, underscoring the magnitude of this achievement. The 

initial models and those that followed provided fresh insight into the architecture of the 

individual subunits and their corresponding functional sites (Figure 1.1). In addition, 

these structures revealed new levels of detail surrounding subunit association and 

interaction, including important points of subunit contact, such as the ‘inter-subunit’ 

bridges [26, 28].  
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Figure 1.1: X-Ray crystal structure of RNA elements in the prokaryotic ribosome. A) 
The figure shows a surface representation of the rRNA components of the 70S ribosome. 
The 23S and 5S rRNA transcripts are coloured in blue. The 16S rRNA transcript of the 
small subunit is coloured in beige. rRNA defines the general structure of the ribosome. B) 
A view of the subunit interfaces for the 30S and 50S subunits. The 5’ and 3’ terminal 
sequences of 16S rRNA discussed throughout are coloured in red and green respectively. 
This figure was created using MacPymol version 1.7.4.3 in conjunction with the structure 
published by Schuwirth et al. [27]. PDB ID 4V4Q. 

 

rRNA provides the scaffold that defines subunit structure (Figure 1.1) [24]. In 

general, most r-proteins are located on exterior, solvent-facing regions. As such, the 

functional core of both subunits is composed almost entirely of rRNA [24, 27]. Folding of 

the 16S rRNA subdivides the small subunit into four distinct globular subdomains. These 

include the body (5’ domain), the platform (central domain) and the 3’ major and minor 

domains. The compartmentalization of each of these regions enables independent folding 

and assembly [29-32]. The four subdomains coalesce around the decoding center of the 

 A 

 B 

 30S  50S 

70S 
50S 

30S 
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30S subunit. The 50S subunit is comprised of seven domains, six of which stem from the 

23S rRNA [22]. 5S rRNA forms the seventh domain [33]. Unlike the 30S subdomains, 

these regions are not independent, but instead form a rigid half-dome structure. When 

viewed from the subunit interface, the 50S ribosome displays three extensions: The L1 

stalk, the central protuberance and the L7/L11 stalk [27]. The large subunit houses the 

peptidyl transferase center (PTC), the region that catalyzes the formation of peptide bonds 

and mediates protein elongation [34, 35]. 

The functional regions of both subunits are located near their mutual interface. 

This environment is almost exclusively composed of rRNA, a testament to the enzymatic 

capabilities of this molecule [36]. The process of translation is carried out across three 

sites spanning both subunits: the A-site (aminoacycl), the P-site (peptidyl) and the E-site 

(exit) [37]. The 30S and 50S subunits have distinct functions in translation: the former 

facilitates mRNA binding and decoding while the later recruits tRNA and catalyzes 

peptide bond formation in the growing amino acid chain. The initial association of mRNA 

with the 30S subunit is facilitated by base pairing between the Shine-Delgarno (SD) 

sequence upstream of the translational start site on incoming mRNA and a complimentary 

sequence (anti-SD) housed on 16S rRNA [38].  

Charged tRNA associates with both the small and large subunits, entering the 

ribosome at the A-site. Here, codon-anticodon matching between the mRNA transcript 

and incoming tRNA facilitates the incorporation of the appropriate amino acid into the 

growing peptide [39-41]. The decoding center is thought to validate this base pairing, 

qualifying the spatial geometry of cognate codon-anticodon complexes [42, 43]. The 
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correct geometry leads to conformational changes in the universally conserved 16S rRNA 

residues A1492, A1493 (of helix 44) and G530 that propagate translation [44-46]. Non-

cognate base pairing leads to the expulsion of charged tRNA. This ‘proofreading’ process 

is subsequently followed by peptide bond formation between the growing protein and the 

incoming amino acid in the PTC of the 50S subunit. Not surprisingly, these key 

functional regions are targets of a number of antibiotic classes [15]. 

The process of translation is also mediated by a host of ancillary proteins 

including initiation factors (IF1, IF2, IF3), elongation factors (EF-Tu, EF-G, EF-P), 

termination factors (RF1, RF2, RF3) and ribosome recycling factors (RRF1, EF-G) [47-

50]. These non-ribosomal proteins act in concert with the enzymatic abilities of the 70S 

ribosome to efficiently and accurately guide protein synthesis.  

1.3  BACTERIAL RIBOSOME ASSEMBLY 
	  

While the processes involved in bacterial translation have been extensively 

studied and targeted by therapeutics, ribosome assembly has remained largely 

unexploited, owing to a limited knowledge of its in vivo mechanism [51]. In recent years, 

the expansion of our understanding of this process has created momentum for research 

into the feasibility and therapeutic potential of inhibiting biogenesis. In the current 

environment of microbial resistance, ribosome assembly may offer a promising new 

avenue for antibiotic development wholly distinct from protein translation.  

In rapidly growing organisms like Escherichia coli, up to 40% of a cell’s total 

energy can be invested in the ribosome-mediated interpretation of mRNA and protein 

synthesis [21]. This demand on resources necessitates strict regulation of translational 
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activities. For bacteria, the assembly of functional ribosomes represents a key component 

of this regulation and thus must be both highly efficient and tightly controlled [21, 52-54]. 

Considering the size and mosaicity of the mature ribosome, with over 50 proteins and 

4500 nucleotides making up the final product, biogenesis is no small task [21]. 

1.3.1  In vitro Assembly 
  
 Seminal experiments by the Nomura research group demonstrated that 30S 

subunits could be assembled from purified ribosomal components, albeit under non-

physiological conditions [55-57]. Likewise, the Nierhaus group demonstrated in vitro 

reconstitution of the large subunit [58-60]. This work established the order of r-protein 

binding and dependency by systematically examining the influence of individual proteins 

on assembly times. These results led to the formulation of the first assembly maps, which 

describe the prescriptive hierarchy of protein addition in building subunits (30S assembly 

map in Figure 1.2). Nearly half a decade later this model remains largely unchanged, 

though additional studies have provided further information regarding dependency, 

binding order and binding rates [61, 62]. In these maps, ribosomal proteins are classified 

into one of three categories reflecting their binding dependencies. Primary binders are 

those proteins that can bind directly to rRNA. Secondary binders require one or more 

primary r-proteins. Likewise, tertiary binders are dependent on the presence of secondary 

r-proteins [55, 57, 63]. In general, primary binders tend to coalesce around the 5’ end of 

the 16S rRNA while tertiary proteins are more heavily concentrated at the 3’ end [32, 64]. 

This is reflective of in vivo assembly, where proteins are added to nascent rRNA as it is 

transcribed in a 5’ to 3’ fashion (discussed in further detail below). 
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Figure 1.2: The Nomura assembly map. The figure depicts the refined map of 30S r-
protein binding order and dependency as determined by the Nomura research group. The 
arrows indicate a dependent relationship. The incorporation of early (1°) binders is 
dependent only on 16S rRNA. Mid and late stage binders (2° and 3°) require the presence 
of one or more of the early proteins. In vivo subunit assembly follows this hierarchy of 
protein addition in a 5’ to 3’ fashion [32, 57, 61, 63, 64].  
 

 An assembly map has also been established for the large subunit; however, the 

hierarchy gleaned is far more complicated that that of its small counterpart [58-60, 65]. 

Reconstitution of functional 50S subunits from purified components is possible but 

requires conditions far from physiological. In vitro assembly occurs via three 

intermediates [58, 66]. The transition between these intermediates is dictated by the 

complement of proteins present as well as a series of shifts in temperature and magnesium 

concentration [58, 67].  

 That full functional subunits can assemble autonomously is a testament to the 

level of information encoded in rRNA and r-proteins. Much of the ribosomal scaffolding 

is dictated by the secondary structure of the individual rRNA transcripts. Many r-proteins 
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are thought to complement the intrinsic folding process by acting as chaperones, 

stabilizing proper confirmations and blocking aberrant ones (Reviewed in [21, 68]).  

Recent studies have demonstrated that subunit assembly does not follow a single linear 

and successive path. Instead, assembly occurs simultaneously at multiple sites along the 

rRNA transcripts [69-71]. As such, subunit maturation can proceed via multiple pathways 

populated with numerous stable, yet often non-native, intermediates [62, 72]. This 

necessitates an iterative approach to folding so that these intermediates ultimately 

converge on the proper confirmation. Ribosomal proteins are thought to play an important 

role in this process by guiding the assembling ribosome to intermediates capable of final 

maturation. 

1.3.2  In vivo Assembly 
	  
 In vivo assembly begins with the transcription of the rrn operon, which houses 

ribosomal RNA constituents and tRNAs (Reviewed in [21, 54, 68, 73, 74]). Many 

bacteria possess multiple copies of this operon (as many as 15), likely to support the high 

demand for protein synthesis that accompanies rapid growth and cell division [75]. There 

are seven nearly identical operons in E. coli (rrnA-E, G, H), from which all rRNA is 

transcribed (Reviewed in [68, 73]). Each operon codes for the three RNA transcripts 

necessary to manufacture a ribosome (16S, 23S, 5S) and one or two tRNAs. In addition, 

each operon features two tandem promoter sequences, P1 and P2, which govern 

expression [68, 73]. These promoter sequences are both exceptionally strong and highly 

regulated, allowing for tight responses to changes in environment and nutrient conditions 

[76-78]. 
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Ribosomal RNA is transcribed as a single molecule, which subsequently 

undergoes successive rounds of processing to yield the mature forms of 16S, 23S and 5S 

(Figure 1.3) (Reviewed in [21, 68]). 

 

 

 

 

 

 

 

 

 

 
Figure 1.3: Processing of the primary RNA transcript in E. coli. All of the RNA that 
makes up the ribosome is initially transcribed as one continuous molecule. The individual 
transcripts are released and processed by the coordinated action of several RNases. 
Cleavage sites are marked with dashes and labeled with their respective nucleases. The 
site marked with an asterisk (*) is thought to be processed by multiple enzymes (RNase II, 
RNase R, PNPase, RNase PH) [79]. The site labeled with a question mark (?) is cleaved 
by an unknown nuclease. 
 

First, cleavage by endonuclease RNase III releases precursor forms of each 

transcript [80-83]. These precursors are then modified by a series of nucleases to become 

mature transcripts. The immature 16S precursor, commonly termed 17S rRNA, features 

an additional 115 and 33 nucleotides (nt) at its 5’ and 3’ ends 3’ ends, respectively. The 

5’ extension is trimmed by the coordinated action of RNase E, which cleaves the first 49 
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nt upstream of the precursor sequence, and RNase G, which cleaves the remaining 66 nt 

[80, 81, 84]. The enzyme responsible for processing the 3’ trailer sequence has been 

elusive for many years. However, a recent study demonstrated that multiple processive 

exoribonucleases are capable of trimming this extension, including RNase II, RNase R 

and PNPase (* in Figure 1.3) [79]. In the absence of all three of these factors, processing 

may still occur by the action of RNase PH, albeit at a slower rate. If all four enzymes are 

absent, however, 3’ maturation cannot occur [79]. Interestingly, failure to process the 3’ 

end results in the accumulation of full 17S precursors, suggesting that 3’ processing is a 

prerequisite for maturation of the 5’ end. It has been suggested that the 5’ and 3’ 

precursor sequences base pair during assembly and that this pairing may act to prevent 

association of the 30S and 50S subunits either directly through steric hindrance or by 

maintaining an unfavorable conformation in the small subunit [25, 85]. The theory 

follows then that 3’ processing by one of the exoribonucleases mentioned above 

eliminates this base pairing, releasing the single stranded 5’ end so that it can in turn be 

processed [79]. Ultimately, this maturation step enables association of the free subunits.  

 The 23S precursor is fully functional and can be found in actively translating 

ribosomes despite the presence of additional nucleotides at the 5’ and 3’ termini (7 or 9 nt 

at the 5’ and 3 or 5 nt at the 3’) [83]. Nevertheless, these sequences are usually removed 

during maturation; RNase T trims the 3’ terminus while a second, as of yet unidentified 

RNase is suspected to process the 5’ end [86, 87]. 

The ribosome is built progressively on the nascent rRNA as it is transcribed, such 

that the progress of RNA production dictates the assembly of the ribosome [21, 51, 68]. 
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Primary r-proteins begin to bind the 5’ terminus as soon as it is transcribed, thereby 

facilitating the adoption of proper secondary and tertiary structure. The E. coli 

chromosome encodes 55 ribosomal proteins organized into 21 operons (Reviewed in [68, 

88]) . The expression of these proteins is self-regulated; free ribosomal proteins bind to 

sites on their respective operons and repress transcription. When rRNA is abundant in 

cells, free r-protein concentrations are low as they are bound up in ribosomal subunits. 

When r-protein concentrations exceed rRNA in the cytoplasm, the free r-proteins will 

bind to down-regulate their own expression (Reviewed in [68]). This feedback 

mechanism, termed “translational coupling,” gives rise to a robust system of control 

governing the production of ribosomal constituents. Consequently, the rate of RNA 

synthesis is directly correlated with ribosome levels [53, 89]. 

1.4  A DIVERSE COLLECTION OF RIBOSOME ASSEMBLY FACTORS 
	  

Though in vitro construction of the total ribosomal complex is possible, it requires 

lengthy incubations under non-physiological conditions [57, 58]. In contrast, rapidly 

proliferating E. coli produce functional ribosomes in 2-3 minutes [90]. Constructing a 

fully functional 70S ribosome within this time frame is suspected to require a host of 

ancillary factors. Indeed, in eukaryotes, more than 200 auxiliary proteins are known to be 

involved in ribosome biogenesis [91]. Though the assembly process in bacteria is less 

well characterized, a diverse and growing repertoire of proteins facilitating biogenesis 

exists (Figure 1.4, Table 1) [21, 68, 71, 92-94]. These auxiliary factors represent potential 

targets for small molecules that may provide a convenient and effective means by which 

to perturb the assembly process [51, 95]. 
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Figure 1.4: In vivo bacterial ribosome assembly. In bacteria the assembly of the 
ribosome begins with the transcription of ribosomal RNA (16S, 23S and 5S). In addition 
to processing and folding of the rRNA, ribosomal proteins are added in sequence to the 
nascent transcripts. The end result of this process is the production of the 30S and 50S 
subunits, which subsequently associate to form a mature 70S ribosome. In vivo, the whole 
process occurs in just a few minutes. The mechanisms underlying this assembly and 
maturation are not well understood. A series of factors mediating the assembly process 
have been identified, however, their precise functions and temporal placement in the 
production line are not known. The emerging list of assembly protein is diverse, featuring 
RNases, GTPases, helicases, chaperones and modifying enzymes as well as a collection 
of RNA binding proteins.  
 

More than 50 trans-acting factors of diverse function, including RNases, 

chaperones and modification enzymes, have been implicated in biogenesis of the 30S 

subunit in bacteria [21, 71, 92, 94, 96-98]. Though the specific functions of some of these 

factors have been determined, there is a subset of proteins for which a cellular role and 

mechanism have been elusive [21, 99, 100]. This list of enigmatic factors includes the 

putative maturation factors RimM, RimP and RbfA, as well as the highly conserved 

GTPases, Era and YjeQ (RsgA) (Table 1). 
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1.1.1 Modifying Proteins 
	  

Ribosomal RNA undergoes extensive post-transcriptional modification. This 

includes both methylation as well as pseudo-uridinlyation. In E. coli this amounts to 24 

methylated nucleosides (ten on 16S rRNA, 14 on 23 rRNA), as well as 10 pseudo-

uridines (one on 16S RNA, nine on 23S rRNA) (Reviewed in [21, 101, 102]. In general, 

these modifications are thought to provide structural support to flexible ribosomal regions 

so as to maintain the optimal conformation for ribosome function [103].  Many of these 

modifications are located in functionally important regions; however, the enzymes 

responsible for them are largely dispensable.  Notable exceptions include rluD, ksgA, 

rrmJ and rlmA, all of which have severe deletion phenotypes [98, 102]. Interestingly, the 

latter is essential for growth despite the fact that the modification it catalyzes is not, 

suggesting that is plays an additional role critical to viability [103]. Eleven ribosomal 

proteins can undergo modification via the addition of acetyl, methyl, methylthiol and 

glutamyl groups [104-106]. The function of most of these additions is not immediately 

obvious. Of the seven known enzymes responsible for r-protein modification only two, 

RimJ and PrmB, have discernible dispensability phenotypes [106, 107]. The factors 

responsible for the four remaining r-protein modifications have yet to be identified. 

 

1.1.2 Helicases 
	  

Not surprisingly, several helicases have been found to play an important role in 

ribosome biogenesis.  These factors facilitate proper folding through their ability to 

unwind rRNA (Reviewed in [21]). As the ribosome is built, nascent rRNA can adopt 
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unfavorable conformations that prevent further assembly. Helicases are thought to reverse 

this mis-folding in an effort to guide RNA to its correct state [94, 108]. The majority of 

helicases suspected to be involved in assembly belong to the DEAD-box family of 

ATPases, which use the hydrolysis of ATP to drive the unwinding of RNA. Two 

helicases of import to biogenesis, SrmB and CsdA, appear to play crucial roles in 50S 

subunit assembly [109, 110]. The absence of the former leads to an accumulation of a 50S 

precursor species that lacks ribosomal protein L13. Strains lacking SrmB also accumulate 

17S rRNA, suggesting that the absence of this factor also impedes 30S subunit maturation 

[109]. Deletion of the gene encoding CsdA also gives rise to immature 50S subunits that 

lack late-stage r-proteins [110]. Both factors have been found to interact with their 

respective immature subunits, suggesting that they play a role in advancing these species 

to the mature form [110, 111]. 

 

1.1.3 Chaperones 
	  

Chaperones also appear to play an important role in ribosome assembly, 

particularly when temperatures deviate from the ideal. The DnaK/DnaJ/GrpE suite of 

chaperones has been found to govern protein folding and appears to aid in ribosome 

biogenesis [21, 96, 97]. At low temperatures, the deletion of either dnaK or dnaJ gives 

rise to a slow growth defect [112]. In addition, exposure to heat stress when these factors 

are absent results in the accumulation of both 30S precursors and 50S precursors. The 

temperature-sensitive nature of these defects points to a role for these proteins in 

overcoming energy barriers at restrictive temperatures [21]. This is reminiscent of the 
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temperatures-shifts required for in vitro reconstitution of ribosomal subunits. A second 

chaperone, GroEL/GroES, is also suspected of participating in assembly. This complex 

has been shown to facilitate the maturation of 50S precursors [113]. In addition, 

overexpression of GroEL/GroES suppresses the heat-sensitive ribosomal defect of 

dnaK/dnaJ-null strain [113]. This mitigating interaction suggests a level of functional 

overlap, further implicating both of these chaperones in ribosomal assembly.  

 

1.1.4 Enigmatic Proteins: Maturation Factors and GTPases 
	  

For many modifying factors, such as the RNases and methylases, a general 

function is well established. The modifying activity of these proteins has provided 

convenient means by which to examine their interaction with, and specific influence on, 

the ribosome. There has been a great deal of success in mapping the residues and regions 

that these factors target. The challenge has been to clarify the role that these 

modifications play, if any, in ribosome biogenesis. The same cannot be said for the 

collection of so-called ‘enigmatic factors’ for which function remains elusive [95, 99, 

100]. These proteins have been challenging to study, as they do not exert an obvious 

effect on ribosomes.  

This list of enigmatic factors includes a number of multi-domain GTPases (30S: 

YjeQ, Era and 50S: ObgE, EngA, YihA) as well as a number of proteins that comprise 

only a single RNA binding domain (Reviewed in [21, 68, 71]). The latter include 30S 

maturation factors RimM, RbfA and RimP as well as 50S-binding proteins YhbY and 

YihI. While the specific function of these factors is not clear, there is a growing body of 
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evidence drawing on biochemical, genetic and structural studies that implicate each of 

these proteins in subunit maturation. Here, I briefly review the lines of evidence 

supporting a subset of factors believed to be involved in 30S biogenesis (RimM, RbfA, 

and Era). I then provide a comprehensive overview of YjeQ, the putative 30S assembly 

factor that was the primary focus of our work.  

RimM  

RimM is a non-essential protein, yet its deletion results in one of the most severe 

slow-growth phenotypes seen with any biogenesis factor [114, 115]. The absence of this 

protein leads to an accumulation of 17S rRNA and free subunits in cells [116]. RimM has 

been shown to bind the 30S subunit and is thought to interact with the 3’ helices h31 and 

h33b of 16S rRNA as well as r-proteins S13 and S19 [114]. Recent work monitoring 

factor-mediated r-protein binding rates suggests that this factor accelerates the addition of 

S9, S19, S10 and S3 to 16S rRNA [70]. All four of these proteins are situated in the 3’ 

domain and are proximal to the 3’ 17S rRNA leader sequences [23]. In vivo footprinting 

work further suggests that this factor chaperones formation of the 3’ end of 16S rRNA by 

mediating proper folding of helices 31 and 43 [117]. Collectively, this all points to a role 

in subunit assembly that is ultimately necessary for efficient processing of precursor 

rRNA, specifically at the 3’ terminus.  

RbfA 

Like RimM, Ribosome Biding Factor A (RbfA) is a small single-domain protein 

with RNA binding motifs [118, 119]. This protein was first flagged as a 30S assembly 

factor because its overexpression suppresses a cold-sensitive C23U mutation in the 5’ end 
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of 16S rRNA [118, 119]. Interestingly, overexpression of RbfA partially suppresses the 

slow-growth defects in a rimM-null strain, reinforcing their mutual involvement in 30S 

assembly [116]. This factor has been shown to stably bind the mature 30S subunit [119, 

120]. In addition, recent studies have demonstrated that RbfA is also able to bind 

immature 30S ribosomal species, suggesting it may associate and remain with the 

assembling subunit through multiple stages of maturation [121]. 

 Cryo-EM (cryo-electron microscopy) structural studies of RbfA in complex with 

the mature 30S subunits place its binding site near the 5’ terminus of 16S rRNA of the 

small subunit, overlapping regions of the A and P sites that accommodate tRNA [120]. 

Association with this region appears to alter the 3’ minor domain by displacing helices 44 

and 45, which are adjacent to the leader sequences of precursor 17S rRNA. As such, 

RbfA is suspected to influence the maturation of the 3’ domain and consequently, 

facilitate the processing of immature rRNA. Deletion of rbfA leads to an accumulation of 

17S rRNA, free 30S and 50S subunits as well as a slow-growth phenotype [119, 122]. A 

subpopulation of 30S subunits in this strain is immature and features defects reminiscent 

of the immature subunits found in a rimM-null [117]. This includes missing tertiary r-

proteins (S2, S3 and S21) as well as non-native conformations in the 3’ major domain and 

helix 44 [117]. However, subtle differences between the immature ribosomal species 

from these two strains provide insight into their respective functions. In vivo 

characterization of the ribosomal intermediates suggests RbfA may play a role at 

multiples stages of assembly, promoting proper folding of the 5’ domain early in the 

pathway and then chaperoning the formation of the central pseudoknot downstream [117].  
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Era 

The broadly conserved GTPase Era (E. coli Ras-like protein) is one of only four 

known essential trans-acting ribosome biogenesis factors in E. coli (Reviewed in [21, 51, 

68, 99, 100]. Depletion of this protein gives rise to assembly defects similar to rimM and 

rbfA deletions: accumulation of 17S rRNA and an increase in free subunits accompanied 

by a decrease in 70S ribosomes [123]. In vitro binding studies suggest that Era binds both 

30S subunits as well as naked 16S rRNA, implicating it in small subunit function [124]. 

A cryo-EM structure of Era in complex with a mature 30S subunit substantiated this 

interaction and mapped its binding to the 3’ terminus of 16S rRNA [124]. Interestingly, in 

vitro studies examining the influence of this factor on r-protein binding suggest Era 

expedites the addition of both 5’ domain binders (S5 and S12) as well r-proteins that 

occupy the central (S11) and 3’ domain (S19) [70]. Thus, this protein appears to influence 

the maturation of multiple domains at temporally divergent stages of assembly. As such, 

it has been suggested that Era may serve a high-level role in subunit assembly, possibly 

facilitating a maturation event with broad impact. Genetic interaction has been observed 

amongst Era and other putative assembly factors including RbfA and YjeQ [125, 126].  

Common Phenotypes, Common Challenges 

Dispensability studies have highlighted the importance of several biogenesis 

factors to cellular fitness and revealed a collection of common phenotypes indicative of 

involvement in subunit assembly and maturation (Table 1.1). For example, mutations in 

each of the aforementioned factors affect the processing of premature 17S rRNA [92-94, 

96], a hallmark of perturbation in subunit maturation. Other dispensability phenotypes 
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shared by these factors include altered ribosome profile and sensitivity to cold 

temperatures. These phenotypes represent the primary indicators of factors involved in 

30S biogenesis and, in addition to suggesting functional overlap, have been useful in 

assigning general putative roles [92]. Despite their utility, however, these phenotypes do 

not describe specific function.  

 

 

 

 

 

 

 

 

Table 1.1: Enigmatic factors with putative roles in 30S subunit biogenesis [70, 116, 
119, 121-133]. Discussed in detail in the main text. 
 

It is no small wonder then that modern efforts to delineate the assembly process 

have turned to structural studies enabling molecular resolution of factor-ribosome 

interaction. Advances in cryo-EM techniques and the development of rapid footprinting 

methods have provided means by which to analyze the assembling ribosome in 

resolutions not previously possible. These techniques will no doubt be key to further 

exploration of the assembly process; however, the technically demanding nature of these 

methods currently limits their use, especially in the context of high-throughput studies.  
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1.1.5 Escherichia Coli YjeQ  
	  

At the outset of this PhD thesis, the study of the YjeQ protein was still in its 

infancy. The impetus for the pursuit of this factor was initially grounded in a search for 

novel antibiotic targets amongst enigmatic and poorly-characterized GTPases of unknown 

function [99]. Our focus quickly shifted to the field of ribosome assembly as evidence 

amassed implicating this particular factor in ribosomal activities. Our group thus 

endeavored to further characterize YjeQ in an effort to adjudicate its potential as a 

therapeutic target and, more broadly, to contribute to the understanding of bacterial 

ribosome assembly. The following section details knowledge of YjeQ function and 

presents its gradual characterization as a backdrop for the studies that followed as part of 

this research project. 

Structural Features 

The 39 kDa Escherichia coli protein YjeQ represents a subfamily of orthologous 

P-loop GTPases broadly conserved in bacteria but absent in eukaryotes [134, 135]. These 

GTPases are comprised of 3 domains: an N-terminal oligonucleotide/oligosaccharide-

binding fold (OB-fold) domain, a unique circularly permuted GTPase motif, and a C-

terminal zinc-binding domain (Zn) [135, 136].  The OB-fold found in this family is 

present in many RNA-binding proteins, including translation factors and proteins 

involved in mRNA metabolism [136]. These observations were the provenance of the 

hypothesis that YjeQ plays a role in ribosome function. Campaigns to elucidate the 

function of this protein have provided further evidence supporting this notion and have 
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implicated YjeQ in ribosome biogenesis, specifically in 30S subunit assembly and 

maturation (discussed below). 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.5: The structure of YjeQ. The figure depicts X-Ray crystal structure of YjeQ 
from Thermatoga maritima refined to a resolution of 2.8 Å. The protein is shown in 
complex with a single molecule of GDP (red). The N-terminal OB-fold (dark red), the 
GTPase Domain (green) and the Zinc Finger (blue) of YjeQ have been highlighted. The 
figure was constructed with MacPymol version 1.7.4.3 using the atomic coordinates from 
the structure solved by Shin, et al. [137]. PDB ID 1U0L. 
 

Kinetic Properties 

As a GTPase, YjeQ catalyzes the hydrolysis of GTP to GDP and inorganic 

phosphate. Detailed pre-steady state kinetic studies have revealed that catalysis is rapid, 

occurring at a rate of 100 molecules hydrolyzed per second (100 S-1) [127]. Despite this 

rapid catalytic activity, YjeQ has a low steady state turnover of 8 h-1. The deviation 
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between enzymatic potential and turnover is consistent with a slow, rate-limiting release 

of products [127].  Two active site residues in the GTPase domain, namely the lysine and 

serine at position 220 and 221, have been shown to be critical to the proteins catalytic 

activity. A double mutant harbouring substitutions at both of these residues (K220A, 

S221A) was found to drastically reduce the proteins Vmax (~5% of wild-type) [127]. In 

contrast, a large truncation of the N-terminal OB-fold (removal of the first 113 residues) 

had little bearing on intrinsic GTPase activity, suggesting that this domain serves a 

functional role distinct from intrinsic GTP hydrolysis [127, 138]. 

Interaction with the 30S subunit 

Association of YjeQ with the ribosome, particularly with the 30S subunit and 70S 

ribosome, has been shown to significantly stimulate the intrinsic GTPase activity of this 

protein (160 fold and 100 fold, respectively) [132, 138]. Both rRNA and protein 

components of the 30S ribosomal subunit are required for this stimulation and studies 

have suggested that YjeQ preferentially interacts and with fully mature 16S-containing 

ribosomes [132, 138].  In the presence of a non-hydrolyzable GTP analogue, GMP-PNP, 

YjeQ tightly binds 30S ribosomal subunits derived from wild-type cells [130, 138]. 

Multiple studies have illustrated that antibiotics targeting the A-site of the 30S 

subunit, such as members of the aminoglycoside class, inhibit the ribosome-stimulated 

GTPase activity of YjeQ [132, 139]. However, there have been conflicting observations 

regarding formation of the YjeQ-30S complex in the presence of these molecules.  

Himeno, et al. reported that aminoglycosides inhibit the association of YjeQ with the 30S 

subunit; it has been suggested that these antibiotics directly block interaction, thereby 
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preventing stimulation of GTP catalysis [132]. This implies that YjeQ and 

aminoglycosides bind similar locales in the vicinity of the A-site. In contrast, Campbell, 

et al. reported that while A-site antibiotics do inhibit stimulation of GTPase activity, they 

not prevent the formation of the YjeQ-30S complex [139]. An alternative hypothesis has 

been put forward suggesting that YjeQ binds at a region distal to the A-site, and that the 

observed inhibition of stimulation was of an allosteric nature. These conflicting theories 

highlight the necessity for further study to accurately determine the binding site of YjeQ 

and uncover its interaction with the 30S subunit. 

Dispensability 

Though dispensable, YjeQ is critically important to overall cellular fitness in 

Escherichia coli, Bacillus subtilis and Staphylococcus aureus [128, 132, 139]. Infection 

models in mice have demonstrated that this factor is required for full virulence of 

Staphylococcus aureus, which further emphasizes the importance of the gene product in 

cell viability [128]. Deletion studies have also revealed a collection of phenotypic defects 

implicating YjeQ in ribosome function, specifically in 30S subunit assembly and 

maturation. These include an altered ribosome profile featuring an accumulation of free 

30S and 50S subunits (Supplementary Figure 1.1), as well as an increase in levels of 

unprocessed 17S rRNA. Both phenotypes are indicative of subunit immaturity [126, 139]. 

While these phenotypes are a hallmark for aberrant ribosome assembly, they can arise 

indirectly due to perturbation in a number of cellular processes. Further clarification of 

this factor’s putative role in ribosome assembly requires an exploration of its linkage to 

the assembly process. This includes detailed characterization of the immature subunits 
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that arise from the deletion of the yjeQ gene as well as the proteins direct influence on 

these phenotypic defects. 

Genetic interaction 

A previous study of epistasis amongst ribosome-related factors revealed multiple 

proteins with genetic connection to YjeQ [126].  This work examined the influence of 

additional gene deletions on the growth rate and ribosomal profile of a yjeQ-null strain 

and uncovered interactions with multiple ribosome-associated factors including proteins 

involved in translation (ssrA, tgt, trmU, trmE) and ribosome assembly (ksgA, rim, rluD). 

In addition, the overexpression of several essential ribosome-related proteins was found 

to suppress the deleterious effects that arise when YjeQ is absent [126].  Both the 

essential translational component IF2 (initiation factor 2, infB) and the putative assembly 

factor Era (E. Coli Ras-like GTPase A, era) were found to partially ameliorate the slow-

grow defect and aberrant ribosome profile in a yjeQ-null when overexpressed [126]. All 

of these interactions point to a role in ribosome function and provide opportunity for 

detailed study of their functional relationships. 
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Figure 1.6: Genetic interaction with the ΔyjeQ deletion. The figure depicts the 
interaction map developed by Campbell, et al. Multicopy supressors of the ΔyjeQ deletion 
strain are featured on the left hand side. Gene deletions that enhance the growth and 
ribosomal defects of the ΔyjeQ strain are on the right. The functional categories 
represented include genes involved in translation, biogenesis and metabolism as well as a 
gene of unknown function [126]. 
 
 

1.5 PROJECT OBJECTIVES 
	  

A major focus of our research has been characterizing the function of YjeQ in 

ribosome assembly. However, the motivation underpinning this study has always been 

centered on exploring its potential as a therapeutic target.  This required a deeper 

understanding of this factor’s specific function within the broad context of bacterial 

survival. The developing image we have of its role in bacterial physiology depicts a 
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bacteria-specific protein that, though dispensable, is important for ribosome assembly and 

ultimately, cellular proliferation. As such, it is representative of a number of assembly 

factors and provides a platform by which we can assess the therapeutic potential of these 

would-be targets.  

The work herein sought to further clarify the assembly process. This took the form 

of both a detailed investigation of YjeQ function through biochemical and structural 

means, as well as a study of the broader relationship between biogenesis defects and cell 

proliferation. Given the limits of phenotypes available to the field, we also endeavored to 

develop new tools with which to characterize perturbations in biogenesis. Ultimately, 

these efforts augmented our repertoire of assembly assays, which in turn were applied to 

further scrutinize our understanding of the role YjeQ plays in ribosome production. 

Chapters 2 through 4 of this thesis document these efforts as follows: 

1.6  THESIS ORGANIZATION 
	  
Chapter 2:  Understanding the role of YjeQ in 30S Subunit Maturation  

• Exploring the composition of immature 30S subunits in a yjeQ-null 
• Determining the cellular fate of immature 30S subunits 
• Examining factor-mediated repair 
• Determining the 30S binding site of YjeQ  
	  

Chapter 3. New Tools for Studying Biogenesis 

• Development of new assays capable of uniquely identifying perturbations 
in biogenesis  

• Study of the relationship between cell growth and ribosome biogenesis 
	  
Chapter 4. Exploring Genetic Interactions 
 

• A detailed exploration of genetic interactions previously identified by 
Campbell et al. [126]. 
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CHAPTER 2. The Role of YjeQ in 30S Subunit Maturation 
	  

2.1  AUTHOR’S PREFACE 
	  
 This chapter contains experiments conducted as a part of two published 

manuscripts as well a third manuscript in preparation at the time of writing. The 

contributions and full citations for each are outlined below. 

Section 2.3.1 Characterizing the Immature Subunits in the ΔyjeQ Deletion Strain 

This section highlights work that contributed to the manuscript featured in 

reference [140]. All cryo-EM structural work was performed by Dr. Jomaa, Dr. Ortega 

and Dr. Martin-Benito. Proteomics were conducted by Dr. Zielke and Dr. Maddock. All 

RNA work and sample preperation for structural/proteins studies was completed by 

myself as a graduate student in the lab of Dr. Eric Brown. Dr. Ortega, Dr. Brown, Dr. 

Jomaa and I  were all involved in analysis, interpreation and mansucript production. The 

full citation is as follows: 

Jomaa, A., Stewart, GFS., Martin-Benito, J., Zielke, R., Campbell, T., 
Maddock, JR., Brown, ED., Ortega, J. (2011) Understanding Ribosome 
Assembly: the Structure of in vivo Assembled Immature 30S Subunits 
Revealed by Cryo-electron Microscopy, RNA. 17, 697-709. 
 

Section 2.3.2 The Fate of the Immature Subunit 

All work was designed and performed by myself in consultation with Dr. Eric 

Brown. The arabinose-inducible mutant (ΔyjeQ-ara) was created by Tracey Campbell in 

consultation with Dr. Brown. These studies were in preparation for publication at the time 

of thesis submission. 
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Section 2.3.1 Co-structure of YjeQ in Complex with Mature 30S Subunits 

Work in this section was featured in the manuscript in reference [130]. All cryo-

EM structural studies were performed by Dr. Jomaa, Dr. Mears and Dr. Ortega. Protein 

and occupancy work was performed by myself in consultation with Dr. Eric Brown and 

Dr. Ortega. Mass spectrometry for protein identification was performed by Inga Kireeva. 

The full citation is as follows: 

Jomaa, A., Stewart, G., Mears, JA., Kireeva, I., Brown, ED., Ortega, J. 
(2011) Cryo-electron microscopy structure of the 30S subunit in complex 
with the YjeQ biogensis factor, RNA. 17, 2026-2038. 
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2.2  INTRODUCTION 
	  
 One of the central focuses of this PhD thesis was an exploration of the role played 

by the putative ribosome assembly factor YjeQ. At the outset of our research there was a 

growing body of data implicating YjeQ in ribosome function, however, conclusive 

evidence of this protein’s influence on the ribosome was elusive and its functional niche 

was only vaguely defined.  Multiple studies have demonstrated that the absence of YjeQ 

leads to abnormal ribosome profiles that accumulate free 30S and 50S subunits 

(Supplementary Figure 1.1) [126, 139]. While this is a hallmark for perturbation in 

ribosome assembly, there is little detail as to how the absence of YjeQ gives rise to this 

phenotype. Naturally, further delineation of the role this enigmatic factor plays in 

assembly called for an examination of its influence on and interaction with its putative 

substrate, the 30S ribosome. 

Until recently, most studies examining biogenesis relied heavily on biochemical 

and genetic assays to interrogate function. However, in the wake of the first 3D models of 

the ribosome there was new opportunity to explore the assembly process using structural 

methods. This provided a new avenue by which to examine in detail the relationship 

between ribosomal structure and the action of ancillary assembly factors. 

 Our research involved participation in a multi-lab collaboration to characterize 

30S ribosomal subunits in a strain lacking the YjeQ protein. This involved an in-depth 

analysis of the RNA and protein constituents that make up the small ribosomal subunit as 

well as an examination of subunit structure. Comparison of 30S ribosomes derived from 

the wild-type and ΔyjeQ strains revealed several variations in structure and composition 
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that suggest the mutant strain harbors a late-stage immature 30S subunit species [140]. 

The structure, detailed below, represents one of the first published 3D reconstructions of 

an immature ribosomal species and highlights a number of conformational aberrations in 

the mutant. Further biochemical study by our group has indicated that the ΔyjeQ 

precursor subunit is relatively long-lived but nonetheless competent for maturation. Thus, 

the species we have characterized is suspected to be an example of a bona fide assembly 

intermediate. In addition, we have illustrated that maturation of the precursor species is 

accelerated in the presence of YjeQ and that this influence occurs downstream of 

precursor formation.  

One of the strongest lines of evidence implicating YjeQ in ribosome function is its 

interaction with the 30S subunit. There has been tremendous work documenting the 

stringency of this interaction as well as its bearing on the enzyme kinetics of YjeQ-

catalyzed GTP hydrolysis. However, as discussed in Chapter 1, a concrete binding site 

has been elusive. We have developed a 3D co-structure of YjeQ in complex with the 30S 

subunit to clarify this interaction. 

2.3  RESULTS 
	  
2.3.1  Characterizing Immature Subunits in a ΔyjeQ Deletion Strain  
	  
Precursor RNA in the yjeQ-null 

Total RNA was extracted and purified from both wild-type and ΔyjeQ strains and 

resolved by gel electrophoresis (Figure 2.1 B). Visualization of the RNA species revealed 

a decrease in the relative level of fully processed 16S rRNA in the ΔyjeQ strain in 

comparison to the wild-type. In addition, two other species of rRNA were found to be 
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abundant when YjeQ is absent: a slower migrating 16S precursor and a faster migrating 

species suspected to be a truncation product. We investigated the identity of these species 

via northern blot analysis, using radiolabeled oligonucleotides complimentary to the 5’ 

and 3’ terminal regions of 17S rRNA (Figure 2.1 C). Both probes were found to bind to 

the precursor sequence found in the yjeQ-null, indicating that the slower migrating 

species was in fact fully unprocessed 17S rRNA. The faster migrating species did not pair 

with either terminal probe; however, it did bind a control oligonucleotide complimentary 

to an internal sequence of 16S rRNA. As such, it is suspected that this rRNA species is 

likely a breakdown product originating from either the 17S precursor or mature 16S 

rRNA. Work by Hase et al. suggests that this rRNA species is a 3’ truncation of mature 

16S rRNA [141]. The mechanism by which this species emerges remains unclear, as does 

the functionality of the corresponding 30S subunits. Elevated levels of 17S rRNA are 

indicative of defects in subunit maturation and corroborate the altered ribosome profile 

previously observed for the ΔyjeQ deletion strain. As such, these findings lend credence 

to the hypothesis that YjeQ plays a role in 30S subunit assembly. 
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Figure 2.1: Deletion of yjeQ leads to the accumulation of precursor rRNA.  A) 
Schematic outlining 17S rRNA maturation, cleavage sites and the intermediates resulting 
from successive ribonuclease cleavage. The target location for the radiolabeled probes is 
indicated. B) Electrophoretic analysis of rRNA derived from the wild-type and yjeQ-null 
strain cell extracts. The wild-type gel pattern exhibited only two bands with migration 
corresponding to mature 16S and 23S rRNA. Two additional bands were observed in the 
ΔyjeQ deletion strain corresponding to a precursor form of 16S rRNA (17S label) and a 
previously identified species suspected to be a degradation product (asterisk, *). C) The 
identity of the precursor 16S rRNA found in the yjeQ-null strain was confirmed by 
northern blot analysis using radiolabeled DNA sequence specific probes directed at the 
5’ and 3’ terminal sequences of 17S rRNA. Hybridization of these probes with the rRNA 
precursor derived from the yjeQ deletion cell extract indicated that the species was 
indeed full 17S rRNA. Mobility of the 16S rRNA and 17S rRNA is indicated. Figure 
modified from Jomaa et al. [140]. 
 

Protein complement of the immature subunit 

The protein composition of immature 17S-containing ribosomes was examined 

using iTRAQ (isobaric tag for relative and absolute quantification) mass spectrometry 

[142]. This technique provides for the identification and relative quantification of subunit 

proteins, enabling the detection of variation in the protein complements of subunits 
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derived from wild-type and ΔyjeQ cells. As the majority of mature 16S rRNA is 

harboured within the functional 70S ribosomes, it was suspected that the 30S peak of the 

ΔyjeQ deletion would be primarily comprised of immature 17S-containing subunits.  As 

such, ribosomes from both strains were purified under non-dissociating conditions (10 

mM magnesium acetate) and the 30S peak was collected for proteomic analysis. A double 

duplex isobaric labeling experiment was performed to characterize the proteins in the 

purified 30S subunits. We successfully identified 1207 peptides that represented 41 

distinct proteins. Each species was identified by a minimum of two peptides with 95% 

confidence. All 21 small subunit proteins were successfully identified along with 11 50S 

subunit proteins and nine additional non-ribosomal proteins. The presence of the latter 

suggests a small level of contamination, with the 50S r-proteins arising due to incomplete 

resolution of subunits in the ribosome profile. Nevertheless, we were able to perform 

comparative analysis of the relative quantities of each protein species in 30S subunits 

derived from the wild-type (predominantly mature, 16S) and the ΔyjeQ deletion strain 

(predominantly immature, 17S). These quantities, expressed as a ratio ΔyjeQ:WT, can be 

found in Figure 2.2. Though the protein content of both 30S subunit samples was found to 

be similar, our analysis did reveal a subset of r-proteins that were significantly 

underrepresented in the ΔyjeQ 30S sample, including S21, S1 and S2. All three of these r-

proteins are known to bind the 30S subunit in the late stages of assembly, suggesting that 

the immature species from the yjeQ-null may represent a 30S subunit in the terminal 

stages of maturation. Several other r-proteins were marginally underrepresented in the 
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immature ΔyjeQ-derived 30S subunit. These included tertiary late-stage binders S3 and 

S5, secondary binders S13 and S16, as well as primary r-proteins S7, S8 and S11.   

 

 

 

 

 
 

 

 

 

Figure 2.2: iTRAQ analysis of r-protein content in 30S subunits derived from the 
ΔyjeQ deletion strain. The graph illustrates the level of 30S r-protein content in the 
ΔyjeQ deletion strain relative to 30S r-protein content in the wild-type. Relative levels for 
each protein are expressed as a ratio of ΔyjeQ:WT. Ratios were derived from the average 
of two replicate experiments. Only peptides that were capable of indicating a protein with 
≥95% confidence were used to determine these ratios. Error bars represent the standard 
error of the mean for each protein ratio. The late stage r-proteins S21, S2 and S1 are 
significantly underrepresented in ΔyjeQ 30S subunit. Figure modified from Jomaa et al. 
[140]. 
 

Structure of the immature 30S subunit 

We obtained three-dimensional reconstructions of 30S subunits purified from the 

wild-type and ΔyjeQ strains using cryo-electron microscopy (cryo-EM) (Figure 2.3). 

Purification of these subunits was achieved via sucrose gradient ultracentrifugation and 

fractionation. As the immature species co-migrates with free 30S subunits during 

centrifugation, purification of a heterogeneous sample was unavoidable. As such, a 
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supervised classification method was employed to eliminate projections of mature 30S 

subunits in the ΔyjeQ-derived samples [143, 144]. The remaining projections were used 

to develop the structure of the immature subunit, which was refined to a resolution of 

11.6 angstroms. A homogenous preparation of 30S mature subunits derived from the 

wild-type strain was used for comparative purposes. The resulting structures both feature 

all major landmarks of the 30S subunit, suggesting that the species derived from the 

ΔyjeQ strain was largely mature. However, comparative analysis did reveal a series of 

distinct differences (Figure 2.3).  

 

 

 

 

 

 

 

 

Figure 2.3: The structure of the immature 30S subunit derived from ΔyjeQ cells. The 
cryo-EM maps of the both wild-type and ΔyjeQ subunits are shown. These two species 
represent immature and mature subunits respectively. Both 30S subunits are oriented to 
provide a view of the ribosomal interface. The framed area in the immature species 
highlights the region around helix 44 and the decoding center. These features are 
distorted in the EM map of the immature 30S subunit purified from ΔyjeQ cells. The inset 
features a magnification of this region with helix 44 and 45 from the X-ray structure of 
the wild-type 30S subunit fit into the cryo-EM map of the immature subunit to illustrate 
the variation between the two species of subunits. Main landmarks of the 30S subunit are 
indicated. Landmark abbreviations are: h44 (helix 44), h45 (helix 45), B2a (Bridge 2a), 
B3 (Bridge 3) and 3’ (3’ terminus of the 16S rRNA molecule). Figure modified from 
Jomaa et al. [140]. 
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The most profound variation observed was the distortion of the 3’ minor domain, 

specifically helix 44, a central component of the decoding center and an important locale 

for inter-subunit contact. In agreement with the iTRAQ results, decreased density was 

observed in the mutant subunit in the region usually occupied by r-protein S2. 

Collectively, these findings depict an image of a structurally immature 30S 

subunit that accumulates as a result of the deletion of yjeQ. However, this work did not 

clarify whether this immature species constitutes an authentic assembly intermediate on 

the path to maturation or an off-pathway species bound for degradation. Determining 

which of these two fates await the immature species will aid in narrowing the scope of 

future interaction studies. 

2.3.2  The Fate of the Immature Subunit in a ΔyjeQ Deletion Strain 
	  
Persistence of the ribosomal defect  

The defects in ribosome assembly observed in the yjeQ-null strain are suspected to 

be the underlying cause of its slow growth. To more clearly define this relationship, we 

performed a series of experiments to assess these defects with respect to growth and the 

presence of the YjeQ protein. To this end, we examined the distribution of ribosomal 

subunit species over time, using 17S rRNA as proxy for immature 30S subunits. The 

conversion of precursor 17S rRNA to 16S rRNA is thought to be one of the final stages in 

subunit maturation and the formation of a functional 70S ribosome [145]. Indeed, 

previous studies suggest that this event occurs in polysomes, with the processing taking 

place once the small and large subunits are associated [145]. Thus in most cases, the 
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emergence of 16S rRNA can be considered indicative of the formation of fully mature 

functional 70S ribosomes. 

Wild-type and yjeQ-null (MG1655) cultures were grown at 37°C for 10 hours and 

aliquots of cells were harvested at 60 minute intervals over the course of growth. Total 

RNA was subsequently extracted and purified from each sample and resolved by 

electrophoresis. As expected, rRNA isolated from the wild-type strain was primarily 

comprised of mature 23S and 16S rRNA (Figure 2.4, top panel). This remained the case 

throughout exponential and stationary phase. In contrast, rRNA extracted from the ΔyjeQ 

strain contained large quantities of immature precursor 17S rRNA (Figure 2.4, middle 

panel). The level of 17S rRNA remained constant throughout exponential growth. A 

robust decrease in the level of 17S rRNA was observed only as cultures entered and 

continued through the stationary growth phase approximately 10 hours after inoculation. 

Once cells have entered into stationary growth phase the demand for new ribosomes is 

drastically reduced [146]. Thus, the eventual reduction of 17S rRNA in the ΔyjeQ-

deletion strain is suspected to result from a deceleration in growth and a corresponding 

decrease in ribosome production rather than a compensatory mechanism. 

A conditional ΔyjeQ deletion strain (ΔyjeQ-ara) was used to assess the capacity of 

YjeQ to repair assembly defects and rescue cell growth. This strain lacks a copy of yjeQ 

at its native locus but features an ectopic copy of the gene placed under the control of the 

araBAD promoter (yjeQ::kan; araBAD::yjeQ-amp). Reintroduction of the protein into 

depleted cells by induction (2 %, after 4 hours of growth) resulted in a rapid and robust 

decrease in 17S rRNA levels (Figure 2.4, bottom panel). Within one hour of 
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complementation, the rRNA profile of the conditional deletion cells resembled that of 

wild-type cells. This observation does not directly implicate YjeQ in the processing of 

17S rRNA, however, it does indicate that the defect in processing is rapidly reversible 

when YjeQ is present.  

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Profiling of ΔyjeQ cellular rRNA with respect to growth at 37°C. A) The 
figure shows growth curves (OD600) and rRNA profiling for wild-type MG1655 (top 
panel), ΔyjeQ (middle panel), and a ΔyjeQ mutant strain complemented with expression 
from the araBad locus (bottom panel). Cultures were grown for 10 hours at 37°C. 
Growth (OD600) and rRNA profile was monitored each hour until the strains reached 
stationary phase. In the wild-type, 16S rRNA is predominant over the course of growth. In 
the yjeQ-deletion there is an increased abundance of precursor rRNA. The relative levels 
of 16S and 17S rRNA remained constant until late exponential/early stationary growth 
phase when a decrease in 17S rRNA was observed (lane 6). Expression of YjeQ was 
induced after 4 hours of growth (*). Prior to induction, the RNA profile and growth curve 
resembled that of the yjeQ-null. At 5 hours the RNA profile is nearly wild-type and the 
growth rate increases substantially. 
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Monitoring the immature subunit via pulse-chase 

While our structural and compositional analysis shed light on the characteristics of 

the immature 30S subunit, it did not provide insight as to the eventual fate of this 

ribosomal species in cells. We hypothesized two possibilities: these subunits represented 

either a dead-end by-product of defective assembly bound for degradation and recycling, 

or, they were in fact an assembly intermediate, en route to maturation and incorporation 

into functional 70S ribosomes. 

Pulse-chase labeling techniques using 14C-uridine, in combination with gel 

electrophoresis, were employed to monitor the maturation of rRNA in ΔyjeQ cells. This 

enabled us to track the progress of a discreet population of ribosomes over time with 

16S/17S rRNA species serving as proxies for mature/immature subunits respectively. An 

off-pathway or dead-end species would not be expected to undergo further maturation. In 

this scenario, 17S rRNA should remain in cells for a significant period of time, only 

disappearing once subunits undergo degradation and recycling. In contrast, a true 

assembly intermediate competent for maturation will eventually yield mature 30S 

subunits, and ultimately, functional ribosomes. This maturation can be identified by the 

stoichiometric conversion of 17S rRNA to 16S rRNA over time. These hypothetical 

outcomes are depicted in Figure 2.5 
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Figure 2.5: Possible outcomes of the pulse-chase maturation experiment for the ΔyjeQ 
strain.  The green bands depict labeled 17S and 16S rRNA levels in cells over time. In the 
top scenario, the immature species undergoes further maturation resulting in a decrease 
in 17S rRNA and a concomitant increase in 16S rRNA. In the bottom scenario, the 
immature rRNA is part of a dead-end product and will instead eventually disappear due 
to degradation. 
 
 Wild-type and ΔyjeQ-ara cultures were grown to early exponential growth phase 

in a rich media (Rich Defined Media supplemented with glucose, Teknova). Cells were 

then exposed to a brief ‘pulse’ (5 minutes) of 14C-uridine in order to label rRNA. 

Following this incubation, cultures were treated with an excess of unlabeled uridine to 

quench the initial radiolabel. Cells were then incubated for at least one doubling of optical 

density (OD600). Aliquots (0.5 ml) were harvested at regular intervals (WT=1 minutes, 

KO=10 minutes) by centrifugation and fast-frozen in a dry ice-ethanol bath. Total RNA 

was then isolated, purified and resolved by electrophoresis. The rRNA was subsequently 

transferred to a nitrocellulose membrane and the radiolabeled RNA was imaged using a 

multimode reader in combination with a phosphor screen.    

Imaging of radiolabeled rRNA from the wild-type illustrated the rapid 

disappearance of a band corresponding to 17S rRNA and the concomitant emergence of a 

second band representing mature 16S rRNA (Figure 2.6 A). These results confirm that the 
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conversion of the immature species to the mature form occurs quickly in wild-type cells; 

nearly all of the labeled 17S rRNA was mature within approximately six minutes of the 

initial pulse.  This time-course for maturation is significantly less than the doubling-time 

for wild-type cells grown in these conditions (~ 22 minutes). In contrast, radiolabeled 

precursor rRNA derived from the ΔyjeQ strain remained unprocessed for substantially 

longer (Figure 2.6 B). Significant quantities of 17S rRNA persisted even after 60 minutes 

of growth (approximately 1.5 doublings). There was however a clear stoichiometric 

emergence of 16S rRNA as 17S levels waned over the full 90-minute course. This 

suggests that the majority of precursor subunits did proceed to a mature form.  

 

 

 

 

 

 

 

 

 

Figure 2.6: Pulse-chase reveals processing of 17S rRNA in the ΔyjeQ deletion strain. 
Cells were grown at 37°C with shaking and were pulsed with 0.1 µCi/ml of 14C-labeled 
uridine for 5 minutes. The culture was subsequently chased with an excess of non-labeled 
uridine (100 µg/ml). Samples were harvested at regular intervals throughout growth  (wt 
= 1 minute, ΔyjeQ =10 minutes) and total RNA was isolated and resolved by 
electrophoresis. Samples were subsequently transferred to a nitrocellulose membrane and 
the label was visualized using phosphor screens in combination with a Typhoon™ 
multimode imager. A) Radiogram of labeled 30S-rRNA from the wild-type strain. The 
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radiolabel reveals a nearly homogenous population of precursor 17S rRNA at the 
beginning of the time course. This species is readily processed as is indicated by the 
appearance of 16S rRNA. After ten minutes of growth (approximately half of a doubling), 
nearly all of the rRNA present is of the mature form. B) Radiogram of labeled 30S-rRNA 
in the ΔyjeQ deletion strain. Initially, only 17S rRNA is detected and this precursor 
persists for substantially longer than in the wild-type (>40 minutes). After 90 minutes of 
growth (approximately two doublings) nearly all 17S precursor rRNA has been converted 
to mature 16S form. C) Radiogram of labeled 30S-rRNA in the ΔyjeQ strain 
complemented with YjeQ under araBAD control. Arabinose was added immediately 
following the chase (0 minutes). Precursor rRNA persists beyond the wild-type duration; 
however, conversion appears to be accelerated by the presence of YjeQ. After 50 minutes, 
nearly all rRNA is of the mature form. D) A plot tracking the percentage of small subunit 
rRNA that is 16S rRNA (16S/(16S+17S)) over time. The levels of rRNA species were 
quantified using ImageQuant version 5.2. The percentage of 16S rRNA in cells increases 
in an approximately linear fashion over a 60-minute time course. Accumulation of the 
mature species is faster in the complemented deletion strain. 
 
 

We next examined whether or not these immature subunits were susceptible to 

factor-mediated maturation. To this end, we made use of the aforementioned strain 

harbouring an arabinose-inducible copy of YjeQ (ΔyjeQ-ara). Once again, a pulse-chase 

approach was employed to follow the progress of a distinct generation of ribosomes over 

time. The method remained the same as that described above except that the expression of 

YjeQ was induced with 1% arabinose following the pulse phase (0 minutes post-chase). 

At the beginning of the time-course the labeled rRNA is exclusively 17S precursor. As 

time progresses there is a decrease in 17S rRNA and a corresponding increase in 16S 

rRNA. Once again, this suggests the conversion of the immature subunit to its mature 

form. However, the reintroduction of YjeQ was found to accelerate this conversion as is 

illustrated in Figure 2.6 C. After 60 minutes, nearly all of the pulsed rRNA is mature 16S.  

As this experiment visualizes a discreet subunit population, the accelerated 

appearance of 16S rRNA is not likely a result of upstream effects. All of the labeled 
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ribosomal subunits were synthesized prior to the induction of YjeQ, and thus, the 

enhanced rate of maturation observed, must in all likelihood, be factor-mediated. This 

does not imply a direct role in rRNA maturation, but rather that YjeQ may act 

downstream of the formation of this immature species, carrying the maturation of the 

subunits forward rather than facilitating the assembly of new functional ribosomes from 

scratch. If the immature subunits were a dead-end or stalled byproduct, then the presence 

of YjeQ would not accelerate their maturation. These observations, however, do not rule 

out the possibility of separate parallel assembly pathways that proceed independently of 

YjeQ. Ultimately, these data suggest that the immature species abundant in a yjeQ-null 

strain represents an assembly intermediate, or at the very least a precursor susceptible to 

further processing. YjeQ is able to accelerate the maturation process significantly and 

likely acts down stream of the precursor formation.  

While the re-introduction of YjeQ to the assembly process accelerates the 

conversion of 17S rRNA to 16S rRNA, maturation still appears to take a considerable 

amount of time. In the wild-type, all rRNA is converted to the mature form in less than 

ten minutes. At two minutes approximately half of the material is 16S rRNA. However, in 

the complemented deletion the same level of processing takes upwards of 30 minutes. It 

is possible that this lag can be accounted for by the time needed to induce sufficient 

amounts of functional YjeQ. The ΔyjeQ cells have a substantial reservoir of immature 

subunits, having been grown with a defective assembly process for a number of 

generations. In a typical wild-type cell, the proportion of ribosomes undergoing assembly 

at any given time ranges from 2-5% [147]. This subpopulation is closer to 50% in the 
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mutant, as is evidenced by the significant proportion of 17S rRNA. Thus, the lag in 

processing time could simply be a consequence of the shear volume of immature subunits 

that must be processed. Higher expression of YjeQ with plasmids was not reliably tunable 

and therefore not an option, as this protein is toxic when present in high quantities. 

2.3.3  Co-structure of YjeQ in Complex with a Mature 30S Subunit 
	  

In an effort to further clarify the function and mechanism of YjeQ, we sought to 

verify its binding site on the 30S subunit. As discussed in Chapter 1, previous studies 

illustrate that the association of YjeQ with the mature 30S ribosome is inhibited by 

aminoglycosides, which bind in the A-site of the small subunit [132, 139]. Whether or not 

this inhibition is the result of overlapping binding locales is not clear. We thus 

endeavored to visualize YjeQ in complex with the mature 30S subunit using cryo-EM so 

as to ascertain details of this interaction.  

Formation of the YjeQ-30S complex 

 Obtaining an accurate and high-resolution co-structure of YjeQ bound to the 30S 

subunit was dependent on achieving maximal occupancy of YjeQ in the complex [130]. 

To this end, occupancy was examined for multiple incubations of YjeQ and 30S in 

various ratios. Briefly, purified recombinant protein was incubated with wild-type 30S 

subunits (1 µM) in ratios of 1:1 and 5:1 at 30°C for one hour. GMP-PNP, a non-

hydrolysable analogue of GTP, was included in this mixture in excess (1 mM). Thus, the 

complex was formed with YjeQ adopting its GTP-bound state. Following incubation, the 

ribosomal subunits were pelleted by ultracentrifugation on a 20% sucrose cushion in 

buffer A (20 mM Tris-HCl at pH 7.5, 10.5 mM magnesium acetate, 100 mM NH4Cl, 0.5 
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mM EDTA, and 3 mM 2-mercaptoethanol). Ribosomal pellets were then resuspended in 

buffer A and both the pellet resuspensions and supernatant were separated by SDS-

PAGE, stained with Coomassie brilliant blue, and examined for the presence of YjeQ 

(Figure 2.7). The occupancy level of YjeQ in the complex was estimated by quantifying 

the amount of YjeQ that co-pelleted with ribosomes. Quantification was performed using 

Imagequant version 5.2 (Molecular Dynamics). Using the previously established 

stoichiometry of 1:1, an occupancy level of 70% was determined when YjeQ was in 

excess 5-fold [130]. 

 

 

 
 
 
 
 
 
 
 
Figure 2.7: Assembly of the 30S-YjeQ complex. Purified YjeQ was incubated with 30S 
subunits in ratios of 1:1 (lanes 6-7, 2.5 pmol) and 5:1 (lanes 8-9, 12.5 pmol) in the 
presence of GMP-PNP. Following incubation, samples were overlaid onto a sucrose 
cushion and pelleted by ultracentrifugation. Pelleted material was resuspended and both 
the supernatant (S) and pellet (P) were resolved by SDS-PAGE and stained with 
Coomassie brilliant blue. The lanes are as follows 1: molecular weight marker, 2-3: YjeQ 
+ GMP- PNP, 4-5: 30S + GMP-PNP, 6-7: YjeQ + GMP-PNP + 30S (1:1), 8-9: YjeQ + 
GMP-PNP + 30S (5:1), 10-13: known quantities of YjeQ (1- 12.5 pmol). The position of 
YjeQ in the gel is indicated. A contaminating protein co-purifying with the 30S subunits is 
indicated with an asterisk (*). This protein was identified as S1 by mass spectrometry. 
The occupancy of the YjeQ-30S complex was assessed by quantifying the amount of YjeQ 
that co-pelleted with ribosomes in each reaction using the lanes with known quantities of 
YjeQ (lanes 10-13). The fraction of YjeQ that pellets in the absence of ribosomes (25%) 
(lane 3) was subtracted from that quantified in the reaction pellet (lanes 7 and 9). Using 
the previously determined binding ratio of 1:1, occupancy for both 1:1 and 5:1 
incubations was found to be approximately 70%. Modified from Jomma et al. [130].  

 * 
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 A large contaminating protein was found to pellet with the 30S subunits (top band, 

~70 kDa of SDS-Page gel). This protein was identified as S1 using mass spectrometry 

(see methods). Previous reports suggest that S1 dissociates from the 30S subunits when 

purified under high-salt conditions [148]. However, SDS-page analysis suggests that our 

purification method was unable to strip the 30S subunits of this r-protein. When bound, 

S1 occupies a region between the head and platform of the 30S subunit [149].  As shown 

below, our cryo-EM map does not feature a density corresponding S1 in this region. As 

such, we expect that sample treatment in preparation for cryo-EM studies ultimately lead 

to the dissociation of this protein from the ribosomal complex. Regardless, the binding 

site of S1 does not overlap with the proposed binding site of YjeQ, and thus, it did not 

interfere with our ability to reliably identify the presence of YjeQ in the complex. 

The Co-Structure of YjeQ with Wild-Type 30S Subunits 

A co-structure of YjeQ in complex with the 30S subunit was obtained using cryo-

EM. The three-dimensional reconstruction, in conjunction with difference mapping, 

reveals an additional density in the upper region of helix 44, which closely maps to the X-

ray structure of YjeQ (Figure 2.8). This region of binding, proximal to the A-site, lends 

credence to hypothesis that aminoglycosides inhibit YjeQ binding in a direct fashion. 

This structure is also in agreement with previous footprinting studies by Kimura et al. that 

suggest YjeQ binds near the A-site [150]. A portion of the density attributable to helix 44 

and 45 was absent from our structure, suggesting that the presence of YjeQ displaces 

these regions. Our difference maps also highlighted additional density in the 

neighborhood of S12, which could correspond to a portion of helices 44 or 45 in their 
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new location (Supplementary Figure 1.2). The primary interaction appears to be mediated 

by the N-terminal OB-fold of YjeQ, which contacts 16S rRNA of the 30S subunit through 

helix 23b and 24a in the platform (Supplementary Figure 1.2). This agrees with previous 

reports indicating that the OB-fold is essential for YjeQ-30S interaction. The zinc-finger 

domain appears to be located near the upper region of helix 44, possibly inducing a 

displacement in this helix when binding. This positions YjeQ in proximity to the 3’ end of 

16S rRNA, suggesting it may play a role in the maturation and folding of this site. 

 Our co-structure was assembled using YjeQ in its GTP-bound state.  The X-ray 

structure used for modeling, however, depicted the GDP-bound form. Nevertheless, the 

X-ray structure fit the additional density in our 3D reconstruction remarkably well, 

suggesting that YjeQ does not undergo a significant conformational change upon GTP 

hydrolysis. This is rather surprising given that the function of many GTPases is defined 

by large changes in conformation that accompany substrate binding and product release. 

The ras-like bacterial GTPase EF-Tu (elongation factor thermo unstable), a protein 

involved in facilitating recruitment of aminoacycl-tRNA to the ribosome during 

elongation, exemplifies this link between substantial rearrangement and activity. Further 

study will be needed to clarify the difference between the GTP and GDP-bound forms of 

YjeQ and how the subtle conformational change contributes to ribosome function. 
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Figure 2.8. Cryo-EM structure of the 30S-YjeQ complex. Cryo-EM map of the 30S-YjeQ 
complex adjacent to a control reconstruction of free wild-type 30S subunits. The head, 
platform, body and helix 44 are indicated. The inter-subunit bridges B2a, B3 and B7A 
that are covered upon YjeQ binding are also highlighted. The additional density 
representing the YjeQ protein has been colored in red. Modified from Jomma et al. [130]. 

 

An alternate Co-structure 

 A second group has developed a 3D structure of the GTP-bound form of YjeQ in 

complex with the 30S subunit [151]. This model places YjeQ in the vicinity of the 

binding-region we identified; however, there are several distinct differences. Once again 

the OB fold is interpreted as playing a critical role in association, but in this alternative 

structure it is found to contact helices 18 and 44 as well as protein S12 (versus helices 

23b and 24a in our model) [151]. In addition, the zinc finger is nearly inverted with 

respect to our placement of it, contacting helices 29-31 of the head (versus helix 44 in our 

structure) [151]. Thus, these co-structures differ markedly, and as a result, bear divergent 

functional and mechanistic interpretations. Resolution of this conundrum will require 

further analysis characterizing specific residues involved in YjeQ-30S association. 

Ultimately, however, both structures provide corroborative evidence supporting YejQ 
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interaction near the A-site of the 30S subunit. Interestingly, both co-structures also 

suggest that the binding of this factor has very little impact on the conformational 

arrangement of the mature small subunit. It is worth considering that the presence of 

YjeQ might influence the conformation of the immature subunit, as it is both less stable 

and functionally immature. The presence of YjeQ may induce structural rearrangements 

in this species that facilitate processing and maturation.  

2.4  DISCUSSION 
	  

The absence of YjeQ leads to an accumulation of immature 30S subunits 

containing unprocessed 17S rRNA and lacking late-binding ribosomal proteins [140]. 

That this subunit species is nearly mature and competent for further processing suggests 

that YjeQ may play a role in the final stages of 30S assembly and/or association with the 

50S subunit. The immature subunit species also features distortion in key functional 

regions, providing insight into the functional abatement and defective subunit association 

affiliated with the absence of this protein.  

Generally, it is thought that processing of the 5’ and 3’ ends of pre-16S rRNA 

precedes formation of the 70S ribosome. Indeed, it has been suggested that this cleavage 

could be one of the final stages in subunit maturation and that failure in this regard could 

serve to prevent premature subunit association [117, 121, 129, 133, 140, 152].  As such, it 

is possible that YjeQ plays a direct or assistive role in this process. However, there have 

been several reports documenting instances of 70S ribosomes containing fully 

unprocessed 17S rRNA [80, 117, 132, 145, 152].  A second model accommodating these 

observations posits that processing occurs within the 70S ribosome or on polysomes. In 
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this scenario, the prevalence of free subunits in the ΔyjeQ strain would not be directly 

attributable to the presence of the leader sequences. Instead, the reduction of 70S 

ribosomes would be a consequence of an additional defect, arising from the absence of 

YjeQ and preventing the stable association of subunits.  

 The precursor sequences in the ΔyjeQ-derived 30S subunit are accompanied by 

abnormal architecture in the decoding center of the 30S subunit [140]. It is probable that 

this defect renders the immature species unable to properly accommodate mRNA and 

participate in the formation of the translation complex. Thus, the distortion of this region 

may be sufficient to prevent subunit association and therefore, be the underlying cause of 

the altered ribosome profile in strains devoid of YjeQ. Formation of a functional decoding 

center may in fact be a pre-requisite for 17S rRNA processing, regardless of whether the 

cleavage occurs on the free 30S subunit or within the 70S complex. As such, YjeQ could 

potentially function upstream of 17S rRNA cleavage, perhaps mediating proper folding of 

this region.  

Understanding the role of YjeQ in the final stages of maturation hinges on a 

deeper understanding of the connection between the formation of the decoding center and 

the presence of 17S rRNA. While this region may be able to adopt its native functional 

arrangement independently of the presence of 17S rRNA, there are multiple lines of 

evidence suggesting that precursor sequences may play a critical role in mediating proper 

folding [153-155]. Therefore, it is plausible that these sequences remain an integral part 

of the assembly process until the small subunit is able to associate with its large 
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counterpart. YjeQ may serve in this regard acting as checkpoint protein to verify 

completion of a certain stage of assembly. 

Interestingly, the regions of variation in the immature subunit are proximal to the 

proposed binding site of YjeQ [130, 140]. It is tempting to postulate that that this protein 

may play a direct role in facilitating the proper formation of this functionally critical 

region, however, there is little evidence of YjeQ interacting with this unfinished 

ribosomal species. Rather, binding and GTPase stimulation studies suggest that YjeQ 

interacts strongest with fully mature 30S subunits [121, 132, 138].   This does not 

preclude the possibility of direct influence on the immature subunit; however, it does 

raise the question as to how the absence of this protein gives rise to an unfinished species 

with which it does not interact. This is especially paradoxical in light of our pulse-chase 

work that suggests YjeQ functions downstream of this precursor and directly influences 

its progression. Our experiments illustrate factor-mediated acceleration of 17S rRNA 

processing and, presumably, final subunit maturation. As such, it is anticipated that YjeQ 

does indeed directly act on this immature subunit.  

There is a growing body of evidence implicating RbfA in 30S assembly; however, 

the specific role of this protein has also been elusive. Like YjeQ, the absence of this 

factor leads to telltale ribosomal defects including an accumulation of free 30S and 50S 

subunits as well as 17S rRNA [116, 122]. Cryo-EM studies have illustrated that this 

factor binds the 30S subunit near the interface, its presence leading to conformational 

shifts in the 3’ minor domain of 16S rRNA [120]. As such, YjeQ and RbfA appear to 

occupy proximal regions on the 30S subunits near the decoding center. However, studies 
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suggest that RbfA strongly binds immature 30S subunits, while YjeQ seems to associate 

primarily with the mature form [121].  

A study by Goto and colleagues builds on these observations and suggests 

functional interplay between these two proteins [121]. A series of mutations in rbfA were 

found to suppress the deletion of yjeQ. In addition, this work observed that YjeQ 

stimulates the dissociation of RbfA from the 30S subunit. Likewise, it was found that the 

presence of RbfA on the 30S subunit promotes the binding of YjeQ. A model emerged 

from this work suggesting that RbfA binds the immature 30S subunit and promotes the 

processing of precursor rRNA sequences. Following these events, YjeQ then binds to the 

now-processed small subunit and acts to dissociate RbfA [121]. The presence of 17S 

rRNA in both deletion strains is ultimately a result of perturbation of RbfA function. 

When RbfA is absent, 17S rRNA processing is substantially slower, giving rise to the 

immature subunit. When YjeQ is absent, RbfA remains bound to the 30S subunit 

inhibiting the final stages of maturation. Thus, the dispensability of YjeQ is dependent on 

whether or not RbfA is performing its cellular task. The absence of RbfA renders YjeQ a 

fully non-essential protein. 

 This model hinges on the premise that YjeQ only interacts with mature 30S 

subunits. Thus, it fails to reconcile the exclusive association of YjeQ with mature 

subunits with the observation that deletion of this factor gives rise to immature 17S-

containing ribosomes. In our view, the presence of 17S rRNA in the yjeQ-null strain is in 

conflict with the notion that the ribosomal defect in this strain is strictly due to a failure to 

remove RbfA. An alternative possibility is that RbfA and YjeQ both bind the immature 
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subunit in sequence (or simultaneously), the former inducing conformational 

rearrangements that recruit the latter. YjeQ in turn plays a role (either directly or 

indirectly) in facilitating maturation and 17S rRNA processing. Further analysis of the 

interaction of YjeQ with the immature 30S subunit is required to interrogate these 

models. 

2.5  MATERIALS AND METHODS 
	  

In this section I document all the materials and methods for the studies above. For 

posterity, I have opted to include published methods in full where applicable. The 

individuals responsible for each experiment are included in parenthesis at the beginning 

of each section. The corresponding supervisors were also involved in experiment 

execution. 

2.5.1 Characterizing the Immature Subunits in the ΔyjeQ Deletion Strain                         
         (Adapted with modification from Jomaa et al. [140])    
                          
Isolation and analysis of cellular rRNA (Author) 

Overnight cultures of E. coli ΔyjeQ (EB1140) and the parental strain (EB344) 

were sub-cultured in LB media (1:10000 dilution) and grown with shaking at 37°C to an 

optical OD600 of 0.2. Subsequently, 1 ml of culture was pelleted by centrifugation at 5,000 

g for 10 minutes in an Eppendorf 5424 microcentrifuge. Cell pellets were resuspended in 

100 µl of lysis buffer (Tris-HCl pH 8.0, 10 mg/ml lysozyme, 1 mg/ml proteinase K, 0.15 

mM calcium acetate). Lysis mixtures were incubated at 22°C for 10 minutes with 

shaking. Ribosomal RNA was then purified from cells using an RNeasy® Mini Kit 

(Qiagen) according to the manufacture’s protocols. Purified RNA was incubated with an 
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equal volume of RNA loading buffer (50% w/v urea. 10% w/v sucrose, 1 x TBE) for 10 

minutes at 75°C. Samples were loaded onto a modified agarose gel comprised of 0.7% 

agarose and 0.9% SynergelTM (Diversified Biotech, Boston, MA). RNA was separated by 

electrophoresis for 4 hours at 4.5 V/cm. Gels were stained with ethidium bromide and 

visualized under UV light. 

Northern hybridization analysis was performed for both the 5’ and 3’ precursor 

sequences of the 17S rRNA to determine its identity. Samples were transferred to 

Hybond-N+ charged nylon membranes (GE Healthcare) under alkaline conditions (0.1 M 

NaOH, 3M NaCl) using the standard capillary method. Membranes were incubated at 32 

°C in 50 ml of prehybridization buffer (0.5 M sodium phosphate pH 7.2, 7% (w/v) SDS, 1 

mM EDTA pH7.0) for two hours. Single stranded DNA probes complimentary to the 5’ 

or 3’ terminal precursor sequences (Sigma Canada) were labeled with 32P using T4 

polynucleotide kinase (Fermentas). The sequence of the 5’ probe was 5’- 

TTAAGAATCCGTATCTTCGAGTGCCCACA-3’ and the sequence of the 3’ probe was 

5’-TGTGTGAGCACTACAAAGTACGCTTCTTTAAGGTAA GG-3.’ 

Purification of 30S ribosomal subunits (Author) 

Purified 30S subunits from Escherichia coli ΔyjeQ (EB1140) and BW25113 

parental (EB334) strains were prepared using centrifugation over sucrose cushions and 

gradients as previously described [138]. For each strain, one litre of Luria-Bertani broth 

(LB) was inoculated with 10 ml of a saturated overnight culture. Cultures were grown at 

37°C to an OD600 of 0.2. Cells were cooled down to 4°C and all subsequent steps were 

conducted at this temperature. Cultures were harvested by centrifugation at 8,500 x g for 
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15 min and the cell pellet was resuspended in buffer A (20 mM Tris-HCl pH 7.5, 10.5 

mM magnesium acetate, 100 mM NH4Cl, 0.5 mM EDTA and 3mM 2-mercaptoethanol). 

Cell lysis was performed by three consecutive passes of the cell suspensions through a 

French pressure cell at 20,000 lb/in2. The cell lysate was spun at 30,000 g for 45 min to 

clear cell debris. Recovered supernatant (S30 fraction) was overlaid on an equal volume 

of 1.1 M sucrose cushion made up in buffer B (20 mM Tris-HCL pH 7.5, 10.5 mM 

magnesium acetated, 500 mM NH4CL, 0.5 mM EDTA and 3mM 2-mercaptoehtanol) and 

centrifuged at 100,000 x g for 16 hours. The ribosomal pellet was gently washed and 

sucrose removed by resuspension in buffer C (10 mM Tris-HCl pH 7.5, 10.5 mM 

magnesium acetate, 100 mM NH4Cl, 0.5 mM EDTA and 7 mM 2-mercaptoethanol. The 

crude ribosomes were pelleted at 100,000 x g for 16 hours. 

To obtain the 30S fraction from the E. coli ΔyjeQ strain, the crude ribosome pellet 

was resuspended in buffer E (10 mM Tris-HCl pH 7.5, 10 mM magnesium acetate, 60 

mM NH4Cl, 3 mM 2-mercaptoethanol) (non-dissociating conditions). In the case of the 

30S fraction from the parental strain, the crude ribosome pellet was resuspended in buffer 

F (10 mM Tris-HCl pH7.5, 1.1 mM magnesium acetate, 60 mM NH4Cl, 3mM 2-

mercaptoethanol (dissociating conditions). In both cases, a portion of the subunit 

suspension (50-60 A260 units) was layered onto a 32 ml 10-30% (wt/vol) sucrose gradient 

made up in buffer E (for non-dissociating conditions) or F (for dissociating conditions) 

and centrifuged at 43,000 g for 16 hours using a Beckman SW32 Ti rotor. Gradients were 

fractionated using an AKTAprimeTM purification system (GE HealthCare) in combination 

with a Brandel fractionator and particle peaks were monitored by absorbance at A260. The 
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30S ribosomal subunits were then recovered by centrifugation at 100,000 x g for 16 hours 

and the pellet was resuspended in Buffer E (10 mM Tris-HCl pH 7.5, 10 mM magnesium 

acetate, 60 mM NH4Cl, 3 mM 2-mercaptoethanol) and stored at - 80°C until further use. 

Quantification of the 30S subunits was accomplished by absorbance at 260 nm (1 A260 

unit is equivalent to 69 pmol of 30S). 

iTRAQ Proteomic Analysis (Dr. Zielke, Dr. Maddock) 

Biological replicates of 30S particles from Escherichia coli ΔyjeQ (EB1140) and 

BW25113 parental (EB334) strains were purified separately using non-dissociating 

conditions and analyzed independently. Total protein was measured using a 2D Quant kit 

(GE Healthcare). A total of 25 mg from each 30S subunit preparation was precipitated 

with 80% ice-cold acetone and washed twice with 100% acetone. The pellet was 

resuspended in 21 ml 0.5 M triethylammonium bicarbonate (TEAB), 0.01% SDS and 

proteins were reduced with Tris(2-carboxyethyl)phosphine (TCEP), cysteines were 

blocked with methylmethanethiosulfate (MMTS) and digested with trypsin as described 

previously [156]. Labeling with the iTRAQ reagents was according to the manufacturer’s 

recommendations (Applied Biosystems). For each biological replicate, the peptides 

derived from the parental and ΔyjeQ 30S subunits were labeled with two different iTRAQ 

reagents. The iTRAQ reagents 115 and 117 were used to label tryptic peptides from 

independently isolated ΔyjeQ 30S subunits preparations and 114 and 116 were used to 

label tryptic peptides from independently isolated parental 30S subunits. The iTRAQ 

reagent was reconstituted in ethanol and added directly to the protein digest (70% ethanol, 

final concentration). The mixture was incubated at room temperature for 1 hour and the 
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reaction was stopped by adding 250 ml of 0.1% trifluoroacetic acid (TFA, Fisher Sci, 

USA). Reaction mixtures from both labeling experiments were combined, dried by 

lyophilization and stored at -20°C.  

iTRAQ-labeled peptides were resuspended in buffer A (5mM KH2PO4 pH 2.7, 

30% acetonitrile) and applied to a strong cation exchange chromatography (SCX) using a 

Paradigm MG4 HPLC system (Michrom BioResources, Inc. Auburn, CA, USA) on a 

packed Polysulfoethyl aspartaminde column; 200 × 2.1 mm; 5 µm; 200 Å (Poly LC, Inc., 

Columbia, MD, USA). Peptides were eluted using a linear gradient with B (buffer A with 

500 mM KCl) using an flow rate of 200 µl/min over 50 min. Two-min fractions were 

collected throughout and pooled into twelve fractions. For RP-HPLC-MS analysis, 

fractions were dried and redissolved in 45 ml of 0.1% TFA, desalted and concentrated on 

a reversed-phase cartridge (Zorbax C18) calibrated with 0.1% TFA as described 

previously (Chen et al., 2006). Peptides were eluted with a linear gradient using 0.1% 

TFA with 90% acetonitrile using a flow rate of 4 ml/min for 90 min and spotted at 20 

seconds intervals onto a stainless steel MALDI target plate (192 wells; Applied 

Biosystems). 

The MS and MS/MS spectra were acquired on an Applied Biosystems 4800 

Proteomics Analyzer (TOF/TOF) (Applied Biosystems/MDX Sciex, Foster City, CA) in 

positive ion reflection mode (selected mass range of 800-3000 m/z) with a 200 Hz 

Nd:YAG laser operating at 355 nm. Accelerating voltage was 20 kV with 450 ns delay. 

For MS/MS spectra, the collision energy was 6 keV and the collision gas was air. The 

instrument was calibrated using a default mixture of 7 peptides. Typical MS spectra were 
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obtained with the minimum possible laser energy in order to maintain the best resolution. 

MS/MS spectra were collected for up to 12 of most intense MS peaks (minimum signal- 

to-noise ratio of 60) from each well. 

The peak lists were generated from the acquired MS/MS spectra with the Protein 

Pilot software (Applied Biosystem, version 3.0) using default parameters. Acquired 

MS/MS spectra were searched against a concatenated (forward and reverse) E. coli K12 

protein sequence database downloaded as a FASTA file from UniProtKB/Swiss-Prot 

(http://www.uniprot.org/taxonomy/complete-proteomes) on April 10th, 2008. The Protein 

Pilot software with default settings and the Paragon search engine (Applied Biosystems, 

version 3.0) was the software used to perform all the database searches. Proteins were 

identified with 1% local false discovery rate calculated by a module built-in the software. 

Peptides for which one or more of the iTRAQ values were absent and proteins 

identified by only a single distinct peptide were discarded. Peak areas for all of the 

reporter ions (m/z 114.1, 115.1, 116.1, and 117.1) were extracted and automatically 

corrected using Protein Pilot (Applied Biosystems, version 3.0). The MS/MS data 

obtained were deposited into TRANCHE (https://proteomecommons.org/tranche/) with 

the Tranche Hash:dDZes+9slItFdCPmF8YepUC7GZEGcVekFr284mjTK4lsoEtAC1HZ 

ThAr5WcXUfce+J eZ1BYon2HV3tLR42W0aBiwCFsAAAAAAGmUKQ==. 

The ΔyjeQ:WT (wild type) and WT: ΔyjeQ protein ratios as well as the p-values 

were generated with the Protein Pilot Software. The ratios in Figure 2.2 were generated 

manually, as we have done previously [156, 157]. In this case, only peptides that identify 

proteins with ≥95% confidence were used for the calculation. Peptide ratios for each 
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replicate (115/114 and 117/116) were combined and then averaged. To obtain protein 

ratios, the average from all peptide ratios was obtained after removal of outliers using a 

Grubbs test (http://www.graphpad.com/quickcalcs/Grubbs1.cfm).  The entire dataset was 

normalized at the level of the proteins by adjusting the median of the protein ratio to 1:1. 

Cryo-EM Structure (Dr. Jomaa, Dr. Ortega) 

For cryo-EM, holey carbon grids (400 mesh copper) containing an additional 

continuous thin (5-10 nm) layer of carbon were previously washed with acetone vapor for 

15 min and glow discharge in air for 30 seconds [158]. Then, 3.5 µL aliquots containing 

30S subunits purified from ΔyjeQ or wild type cells were applied to the grid for one min. 

The 30S subunits were in Buffer E and at a concentration of ~60 nM. Grids were blotted 

for 7 s and vitrified by rapidly plunging into liquid ethane at -180°C with a VitrobotTM 

(FEI). Data acquisition was performed under low dose conditions (~10 e-/Å2) on a JEOL 

2010F FEG microscope operated at 200 kV with a Gatan 914 side- entry cryo-holder and 

at a nominal magnification of 50,000x. A total number of 72 and 29 electron micrographs 

were collected from the samples containing 30S subunits purified from ΔyjeQ and wild 

type cells, respectively. The defocus range of the images was from - 0.65 to -3.9 mm. The 

micrographs were digitized with a step size of 12.7 µm in a Nikon Supercool Scan 9000 

producing images with a sampling value of 2.54 Å/pixel. 

Projections representing 30S subunits purified from ΔyjeQ and wild type cells 

were picked using Boxer [159]. Contrast transfer function of the micrographs was 

estimated using CTFFIND software [160] and corrected using Xmipp software package 

[161] Image classification was performed using supervised [143, 144] and 3D maximum 
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likelihood-based [162, 163] methods.  

The 3D reconstructions were calculated using 3D projection alignment procedures 

as implemented in the Xmipp software package [161]. The reference map used to refine 

the 3D reconstruction of both the mature and immature 30S subunit was the X-ray 

structure of the E. coli 30S subunit (PDB ID: 2Z4K) low-pass filtered to 25Å resolution 

[164]. In each refinement, sets of projections were calculated from the reference map 

using an angular spacing that ranged from 15° to 2° during the multiple cycles of 

refinement. The correct handedness of the structures was imposed by the X-ray crystal 

structure of the 30S subunit from E. coli (PDB ID: 2Z4K). Resolution of the cryo-EM 

maps was estimated by calculating two maps following the last cycle of refinement from 

the even and odd numbered particles. Then Fourier shell correlation was calculated 

between both maps and the resolution was estimated using a FSC value of 0.5. These 

values were used to low-pass filter the refined cryo-EM maps. Difference maps between 

the immature and mature 30S subunit structures were calculated using Xmipp software 

package [161].To this end, maps were subtracted after alignment of the two structures and 

normalization to a comparable grayscale. 

Docking of X-ray crystallographic structures and structure visualization (Dr. Jomaa) 

Fitting of the X-ray crystallographic structure of the E. coli 30S subunit (PDB ID: 

2Z4K) [164] was performed using rigid-body fitting of the entire X- ray structure of the 

30S subunit onto the EM maps as implemented in the Situs software [165]. Visualization 

of the fitted atomic structure and the cryo-EM density maps and difference maps was 

done with UCSF Chimera software [166]. 
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Accession Numbers 

The EM maps of the immature 30S subunit purified from ΔyjeQ E. coli cells and 

the mature 30S subunit purified from wild type E. coli cells have been deposited in the 

Electron Microscopy Data Bank (EMDB IDs: 1774 and 1775). 

The Fate of the Immature Subunit in a ΔyjeQ Deletion Strain 

Persistence of the Ribosomal Defect (Author) 

All strains used in this work, MG1655 wild-type and ΔyjeQ-ara (ΔyjeQ::pBAD-

yjeQ), were sourced from the strain collection of Dr. Eric Brown, McMaster University, 

having been created previously by Campbell et al. [128, 139]. The RNA profile of the 

ΔyjeQ-ara strain was examined over the course of 10 hours of growth to study the 

persistence of non-functional immature 30S subunits. Starter cultures (5 ml, LB) were 

incubated for 16 hours at 37°C with shaking (250 rpm). Cells were then sub-cultured at 

37°C with shaking (250 rpm) in fresh LB media and supplemented with arabinose (2 %) 

after four hours of growth. Aliquots of cells (1 ml) were harvested by centrifugation 

(5000 g, 5 minutes, Eppendorf 5424 microcentrifuge) every hour throughout exponential 

growth and fast frozen in a dry ice/ethanol bath. Total rRNA was then isolated using the 

RNeasy Mini Kit as per the manufactures instructions (Qiagen), incubated with custom 

loading buffer (50% w/v urea. 10% w/v sucrose, 1 x TBE) and resolved by agarose 

(2.1%, Bioshop) gel electrophoresis (2% gel, 4 hours at 4.5 V/cm). The rRNA species 

were then stained with RedSafeTM (FroggaBio) and visualized using a Typhoon™ 

multimode imager (GE).  
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Pulse-Chase Studies  

Strains were grown overnight at 37°C in LB media. Cells were subsequently 

diluted (1 in 10,000) in fresh RDM-Glucose media and grown in a 37°C water bath with 

aeration (250 rpm). At an OD600 ~ 0.1-0.2, 14C-labeled uridine was added to the growing 

culture (final concentration of 0.1 µCi/ml). After five minutes of exposure to this ‘pulse,’ 

unlabeled uridine was added to the culture to a final concentration 500 ug/ml (1000-fold 

greater concentration than the pulse). Cells were harvested (200 µl) at regular intervals 

(WT every two minutes, ΔyjeQ every five minutes) and fast frozen in a dry ice/ethanol 

bath. Samples were harvested over a full doubling of the cell population. Frozen samples 

were subsequently pelleted by centrifugation for 10 minutes at 4°C in an Eppendorf 5424 

microcentrifuge.  Total rRNA was extracted from each sample using the Qiagen RNeasy 

kit as per the manufactures protocol. Purified RNA was then incubated with custom 

loading buffer (50% [w/v] urea, 10% [w/v] sucrose, 1× TBE) and resolved via gel 

electrophoresis. rRNA was subsequently transferred to a charged nitrocellulose 

membrane (Hybond N+, GE Healthcare) with an alkaline buffer (0.1 M NaOH, 3M NaCl) 

using the standard capillary method. Membranes were rinsed in 6x SSC buffer (0.3 M 

sodium citrate, 3M NaCl) and then exposed to a phosphor screen for 72 hours. Following 

exposure, the radiolabeled samples were imaged on a Typhoon™ multimode imager 

(GE). Quantification of labeled rRNA bands was performed using ImageQuant, version 

5.2 (Molecular Dynamics) with the rolling average of the region surrounding the band 

used for background correction. 
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Co-structure of YjeQ in Complex with a Mature 30S Subunit 
(Adapted with modification from Jomaa et al. [130]). 

Construction of YjeQ overexpression clone (Dr. Daigle) 

Gateway Recombination Cloning technology (Invitrogen) was used to construct full-

length YjeQ featuring an N-terminal His6 affinity purification tag cleavable by TEV 

protease [127]. Briefly, the yjeQ gene was amplified from E. coli MG1655 genomic DNA 

using the polymerase chain reaction. PCR was performed using VENT DNA polymerase 

(New England Biolabs) and the following primers: 59-G G GGG ACA AGT TTG TAC 

AAA AAA GCA GGC TTA GAT TAC GAT ATC CCA ACG ACC GAA AAC CTG 

TAT TTT CAG *GGC AGT AAA AAT AAA CTC TCC AAA GGC-39 and 59-CGC 

GGA TCC TCA GTC ATC CGT ATC AGA AAA G-39, where the recombination sites, 

coding sequence, and cleavage sites are denoted by bold letters, underlining, and an 

asterisk, respectively. The amplified product was inserted into the pDONR201 

(Invitrogen) vector as per the manufacturer’s protocol and subsequently cloned into the 

pDEST17 (Invitrogen) destination vector that encodes six histidine residues at the N 

terminus of the insert. The resulting construct, pDEST17-YjeQ, was validated by 

sequencing (MOBIX, McMaster University). 

Purification of YjeQ protein (Dr. Jomaa, Author) 

YjeQ protein was expressed as an N-terminal His6-tagged protein in E. coli BL21-

AI competent cells transformed with the expression vector pDEST17-YjeQ (see above). 

One litre of cells was grown in LB medium at 37°C to OD600 = 0.6, and expression was 

induced with 0.2% L-arabinose. Cells were induced for 3 h at 37°C and harvested by 

centrifugation at 3700 g for 10 min. The cell pellet was washed with 13 PBS buffer (137 
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mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.76 mM KH2PO4 at pH 7.4) and 

resuspended in 20 mL of lysis buffer (50 mM Tris-HCl at pH 8.0, 10% [w/v] sucrose, 100 

mM NaCl). The cell suspension was passed through a French pressure cell at 20,000 

lb/in
2 three consecutive times to lyse the cells. The lysate was spun at 30,000 g for 45 min 

to clear cell debris. NaCl was added to bring the concentration to 0.5 M, and the lysate 

was filtered with a 0.45-mm filter and added to a HiTrap Metal Che- lating column (GE 

Healthcare Life Sciences) equilibrated with 50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, and 

5% (v/v) glycerol. Nonspecifically bound proteins were washed with increasing 

concentrations of imidazole up to 90 mM. YjeQ was eluted with 240 mM imidazole. 

Purity of the fractions was monitored by SDS-PAGE. Fractions containing pure protein 

were pooled and dialyzed against 50 mM Tris-HCl (pH 8.0), 10% (v/v) glycerol (Amicon 

Concentrators). The N-terminal His6-tag was removed by digestion with purified tobacco 

etch virus (TEV) protease. An amount of 0.74 mg of TEV was added to the pooled and 

dialyzed fractions containing YjeQ (40 mg). The total volume of the reaction was 10 mL, 

and the reaction mixture was incubated for 4 h at 16°C. The mixture was added to 1 mL 

of Ni-NTA agarose resin (QIAGEN) previously equilibrated with 50 mM Tris-HCl (pH 

8.0), 0.5 M NaCl, and 5% (v/v) glycerol, and incubated on a rocking platform for 1 h at 

4°C. The mixture was spun at 1400 g for 5 min, and the supernatant containing the 

untagged YjeQ protein was recovered, dialyzed against 50 mM Tris-HCl (pH 8.0), 10% 

(v/v) glycerol, and concentrated using a 10 kDa-cutoff filter (Amicon). The protein was 

frozen in liquid nitrogen and stored at -80°C. 
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Purification of the 30S ribosomal subunits and preparation of the 30S:YjeQ complex 

(Dr. Jomma, Author) 

Purified 30S subunits from E. coli (BW25113) were prepared using 

centrifugations over sucrose cushions and gradients [138]. One liter of LB was inoculated 

with 10 mL of a saturated overnight culture. Cultures were grown at 37°C to an OD600 of 

0.4 and cooled down to 4°C with all subsequent steps performed at this temperature. 

Harvesting of the cultures was done by centrifugation at 8500 g for 15 min, and the cell 

pellet was resuspended in buffer A (20 mM Tris-HCl at pH 7.5, 10.5 mM magnesium 

acetate, 100 mM NH4Cl, 0.5 mM EDTA, and 3 mM 2-mercaptoethanol). Cell lysis was 

performed by three consecutive passes of the cell suspension through a French pressure 

cell at 20,000 lb/in2. The cell lysate was spun at 30,000 g for 45 min to clear cell debris. 

Recovered supernatant (S30 fraction) was overlaid on an equal volume of 1.1 M sucrose 

cushion made up in buffer B (20 mM Tris-HCl at pH 7.5, 10.5 mM magnesium acetate, 

500 mM NH4Cl, 0.5 mM EDTA, and 3 mM 2-mercaptoethanol) and centrifuged at 

100,000g for 16 h. The ribosomal pellet was gently washed, and sucrose was removed by 

resuspension in buffer C (10 mM Tris-HCl at pH 7.5, 10.5 mM magnesium acetate, 100 

mM NH4Cl, 0.5 mM EDTA, and 7 mM 2-mercaptoethanol). The crude ribosomes were 

pelleted at 100,000 g for 16 h. To obtain the 30S fraction, the crude ribosome pellet was 

resuspended in buffer F (10 mM Tris-Hcl at pH 7.5, 1.1 mM magnesium acetate, 60 mM 

NH4Cl, 0.5 mM EDTA, and 2 mM 2-mercaptoethanol) (dissociating conditions). A 

portion of the subunit suspension (50–60 A260 units) was layered onto a 32-mL 10%–

30% (w/v) sucrose gradient made up in buffer F and centrifuged at 43,000 g for 16 h 
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using a Beckman SW32 Ti rotor. Gradients were fractionated using an AKTAprime 

purification system (GE Healthcare), and the elution peaks corresponding to 30S and 50S 

particle peaks were monitored by absorbance at A260. The 30S ribosomal subunits were 

then recovered by centrifugation at 100,000g for 16 h, and the pellet was resuspended in 

buffer E (10 mM Tris-HCl at pH 7.5, 10 mM magnesium acetate, 60 mM NH4Cl, 3 mM 

2-mercaptoethanol), and stored at -80°C until further use. Quantification of the 30S 

subunits was accomplished by absorbance at 260 nm (1 A260 unit is equivalent to 69 pmol 

of 30S). 

To determine the occupancy level of YjeQ in the 30S:YjeQ complex, a fivefold 

excess of freshly purified YjeQ protein was incubated with a 1 mM preparation of 

purified 30S subunits for 1 h at 30°C in the presence of 1 mM GMP-PNP in buffer E. The 

volume of the reaction was 50 µL. The reaction mixture was layered onto a 1.1 M sucrose 

cushion (volume 150 µL) made up in buffer E. The ribosomal subunits were pelleted by 

ultracentrifugation at 330,000 g for 4 h using a Beckman TLA-120.1 rotor, and the pellet 

was resuspended in 200 µL of buffer E. The supernatant and resuspended pellet of each 

sample (12 µL load volume) were resolved by SDS-PAGE and stained with Coomassie 

brilliant blue. The stained gel was subsequently photographed using a FluorChem FC3 

system (Alpha Innotech). The occupancy level of YjeQ in the 30S:YjeQ complex was 

estimated by quantifying the amount of YjeQ that co-pelleted with ribosomes (2.5 pmol) 

in each reaction. The integrated pixel density of each YjeQ band was calculated using 

Imagequant, version 5.2 (Molecular Dynamics), with the local average of the region 

surrounding the band used for background correction. This yielded an optical density for 
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each band that was used to estimate the proportion of YjeQ found in the supernatant and 

pellet of each reaction. YjeQ protein (25%) was seen to pellet in the absence of 

ribosomes. Thus, to determine the amount of YjeQ that co-pelleted with 30S subunits, it 

was necessary to subtract this fraction from the YjeQ observed in the reaction pellets 

(lanes 7,9). The previously established 1:1 stoichiometry for the 30S:YjeQ was assumed 

to determine the occupancy level. 

To assemble the complex for cryo-EM, a 50-µL reaction mixture in buffer E with 

2 mM GMP-PNP was prepared by adding 30S subunits to a concentration of 1 mM and a 

fivefold excess of freshly purified YjeQ protein. The reaction was incubated for 1 h at 

30°C and then diluted 100 times in buffer E containing 2 mM GMP-PNP before applying 

it to the EM grids. 

Nanoscale microcapillary liquid chromatography electrospray ionization tandem mass-

spectrometry (LC-MS/MS) (Dr. Kireeva, Author) 

The protein gel bands were destained with 50 mM ammonium bicarbonate and 

water until clear, then rinsed with water several times to remove all color. The band was 

reduced with 10 mM DTT for 30 min at 56°C and alkylated with 100 mM iodoacet- 

amide for 15 min at room temperature in the dark. Protein in the band was digested in situ 

with 30 mL of (13 ng/mL) trypsin (Promega) in 50 mM ammonium bicarbonate overnight 

at 37°C, followed by peptide extraction with 30 mL of 5% formic acid, then 30 mL of 

acetonitrile. The pooled extracts were concentrated to <5 mL on a SpeedVac spinning 

concentrator and then brought up in 0.1% formic acid and 5% acetonitrile for protein 

identification by micro-flow liquid chromatography electrospray tandem mass 
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spectrometry (microLC-ESI-MS/MS) using a ThermoFisher LTQ- XL- Orbitrap Hybrid 

Mass Spectrometer (ThermoFisher) coupled to an Eksigent nanoLC-2D HPLC system 

(Eksigent). Chromatography was performed using 0.1% formic acid in both the A solvent 

(98% water, 2% acetonitrile) and B solvent (10% water, 80% acetonitrile, 10% 

isopropanol), and a 5% B to 95% B gradient over 30 min at 5 mL/min through an 

Eksigent capillary (CSP-3 C18 -100, 0.3 m 3 100 mm) column. The instrument method 

consisted of one MS full scan (200– 2000 m/z) in the Orbitrap mass analyzer, an 

automatic gain control target of 500,000 with a maximum ion injection of 500 msec, one 

microscan, and a resolution of 60,000. Three data-dependent MS/MS scans were 

performed in the linear ion trap using the three most intense ions at 35% normalized 

collision energy. The MS and MS/MS scans were obtained in parallel fashion. In MS/MS 

mode automatic gain control targets were 10,000 with a maximum ion injection time of 

100 msec. A minimum ion intensity of 1000 was required to trigger an MS/ MS spectrum. 

The dynamic exclusion was applied using a maximum exclusion list of 500 with one 

repeat count with a repeat duration of 30 sec and exclusion duration of 45 sec. The lock-

mass option was enabled for the FT full scans using the ambient air 

polydimethylcyclosiloxane (PCM) ion of m/z = 445.120024 or a common phthalate ion 

m/z = 391.284286 for real-time internal calibration. For database searching, tandem mass 

spectra were extracted by Proteome Discoverer 1.2. All MS/MS samples were analyzed 

using SEQUEST (ThermoFinnigan; version 27, revision 12) and X! Tandem (The Global 

Proteome Machine Organization; version 2006.04.01.2). Both search engines were set up 

to search the E. coli database, assuming trypsin digestion, allowing two missed cleavages, 
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and using a fragment ion mass tolerance of 0.5 Da and a parent ion tolerance of 0.02 Da. 

The iodoacetamide derivative of cysteine was specified as a fixed modification. 

Deamidation of asparagine and glutamine and oxidation of methionine were specified in 

X! Tandem as variable modifications. Oxidation of methionine was specified in 

SEQUEST as a variable modification. 

Cryo-electron microscopy, image classification, and 3D reconstruction (Dr. Jomaa) 

For cryo-EM, holey carbon grids (400 mesh copper) containing an additional 

continuous thin (5–10 nm) layer of carbon were previously washed with acetone vapor 

for 15 min and glow discharged in air for 30 sec [158]. Then, 3.5-mL aliquots of sample 

were applied to the grid for 1 min. Grids were blotted for 7 sec and vitrified by rapidly 

plunging into liquid ethane at -180°C with a Vitrobot (FEI). Data acquisition was 

performed under low dose conditions (z15 e-/Å2) on a JEOL 2010F FEG microscope 

operated at 200 kV with a Gatan 914 side-entry cryo-holder and at a nominal 

magnification of 50,0003. A total number of 121 electron micrographs were collected. 

The defocus range of the images was from -0.65 to -3.9 mm. The micrographs were 

digitized with a step size of 12.7 mm in a Nikon Supercool Scan 9000 producing images 

with a sampling value of 2.54 Å/pixel. 

Particle projections from the electron micrographs were picked using Boxer [159]. 

Contrast transfer function of the micrographs was estimated using CTFFIND software 

[160] and corrected using the Xmipp software packager [161]. Image classification was 

performed using supervised methods [143, 144]. Detailed procedures regarding the 

classification method are included in the figure legend for Figure 2 of Jomma et al. [130]. 
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From the total 73,896 projections collected, 16,228 showed a clear YjeQ density in our 

image classification procedure, and only those particles were subsequently used for the 

reconstruction of the 30S:YjeQ complex. The 3D reconstruction of the 30S:YjeQ 

complex was calculated using 3D projection alignment procedures as implemented in the 

Xmipp software package [161]. The reference map used to refine the 3D reconstruction 

was the X-ray structure of the E. coli 30S subunit (PDB ID: 2AVY) [27] low pass filtered 

to 25 Å resolution. In each refinement, sets of projections were calculated from the 

reference map using an angular spacing that ranged from 15° to 2° during the multiple 

cycles of refinement. The correct handedness of the structures was imposed by the X-ray 

crystal structure of the 30S subunit from E. coli (PDB ID: 2AVY). Resolution of the 

cryo-EM maps was estimated by calculating two maps following the last cycle of 

refinement from the even and odd numbered particles. The Fourier shell correlation was 

calculated between both maps and the resolution was estimated using an FSC value of 

0.5. These values were used to low-pass filter the refined cryo-EM maps. 

Construction of a pseudo-atomic model of the 30S:YjeQ complex (Dr. Jomaa) 

To locate the YjeQ protein in the cryo-EM map of the 30S:YjeQ complex, a difference 

map between the control cryo-EM structure of the free 30S subunit (Fig. 3A, left panel) 

(low-pass filtered at the same resolution) and the YjeQ-bound 30S subunit was 

calculated. To this end, we scaled the two maps relative to each other by normalizing 

their average density and standard deviation values(s) to zero and one, respectively. Then, 

the two maps were super-imposed by maximizing the correlation coefficient and 

subtracted. The resulting difference map had an average density equal to zero and an s of 
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0.6. In the rendering only significant values (>2s) were displayed. The atomic structure of 

S. typhimurium YjeQ (PDB ID 2RCN) [167] was then docked as a single rigid body into 

the density of the obtained difference map covering the upper domain of helix 44 and 

platform in the 30S subunit. Subsequently, we applied small translational and rotational 

movements to each domain independently to optimize the fitting. Overlapping the 

obtained difference map containing the docked X-ray structure of YjeQ into the cryo-EM 

structure of the 30S:YjeQ complex and subsequent docking of the X-ray structure of the 

30S subunit (PDB ID: 2AVY) [27] in the remaining density of the cryo-EM map allowed 

us to produce a pseudo-atomic model of the 30S:YjeQ complex. The same difference map 

analysis was repeated using two E. coli 30S subunit X-ray structures (PDB IDs: 2AW7 

and 2AVY) [27]. In these two cases, the structures were first lowpass filtered to match the 

resolution of our 30S:YjeQ cryo-EM map and then fitted into the cryo-EM map of the 

30S:YjeQ complex to perform the map subtraction and calculate the difference map. The 

CCC values to measure the fitting of the X-ray coordinates of YjeQ into the cryo-EM 

density were determined after conversion of the fitted atomic coordinates into a density 

map. 

Flexible fitting refinement (Dr. Jomaa) 

The starting model for the flexible fitting refinement was the atomic structures of 

the 30S subunit (PDB ID: 2AVY) and YjeQ (PDB ID: 2RCN) manually placed in the 

cryo-EM density of the 30S:YjeQ complex (see above). This assembly was divided into 

26 distinct units (five 16S rRNA structural domains including the head, body, platform, 

helix 44, and helix 45 along with 20 ribosomal proteins and YjeQ) that were refined with 
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a flexible fitting algorithm using the YUP.scx module [168] of YUP [169]. The potential 

energy function included terms for the all-atom structures of the 30S:YjeQ complex that 

were represented as a Gaussian Network Model, terms for scoring the quality of the fit of 

the model to the density map, and volume exclusion terms. Specifically, the Gaussian 

Network was created from the initial structure, taking in any atom pairs that were within 

the cutoff distance of 4 Å. This prevented motions that would otherwise distort the 

starting structure, while allowing for flexibility between more isolated domains. The 

molecular dynamics simulation was carried out with a time step of 5 fsec. After an initial 

energy minimization, the model was heated from a low temperature to 10 K over 5000 

steps and then held at 10 K over 20,000 steps. After equilibration, the annealing process 

was performed by reducing the temperature from 10 K to 1 K over ~50,000 steps, and the 

model was subjected to a final round of energy minimization. The final placement 

provides a pseudo-atomic model with stereochemical restraints that fits into the electron 

density map optimally. 

Visualization of structures (Dr. Jomaa) 

Visualization of the fitted YjeQ and 30S atomic structures and cryo-EM maps was 

done with UCSF Chimera software [166]. The electrostatic surface potential shown for 

YjeQ was also created using this software. 

 

 

 



Ph.D. Thesis - G. Stewart; McMaster University - Biochemistry and Biomedical Sciences 
	  

	   75	  

CHAPTER 3. New Tools for Studying Ribosome Biogenesis 

3.1  AUTHOR’S PREFACE 
	  
 This chapter contains experiments conducted as a part of a manuscript under 

construction at the time of the writing of this thesis. All experiments were designed and 

performed by myself in consultation with Dr. Eric Brown and Dr. Matthew Scott with 

input from my committee. All strains used for the study were sourced from the Brown lab 

strain databank except for the SmR and SmP mutants, which were provided by Dr. 

Matthew Scott. 
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3.2  INTRODUCTION 
	  
 There is a paucity of descriptive phenotypes with which to study ribosome 

biogenesis. The hallmarks of disturbed assembly (altered ribosome profile, abundant 

precursor rRNA) are common to a number of biogenesis factors (Table 1.1). As such, 

they have limited utility in assessing specific functional roles. Furthermore, these 

phenotypes are not unique to defects in ribosome biogenesis. They can arise from 

multiple and sometimes seemingly unrelated sources. For example, inhibition of protein 

translation by chloramphenicol, an antibiotic targeting the 50S subunit, results in the 

accumulation of 17S rRNA and immature 30S subunits, two phenotypes associated with 

defects in 30S subunit biogenesis [51, 170].  

This phenotypic overlap represents a central hindrance to the progression of the 

field, namely, the inability to conclusively determine if factors are directly involved in 

biogenesis or in translation. The interconnectedness of these two processes makes it 

challenging to study them independently. Perturbation of either system can affect the 

other, often through complex feedback pathways (Reviewed in [21, 51, 68, 74]). The 

problem is compounded by the fact that associated dispensability phenotypes can often 

correspond to both functional niches. Clearly, a convenient assay capable of definitively 

indicating direct perturbation of biogenesis would be a significant asset to the study of 

ribosome assembly. Such an assay would not only aid in identifying novel biogenesis 

factors and detailing the role of current putatives, but could also prove useful as a tool in 

screening for small-molecule inhibitors of the ribosome assembly process. 
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One of the aims of our work has been to design and validate such an assay. To this 

end, we have employed the putative biogenesis factor YjeQ as the vanguard protein in 

developing new tools for dissecting the assembly process. While a single assay capable of 

readily distinguishing between perturbations in biogenesis and translation has been 

elusive, these efforts have yielded a collection of new approaches that have proven useful 

to understanding ribosome assembly in the context of cellular health.  

Growth Rate-Dependent Control 

  Proliferation is intimately linked with gene expression, which in turn depends on 

the ribosomal content of a cell [171-173]. As there is an upper limit to the rate at which 

individual ribosomes can translate, cells must rely on the modulation of ribosome 

quantity to meet demands for protein synthesis [146, 173-176]. Faster growth requires 

increased gene expression, which necessitates more ribosomes. Likewise, slower growth 

demands less protein synthesis and therefore, fewer ribosomes. Thus, proliferation is a 

function of cellular ribosome levels [177]. Indeed, for exponentially growing E. coli, 

ribosomal content is linearly correlated with growth rate [89, 172, 177, 178]. This 

phenomenon, termed growth rate-dependent control, has been observed in a number of 

microbes, suggesting a degree of universality [179]. 

 In a study by Scott et al., a systems biology approach was used to examine the 

relationship between cell growth rate and gene expression [179]. Expanding on early 

studies, this group examined the effect of growth rate, dictated by the nutritional content 

of media, on the ribosomal material in wild-type cells and translation mutants. It is 

commonly held that ribosomal material in cell is reflected by the ratio of total RNA to 
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total protein [89, 173, 177, 179]. This ratio is henceforth denoted as r. In agreement with 

previous studies, the authors observed a linear correlation between specific growth rate λ 

(λ = ln(2)/doubling time) and ribosomal content (r) in wild-type E. coli (Figure 3.1). This 

correlation is described by the linear equation: 

 r = ro +  λ/kt  eqn. 3.1 

Here ro is the vertical intercept and kt is the inverse of the slope. The latter reflects 

the translational capacity of the organism [179].  Scott and co-workers also examined the 

relationship between growth rate λ and r for two translation mutants denoted 

streptomycin resistant (SmR) and streptomycin pseudo-dependent (SmP), as well as the 

corresponding parent strain Xac (Figure 3.1B) [179]. Both SmR and SmP mutant strains 

feature alterations in ribosomal protein S12 that yield hyper-proofreading ribosomes with 

reduced rates of translation (Figure 3.1 B inset) [180].  Linear correlations between λ and 

r were observed for all three strains; however, both translation mutants yielded trends 

with steeper slopes (Figure 3.1 B). The increase in slope indicates a decreased 

translational capacity in the mutant strains (lower kt values). Collectively, these 

experiments illustrate that the translational efficiency of a ribosome determines the 

quantity of ribosomes required for a certain growth rate. That is, to achieve the same 

growth rate as a wild-type strain with efficient ribosomes, a mutant strain harboring 

inefficient ribosomes requires more ribosomal material (Supplemental Figure 3.1).  
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Figure 3.1: Correlation of the RNA/Protein ratio (r) with growth rate (λ) for various 
strains of E. coli. A) A plot of RNA/Protein (r) with respect to specific growth rate λ-h for 
two wild-type strains of E. coli. The growth rate is modulated using media of different 
nutritional value (figure legend). Solid circles represent recent data collected by Scott, et 
al. and open squares (black) are taken from historical experiments by Bremer et al. [146, 
179]. Both data sets show a linear correlation between r and λ with a similar slope and 
common vertical intercept. The value of r at this vertical intercept (λ = 0) is hypothesized 
to reflect the basal level of non-functional ribosomal material in cells. B) A plot of r with 
respect to λ for two translation mutants (SmR, SmP) and their parent strain (Xac). 
Growth rate was modulated with various nutrients. For each strain a linear correlation 
between r and λ was observed, with each trendline having a common vertical intercept. 
The slope of this correlation was steeper for both translation mutants, suggesting the 
translational capacity (kt) of the strains was reduced. Inset: Linear correlation of kt 
values for Xac, SmR and SmP with respect to the measured rate of translation in each 
strain. Modified from Scott et al. [179]. 
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Implications for Studying Biogenesis 

 Of significant interest to our research group was the observation that the vertical 

intercept (ro) for each curve in the study above was not zero. It can be seen in Figure 3.1 

that at a theoretical growth rate of zero some quantity of ribosomal content (ro ≈ 0.1) was 

predicted to exist. Scott and co-workers interpreted this as the basal level of ribosomal 

material not directly contributing to protein synthesis, including both assembling subunits 

as well as non-functional ribosomal entities [173, 179]. This phenomenon is made more 

significant by the fact that the trendlines for all three strains studied, namely, the wild-

type and two translation mutants, had approximately the same intercept; they had the 

same basal level of non-functional ribosomes. Indeed, previous studies suggest that the 

proportion of ribosomal material not involved in translation is constant regardless of 

growth rate [68, 147, 173]. This phenomenon could be telling in the context of ribosome 

assembly where defects are anticipated to affect this ratio (Supplementary Figure 3.1). 

Mutations in several ancillary biogenesis factors, including YjeQ, have been shown to 

increase the levels of non-functional ribosomal material in cells in the form of immature 

subunits [51, 114, 116, 117, 122, 124-126, 129, 132, 133]. Thus, it became our working 

hypothesis that disruptions in ribosome assembly would alter the correlation between 

growth rate and ribosomal content, elevating total ribosomal material (r) at each growth 

rate as a result of the higher level of ro (the proportion of non-functional material). Figure 

3.2 depicts the predictions of this hypothesis.  
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Figure 3.2: Hypothetical dependence of growth rate on ribosome content in a 
biogenesis mutant. Linear correlations between RNA/Protein (r) and growth rate (λ-h) 
were observed to have a common non-zero vertical intercept in a wild-type strain (solid 
black line) and a translation mutant (solid blue line) [179]. In both these strains non-
functional ribosomal material represents a minor fraction of the total ribosomal content 
of the cell and is indicated by the vertical intercept (r ≈ 0.1 at λ = 0). Biogenesis mutants 
(dashed red line) have been shown to have significant levels of immature, and thus, non-
functional ribosomal material. It was hypothesized that this would manifest in an elevated 
vertical intercept when the linear correlation between r and λ was examined. 

 

3.3  RESULTS 
	  
3.3.1  Growth Rate and Ribosome Content in a ΔyjeQ Strain 
	  
Growth rate-dependence of ribosome quantity 

We examined the relationship between ribosomal content (r) and growth rate (λ) 

in a strain lacking the putative biogenesis factor YjeQ (MG1655 background). Our 

methodology was adapted from the work by Scott et al. and is detailed in the Materials 

and Methods section of this chapter. Briefly, media of varying nutritional quality were 

used to modulate growth rate and ribosomal content was estimated from total RNA/total 

protein (r, µg/µg) (Supplementary Figure 3.2). As can be seen in Figure 3.3 A, we 

observed a linear correlation between λ and r for our wild-type control strain (black line, 

circles). The slope (and therefore kt) was similar to that observed historically and also 
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reported by Scott et al. [146, 173, 179]. In addition, the vertical intercept was non-zero (r 

≈ 0.1).  

A linear correlation between λ and r was also observed for the ΔyjeQ mutant 

strain (Figure 3.3 red line, squares and Supplementary Figure 3.3 hashed line). The trend 

had a substantially steeper slope (lower kt) than the wild-type. This suggests a greater 

quantity of ribosomal material in the cells, especially at faster growth rates; rΔyjeQ was 

approximately double rwt in rich media (RDM-Glucose). Interestingly, our ΔyjeQ trend 

revealed a negative y-intercept (ro). Multiple iterations of this experiment produced the 

same result. This observation was inconsistent with our hypothesis that a perturbation of 

biogenesis should increase the non-functional ribosomal material in cells and manifest in 

an elevated vertical intercept ro.  Our previous work with ΔyjeQ cells, however, indicates 

that this is in fact the case; there is an elevated level of non-functional 17S-containing 

30S precursors in strains lacking YjeQ. This disparity suggests that the ro intercept no 

longer depicts non-functional material in a ribosome biogenesis mutant. Indeed, a 

negative level of ribosomal material has no meaning in the real world, as cellular growth 

cannot occur without ribosomes.  
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Figure 3.3: Examining the correlation of the RNA/Protein ratio (r) with growth rate (λ) 
in the ΔyjeQ deletion. Plot showing λ vs r for wild-type MG1655 and the corresponding 
ΔyjeQ deletion strain. In this experiment growth rate is modulated using media of 
different nutritional value (figure legend, top = richest, bottom = poorest). A linear 
correlation was observed between r and λ for the wild-type (black line).  A linear 
correlation between r and λ was also observed for the ΔyjeQ mutant strain (red line). 
This correlation varied significantly from that seen for the wild-type strain as it featured 
a much steeper slope (low kt) and a negative vertical intercept (ro < 0). The lower kt 
indicates that the ΔyjeQ mutant strain has a reduced translational capacity in 
comparison to the wild-type. Each point was determined by taking the average growth 
rate and r values for three biological replicates.  The plot of individual replicates can be 
found in Supplemental Figure 3.2. 
 

RNA/Protein in the ΔyjeQ mutant 

It is important to note that for these studies total RNA/total protein is serving as a 

proxy to measure ribosome levels. Given the aberrant proportion of 17S/16S rRNA seen 
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biogenesis is disturbed. The SmR and SmP mutants present an idealized scenario where 

the rate of translation has been reduced, yet the stoichiometry of rRNA to r-proteins in 

functional ribosomes remains unchanged. The vast majority of ribosomal material in 

these strains is contributing directly to protein synthesis. This stands in stark contrast to 

the yjeQ-null strain, in which there is an abundance of free subunits that do not impact a 

cell’s capacity for translation.  

Range of Linearity 

Previous studies have suggested that the linear trend between ribosomal content 

breaks down at slow growth rates (λ < 0.5-h) [89, 146, 175]. In the poorest media tested, 

the ΔyjeQ deletion has specific growth rate approximating ~ 0.2-h. Dennis and Bremer 

noted that below a certain growth rate, ribosomal content deviates from the linear trend 

[173]. They suggest that there is some minimal growth rate that serves as the lowest 

possible point for balanced steady-state growth. Below this rate, some cellular processes 

(i.e. uptake of nutrients) become limiting, such that ribosome concentration no longer 

dictates proliferation. We considered the possibility that in poor media the ΔyjeQ deletion 

was no longer in balanced growth: growth rates in the four poorest media used were less 

than 0.5-h. As such, these values might be skewing the linear trend and misrepresenting 

the relationship between growth rate and ribosomal content. However, exclusion of 

values below this specific growth rate (λ < 0.5-h) had little bearing on the linear trend as it 

remained substantially steep and continued to intersect the y-axis at a negative value.  
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Cellular protein concentration 

Several studies have demonstrated that total protein quantity per mass of cells 

(pconc),, as measured by µgprotein/OD600, remains relatively constant over medium to fast 

growth rates [181]. At slower growth rates pconc rises modestly with increasing generation 

time [146, 171]. Cell mass is proportional to growth rate; at slower rates of proliferation, 

cells are smaller and thus, comprised of less material. However, the proportion of cellular 

mass that is made up of proteins increases as cell size decreases [89, 146, 173]. As such, 

at slow growth rates there is a higher concentration of protein in cells (i.e. cells are 

smaller in poor growth conditions but house more protein per unit of volume) [171].  

For our wild-type strain, the majority of growth conditions foster sufficiently rapid 

growth, such that protein quantity per mass remains approximately equivalent across the 

various media (Supplemental Figure 3.4 A, B black, circles). In contrast, protein 

concentration in the ΔyjeQ deletion rose significantly with decreasing nutritional quantity 

(Supplemental Figure 3.4 A, B, squares). This is likely a reflection of the significantly 

retarded growth rates of the mutant, which are suspected to correspond with a reduction 

in cell size and increase in pconc.  

Cellular RNA concentration 

 RNA concentration per mass, as measured by µgRNA /OD600 (RNAconc), has been 

shown to be proportional to proliferation rate during balanced growth and is yet another 

indicator of cellular ribosome levels [171]. In both the wild-type and mutant strains RNA 

concentration increases linearly with growth rate (Figure 3.4). In the ΔyjeQ deletion the 

level of RNA with respect to mass is significantly elevated in comparison to the wild-type 
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for a given rate of growth, though less so than the RNA/protein measurements suggest. In 

addition, the intercept is positive. However, both trends still appear to converge at a 

growth rate greater than zero (discussed below).  

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Examining the correlation of the RNA/OD600 ratio (RNAconc) with growth 
rate (λ) in the ΔyjeQ deletion. Plot showing λ vs RNAconc for wild-type MG1655 and the 
corresponding ΔyjeQ null-strain. In this experiment growth rate is modulated using 
media of different nutritional value (figure legend, top = richest, bottom = poorest). A 
linear correlation was observed between RNAconc and λ for the wild-type (black line).  A 
linear correlation between RNAconc and λ was also observed for the ΔyjeQ mutant strain 
(red line). Once again, a steep trendline illustrates that the mutant houses more 
ribosomal content in comparison to the wild-type at a given growth rate. While neither 
intercept is negative, the trends still converge at point greater than zero growth. 
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inversely with growth rate and RNA. As such, RNA/Protein (r) is not equivalent to 

RNA/OD600 (RNAconc) in this strain. The latter is likely a more reliable means of 

determining intracellular RNA levels as the average cell volume per mass (OD600) is 

largely unaffected by growth rate [146]. Thus, while both methods illustrate growth rate-

dependence of ribosomal material, RNA/Protein (r) likely over estimates the ribosome 

quantities as it pegs RNA to protein levels, which fluctuate significantly in the ΔyjeQ 

deletion.  

This deviation could be the origin of the negative intercept; RNA levels move 

inversely with protein levels in the biogenesis mutant, thereby overstating cellular 

ribosome concentration at fast growth rates and understating them at slow growth rates.  

However, the RNA/Protein ratio provides unique insight into the translational capacity of 

the cell as it describes the ratio of ribosomes to total protein in a culture and thus, is an 

indicator of the translational potential of a population’s ribosomal material. For example, 

at fast growth rates, the protein output per mass of RNA (RNA/Protein) in the ΔyjeQ 

deletion is substantially less than in the wild-type (Supplementary Figure 3.3), indicating 

that mutant cells are getting less ‘ bang’ for their ribosomal ‘buck.’ Interestingly, 

regardless of which approach is used to quantify ribosomal material, the trends converge 

at a point greater than zero growth, suggesting that in poor nutrient conditions the wild-

type and mutant behave in similar fashion. We suggest that the point of intersection 

represents the point at which perturbation in biogenesis no longer impedes growth rate. 
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Elevation of Ribosomal Content 

 While the negative intercept and fluctuating protein levels complicate the 

interpretation of these trends, it is clear from the data that ribosomal levels are elevated in 

the ΔyjeQ deletion strain, especially in conditions that foster rapid growth. This implies 

that mutant cells require increased ribosome production to achieve growth rates 

comparable to the wild-type. Intuitively, this makes sense; approximately 50 % of the 

ribosomal material in the mutant is non-functional, so twice as much material is required 

to achieve wild-type translational output. This is similar to the scenario in the translation 

mutants (SmR, SmP) discussed above where more ribosomes are required to make up for 

poor translation efficiency. Thus, in the ΔyjeQ mutant, the proportion of non-functional 

material influences ribosome levels, whereas in the translation mutants, ribosome quantity 

is dictated by the decrease in catalytic efficiency (Supplementary Figure 3.1). 

 

3.3.3  Understanding Ribosomal Growth Rate-Dependence in a ΔyjeQ Strain 
	  
Steady-state levels of immature rRNA are independent of growth rate 

In the absence of YjeQ, assembly of the ribosome still occurs. It is not yet known 

if this is achieved through alternate parallel pathways or if functional overlap amongst 

assembly factors ensures that the ribosome is completed. Regardless of the mechanism, 

maturation proceeds via a YjeQ-independent process, albeit with reduced efficiency. It is 

worth considering that in media fostering slow growth rates, aberrant biogenesis might be 

sufficiently fast to keep pace with cell division. Longer generation times provide 

increased opportunity for maturation and assembly, which could result in a higher 
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proportion of functional 70S ribosomes in cells. At slow growth rates, a defect in 

assembly may not be limiting. At faster growth rates, however, a perturbed assembly 

pathway may be incapable of keeping pace and therefore lead to an accumulation of non-

functional material. Thus, at slow growth rates the RNA/Protein ratio may reflect a 

greater proportion of functionally active ribosomes than at fast growth rates. This 

variation could potentially account for the convergence of the wild-type and mutant 

trends, as the correlation between growth and RNA/Protein for the ΔyjeQ strain would be 

non-linear in the mutant with the proportion of functional ribosomes increasing with 

declining growth rate (Supplementary Figure 3.5). Thus, the ΔyjeQ curve would be 

asymptotic to the wild-type trend with a vertical intercept similar to that seen for the wild-

type and translation mutants. 

To test this hypothesis, the proportion of 17S (non-functional) to 16S (functional) 

rRNA in ΔyjeQ cells was examined in six different media of varying nutritional quality. 

(Figure 3.5). Surprisingly, no significant change in the relative levels of 17S and 16S 

rRNA was observed over the growth rates tested, suggesting that the proportion of 

immature rRNA in cells is independent of growth rate. While this result was not 

anticipated, it is consistent with previous observations that the proportion of actively 

translating ribosomes in wild-type E. coli is not affected by environment or growth rate 

[68, 147, 173]. As this experiment interrogates steady-state levels of rRNA, it only 

provides a snapshot in time of the ribosome population in a culture. Thus, it yields limited 

insight into how different growth conditions influence the interplay of assembly and 

proliferation rates. We next sought to examine this relationship using pulse-chase 
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methods to examine the kinetics of subunit maturation with respect to growth rate in the 

in ΔyjeQ mutant. 

 

 

 

 

 

 

 

Figure 3.5: Steady-state proportion of precursor rRNA is independent of growth rate in 
a ΔyjeQ deletion. A) Analysis of rRNA derived from the ΔyjeQ mutant strain grown in 
media with varied nutritional content. No significant difference in the proportion of 
functional to non-functional (16S/17S) rRNA is observed between media. B) Specific 
growth rates (λ-h) for ΔyjeQ deletion strain grown in media of varying nutritional quality. 
Acronyms: RDM - Rich Defined Media, cAA - Casamino Acids-Supplemented M63 
Media, M63 – Minimal Media, Glu/gly  – media supplied with glucose or glycerol.  

 

Ribosome Maturation Rate versus Growth Rate 

Cells lacking YjeQ harbour nearly twice as much ribosomal material as the wild-

type. Ribosome profile analysis indicates that nearly half of this material is in the form of 

free subunits (~43%, Supplementary Figure 1.1. Figure 4.5). Likewise, quantification of 

rRNA species in the yjeQ-null suggests that nearly half of the 30S subunit-derived rRNA 

is immature 17S (54%) (Figure 4.6).  Thus, while the relative amount of non-functional 

material in the ΔyjeQ deletion strain is substantially higher than in the wild-type, the 

absolute quantity of functional ribosomes in the mutant is roughly equivalent. At first 

glance, the yjeQ-null would then be expected to have a translational capacity similar to 
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that of the wild-type and arguably, a comparable growth phenotype. However, it is the 

rate of ribosome accumulation that that limits growth rate when biogenesis is perturbed, 

not the steady-state level of functional ribosomes.   

Studies suggest that the cell division is linked to translational capacity, whereby 

ribosome production dictates protein synthesis output, which in turn influences the rate of 

proliferation [182-187]. The precise mechanism governing this connection is not known, 

but it is clear that regulatory systems enable a cell to tailor ribosomal concentration to suit 

its environment. Interestingly, it has been suggested that the feedback mechanism 

regulating ribosome production only accounts for actively translating ribosomes [182-

187]. When the level of translating ribosomes is low, synthesis of rRNA is up-regulated 

to increase the pool of functional ribosomes. This feedback occurs regardless of the level 

of immature subunits in cells [183]. Thus, a cell will continue to manufacture ribosomes 

until an optimal concentration is achieved that enables it to maximize growth given the 

conditions of its environment. Once this threshold is reached, rRNA transcription is 

down-regulated so that the cell does not needlessly invest resources into ribosome 

production [183, 188]. This likely explains why a biogenesis mutant would possess vast 

quantities of ribosomal material and yet still suffer a growth defect. The reduced rate of 

ribosome assembly extends the time required to synthesize this threshold of active 

ribosomes, delaying the attainment of maximal output and ultimately, slowing division.	  

The proportion of functioning 70S within an individual cell requires consideration 

of both the rate of ribosome synthesis as well division time. In wild-type cells, assembly 

is rapid (< 5 minutes) and the rate-limiting step in ribosome production is the 
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transcription of the rrn operons [51, 90]. Work by Michaels and others have established 

that the rate of ribosomal maturation, the time it takes for newly synthesized transcripts to 

become functional 70S ribosomes, is a constant fraction (F) of generation time [51, 90]. 

That is, the faster cells grow and proliferate, the faster they build ribosomes. When 

assembly is perturbed, the transcription of rRNA is no longer rate-limiting. Instead, 

maturation and subunit association become bottlenecks in the biogenesis pathway. As 

such, we hypothesized that the rate of ribosomal maturation in the ΔyjeQ mutant should 

be consistent across media of varying nutritional quality.  

We examined the rate of maturation through pulse-chase monitoring of 17S rRNA 

processing in rich and poor media (RDM-Glucose and M63-Glucose). The growth rate of 

the ΔyjeQ deletion in RDM-Glucose (doubling time ≈ 40.8 minutes) is approximately 1.9 

times that of the growth rate in M63-Glucose (Doubling time ≈ 72.3 minutes). Figure 3.6 

depicts the maturation of 17S rRNA in both these conditions. In rich media, ~50% of 17S 

rRNA was converted to the mature form within 60 minutes as determined by pixel 

counting with ImageQuant version 5.2. Maturation occurs slightly slower in M63-

Glucose: ~40% of 17S rRNA is converted within 60 minutes. Processing is 

approximately linear for the first 60 minutes of growth in both conditions. The rate of 

maturation, as measured by the percentage of 17S rRNA processed per minute (P), is 

0.71% min-1 and 0.59% min-1 for the rich and poor media respectively.  
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Figure 3.6: Examining the influence of media nutrition on 16S rRNA maturation rate 
in the ΔyjeQ deletion. A) Radiogram of labeled 17S rRNA in the ΔyjeQ deletion grown in 
RDM-Glucose (RDM-Glu) and M63-Glucose (M63-Glu). 17S rRNA is gradually 
converted to 16S rRNA over the time-course. After 90 minutes, more than 60% of the 
rRNA is mature in both media. B) Plot showing the level of 16S rRNA (relative to all 30S-
derived rRNA) as determined by band quantification using ImageQuant version 5.2. The 
rate of maturation in RDM-Glu is only slightly faster than the rate in M63-Glu (0.71 % 
min-1 versus .587 % min-1).  C) The value of F (P/λ) for the ΔyjeQ deletion is different in 
the two media tested (RDM-Glu: 0.7, M63-Glu: 1.0) 
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F (P/ λ) for the ΔyjeQ strain differed substantially between rich and poor media 

(0.7 and 1.0 respectively). This contrasts previous studies demonstrating that this fraction 

remains constant across growth rates in wild-type cells [51]. These results support the 

notion that perturbations in the assembly pathway become the primary determinant of 

ribosome synthesis rates. Though ribosome maturation rate is slightly faster in rich media 

(~20% faster), it is small in comparison to the difference in growth rate (~75% faster). As 

such, in poor media (M63-Glu) a greater proportion of ribosome material is expected to 

mature per cellular division. Given this decoupling of growth and assembly rates, we 

suspect that the impact of ribosome biogenesis defects is more pronounced in rich 

conditions that support rapid growth, where ribosome assembly significantly limits a 

cell’s ability to capitalize on available nutrients. Further study across a broader range of 

growth rates is required to test this hypothesis and clarify the connection between 

assembly rate and generation time in the yjeQ-null strain. 

	  
3.3.4  Growth Rate-Dependence in Additional Biogenesis Mutants  
	  
 We next examined the growth rate-dependent control of ribosome quantity in two 

additional biogenesis mutants (ΔrbfA, ΔrimM) as well as the translation mutant ΔtufA. 

The method employed was the same as above except the strains examined were derived 

from the Keio collection of non-essential deletions [189]. As such, E. coli BW25113 was 

used as the parent strain for these studies. In addition only six media of varying 

nutritional content were examined (Figure 3.7, legend). 
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Figure 3.7: Examining the correlation of the RNA/Protein ratio (r) with growth rate (λ) 
in biogenesis mutants. A) Plot showing λ vs r values for wild-type BW25113 and a 
shortlist of deletions. In this experiment growth rate is modulated using media of different 
nutritional value (figure legend). The plot illustrates the correlation between r and λ in 
biogenesis and translation mutants. Linear correlations with steep slopes (lower kt) were 
observed for biogenesis mutants ΔyjeQ, ΔrbfA, ΔrimM (red, purple, dark blue) and the 
translation mutants SmR and SmP (data from [179], light blue, teal). A strain lacking 
tufA, coding the translation aid Elongation Factor Thermo Unstable (EF-Tu, orange), 
showed a marginal increase in slope with a positive x-intercept (r0 ≈ 0.1).  
 

Biogenesis mutant: ΔrbfA 

The plot of r versus λ for the ΔrbfA deletion yields a linear correlation reminiscent 

of that seen with ΔyjeQ: a steep slope with drastically increased ribosomal content at high 

growth rates and a linear trend suggesting a negative y-intercept (Figure 3.7, purple line).  

Biogenesis mutant: ΔrimM 

Deletion of rimM severely retards growth and also gives rise to significantly 

increased ribosomal content at fast growth rates. The slope of the r/ λ line for this 

biogenesis mutant is also increased in comparison to the wild-type (Figure 3.7, dark blue). 
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For ΔrimM, ribosomal content could only be examined for the three richest media. For 

the poorest media, lengthy incubations were required to allow cultures to reach densities 

sufficient for the accurate quantification of RNA and protein. Growth rates were 

inconsistent over these extended time courses and were thus deemed unreliable.  

Translation mutant: ΔtufA 

To better understand the implications of these observations, efforts were made to 

examine how direct interference with translation affected the r/ λ relation. In the study by 

Scott et al. mutated ribosomes with reduced translational efficiency were used for this 

purpose [179]. To further expand on these observations we chose to examine 

perturbations in translation brought about by disruptions in the function of trans-acting 

factors. In E. coli many trans-acting translation factors are essential. Thus, options for 

direct interference with translation via a full gene deletion are limited.  

EF-Tu is an essential protein involved in the transport and accurate selection of 

cognate tRNA’s. Two genes, tufA and tufB, encode nearly identical copies of this factor. 

While deletion of both genes is fatal, strains harboring either single deletion are viable, 

though they display reduced translational capacity. EF-Tu derived from the tufA gene 

appears to be especially important to full growth in rich media; with strains bearing only 

tufB exhibiting reduced growth rates [190]. As can be seen in Figure 3.7, the tufA-null had 

a specific growth rate (λ) in RDM-Glu approximately 20% slower than the parental wild-

type. As expected, a linear correlation between λ and r was observed (Figure 3.7, orange). 

The deletion of tufA resulted in a subtle increase in the slope of the trend in comparison to 
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wild-type. In addition, a positive intercept approximating that of the wild-type was 

observed.  

 

3.3.5  Towards a Unique Phenotype 
	  

The absence of the putative assembly factor YejQ appears to significantly alter the 

relationship between ribosomal content and growth rate in cells. Likewise, the 

impediment of translation in the SmR and SmP mutants yields deviation from the wild-

type trend. In both cases, the translational capacity (kt) of the cells is compromised and 

more ribosomal material is required, relative to the wild-type, to achieve a given growth 

rate. The degree of elevation seen in the ΔyjeQ deletion strain is substantially higher than 

that associated with the translation mutants examined here. Interestingly, similar trends 

were observed in strains harboring rimM and rbfA deletions but not for a strain lacking 

translation factor EF-Tu (ΔtufA). Both strains demonstrated a significantly increased 

slope in comparison to the wild-type. For the limited collection of mutants we have 

examined, only deletions in assembly factors gave rise to the enigmatic negative y-

intercept. Drawing conclusions about the exclusivity of these phenotypes to disruptions in 

biogenesis are tempting, but premature. A much broader and comprehensive sample 

population would be required to solidify the legitimacy of such claims. Nonetheless, these 

observations suggest that the quantity of ribosomal material in a cell presents a new 

avenue for identifying disturbances in biogenesis and understanding their affect on 

cellular fitness.  
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3.4  DISCUSSION 
	  
Growth rate-dependence 

The translational capacity of a cell is dictated by the number of functioning 

ribosomes it houses as well as the efficiency of the individual units. The mutants 

examined here illustrate this balancing act of quantity and quality in achieving optimal 

growth; cells with less efficient ribosomes require more of them to achieve the same 

output as wild-type cells. It is hypothesized that perturbations in biogenesis primarily 

affect the quantity of functioning units in a cell by decreasing the rate of assembly.  

 We set out to uncover a readily assayable phenotype unique to perturbations in 

ribosome assembly by examining growth rate-dependence in biogenesis mutants. While a 

clear-cut phenotype has evaded us, we believe the approaches outlined here could have 

utility in the study of assembly. These assays augment the current repertoire of methods 

available for use in the identification and characterization of biogenesis defects. In the 

absence of a panacea with which to study this process, diversity in our approaches will 

enable us to delve deeper into the inner workings of assembly, while maintaining a 

holistic view of bacterial protein synthesis.  

We have demonstrated that cells lacking the YjeQ protein exhibit growth-rate 

dependence with regards to ribosomal content, as determined by the ratio of RNA/Protein 

or RNA/OD600. The linear trends illustrate that increased quantities of ribosomes are 

required for the mutant to achieve growth rates comparable to the wild-type strain for any 

given media, indicating that cells lacking the YjeQ protein have compromised 

translational capacity. In addition, the concentration of protein in ΔyjeQ cells appears to 
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be lower than that of the wild-type when grown in fast media. We attribute this to a 

reduced level of protein synthesis in comparison to the wild-type. We have illustrated that 

protein concentration increases substantially with generation time in the yjeQ-null. This 

calls into question the accuracy of the RNA/Protein ratio in measuring cytoplasmic 

ribosome concentration, especially in strains with mutations affecting ribosomal 

infrastructure. The concentration of RNA per cellular mass (RNA/OD600) is likely a more 

accurate indicator of ribosomal quantities, especially for slow growing mutants like the 

ΔyjeQ deletion. Nevertheless, both approaches are useful in detecting alterations in 

ribosome levels and translational output. 

 Regardless of the method employed to quantify cellular ribosome levels, the linear 

relationships for the wild-type and ΔyjeQ mutants intersect at a growth rate greater than 

zero. We suggest that this intersection signifies the point at which biogenesis is no longer 

limiting to growth and as such, is the point at which the ΔyjeQ deletion is as efficient as 

the wild-type at utilizing environmental resources. 

Identifying perturbations in biogenesis 

The elevated level of ribosomal material seen in the ΔyjeQ deletion and other 

biogenesis mutants presents a new and convenient phenotype that may have utility in 

identifying perturbations of the assembly process. The ability to characterize this 

phenotype in high-throughput could enable large-scale genetic and chemical screens for 

defective biogenesis.  Both RNA/Protein (r) and RNA/OD600 (RNAconc) were useful in 

recognizing reductions in translational capacity and could have substantial utility in 

identifying perturbations in ribosome biogenesis or at the very least, protein synthesis.  
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3.5  MATERIALS AND METHODS 
	  
Strains and Media 

 All strains in this study were sourced from either the Keio collection of non-

essential gene-deletions (Wild-type BW25113, ΔyjeQ, ΔrimM, ΔrbfA, ΔtufA,) or were 

previously constructed by Campbell et al. (wild-type MG1655, ΔyjeQ) [128, 191]. The 

nutritional quality of media used in this study was dictated by a combination of a variety 

of nitrogen and carbon sources. This included MOPS-based EZ Rich Defined Media 

(RDM, Teknova), M63 media supplemented with casamino acids (cAA), and plain M63 

media (M63). Carbon sources in order of nutritional quality were glucose (Glu), glycerol 

(Gly), fructose (Fru) and manose (Man) [192]. 

RNA/Protein vs Growth Rate 

Growth rates and RNA/Protein ratios were examined for a number of strains 

grown in media of varied nutritional content. Strains were grown for 16 hours at 37°C 

with shaking (250 rpm). Cells were then subcultured into one of nine distinct media 

(RDM-Glu, RDM-Fru, RDM-Man, cAA-Glu, cAA-Fru, cAA-Man, M63-Glu, M63-Fru, 

M63-Man) and grown to mid-log phase (1 in 10,000 dilution). Cells were subsequently 

diluted in fresh media, incubated with aeration in a 37°C water bath and grown to early 

exponential growth phase. Optical density at 600 nm (OD600) was then measured 

manually throughout exponential growth on a SpectronicTM 200 spectrophotometer 

(Thermo Scientific). For each growth condition, six OD600 readings were taken spanning 

two doublings of the culture. These values were plotted against time on a semi-log plot 

and specific growth rates (λ, hour-1) were calculated from the slope of a linear trendline 
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(Supplemental Figure 3.2).  A stringent cut-off requiring R2 values of 0.99 or greater was 

used to ensure the determination of accurate growth rates. Three biological replicates 

were performed for each media and strain combination for a total of 27 samples per 

curve. 

Throughout mid-log phase, 1 ml aliquots of each culture were harvested and 

immediately frozen in a dry ice/ethanol bath. RNA and protein were subsequently 

extracted from these samples (0.5 ml each). Total RNA was isolated using RNeasy Mini 

kit (Qiagen) as per the manufacturer’s protocol and quantified (µg) by absorbance at 260 

nm using a NanoDrop® spectrophotometer. To ensure linearity and accuracy in 

quantification, RNA was extracted from cells at multiple time-points in exponential 

growth phase and plotted against OD600 (Supplementary figure 3.3). Quantification was 

only considered accurate if this plot yielded a straight line with an R2 value greater than 

0.95. Total protein was isolated and quantified using the Sigma Total Protein Kit® (a 

modification of the Lowry assay) as per the manufacturer’s protocol using a 

SpectraMax® Plus 384 plate reader.  Once again, reliability of quantification was 

determined by examining the linear correlation of protein with OD600 (cut-off of R2 = 

0.95). The RNA/Protein ratio (r, µg/µg) was plotted against calculated growth rates (λ-h) 

and a trendline was established.  

The same protocol as above was followed when testing strains from the Keio 

collection except only six distinct media were used including Rich Defined Media 

supplemented with glucose or glycerol (RDM-Glu, RDM-Gly), M63 minimal 
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supplemented with casamino acids and glucose or glycerol (cAA-Glu, cAA-Gly), and 

M63 minimal media supplemented with glucose or glycerol (M63-Glu, M63-Gly). 

Steady state levels of rRNA 

Steady state levels of rRNA were examined via agarose gel electrophoresis (2.1 

%, 4 h at 4.5 V/cm) using RedSafeTM (FroggaBio) in combination with a Typhoon™ 

multimode imager (GE). The ΔyjeQ mutant was assayed in 6 media including Rich 

Defined Media supplemented with glucose or glycerol (RDM-Glu, RDM Gly), M63 

minimal supplemented with casamino acids and glucose or glycerol (cAA-Glu, cAA-

Gly), and M63 minimal media supplemented with glucose or glycerol (M63-Glu, M63-

Gly). 

Maturation Rate 

Maturation rate was examined using the pulse-chase methods described in the 

previous chapter. ΔyjeQ-ara was grown overnight at 37°C in LB media. Cells were 

subsequently diluted (1 in 10,000) in fresh RDM-Glucose or M63-Gluocse media and 

grown in a 37°C water bath with aeration (250 rpm). At an OD600 ~0.1-0.2, carbon-14 

labeled uridine was added to the growing culture (final concentration of 0.1 µCi/ml). 

After five minutes of exposure to this ‘pulse,’ unlabeled uridine was added to the culture 

to a final concentration 500 ug/ml (1000-fold greater concentration than the pulse). Cells 

were harvested (200 µl) at regular intervals (every five minutes) and fast frozen in a dry 

ice/ethanol bath. Samples were harvested over a full doubling of the cell population. 

Frozen samples were subsequently pelleted by centrifugation for 10 minutes at 4°C.  

Total rRNA was extracted from each sample using the Qiagen RNeasy kit as per the 
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manufactures protocol. Purified RNA was then incubated with custom loading buffer 

(50% [w/v] urea, 10% [w/v] sucrose, 1× TBE) and resolved via gel electrophoresis. rRNA 

was subsequently transferred to a charged nitrocellulose membrane (Hybond N+, GE 

Healthcare) with an alkaline buffer (0.1 M NaOH, 3M NaCl) using the standard capillary 

method. Membranes were rinsed in 6x SSC buffer (0.3 M sodium citrate, 3M NaCl) and 

then exposed to a phosphor screen for 72 hours. Following exposure, the radiolabeled 

samples were imaged on a Typhoon™ multimode imager (GE). Quantification of labeled 

rRNA bands was performed using ImageQuant, version 5.2 (Molecular Dynamics) with 

the rolling average of the region surrounding the band used for background correction. 
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CHAPTER 4. Exploring Genetic Interaction with yjeQ 
	  

4.1  AUTHOR’S PREFACE 
	  
 This chapter contains experiments conducted as a part of a manuscript under 

construction at the time of the writing of this thesis. All experiments were designed and 

performed by myself in consultation with Dr. Eric Brown with input from my committee. 

The double-deletion strains used in this study were created previously by Dr. Tracey 

Campbell [126]. The conditional ΔyjeQΔrbfA clone (ΔyjeQΔrbfA–ara) was created and 

sequenced by Dr. Jean Philippe Cote, a post-doctoral fellow in the lab of Dr. Eric Brown. 
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4.2  INTRODUCTION 
	  

Despite its role as a model prokaryotic organism for more than a century, there are 

still enormous gaps in our understanding of the E. coli genome. Indeed, of the 4,225 

genes encoding proteins, one-third lack any annotated function [193]. Traditionally, 

efforts to link genes to function focused on deletion phenotypes; the absence of genes 

leads to obvious cellular defects from which function can be inferred. While this approach 

has proven fruitful in delineating biology, its utility is limited by the fact that many gene-

deletions do not yield discernible phenotypes under standard laboratory conditions. The 

combination of functional overlap and redundancy tends to make most biochemical 

pathways substantially robust. Even in cases where deletion phenotypes are evident, this 

overlap can make it exceedingly difficult to assign specific function to any one gene.  

The study of gene-gene interaction has been a powerful tool in exploring the 

unchartered regions of model genomes and an aid in addressing this dilemma. This 

approach looks to characterize the function of gene-products by mapping epistasis, the 

phenomenon in which multiple genes influence a single phenotype. Genetic interaction 

studies follow the principle that concurrent mutations in two functionally related genes 

can give rise to a phenotype distinct from those produced by lesions in the individual 

genes.  Depending on the nature of the interaction this can lead to enhancement or 

suppression (synergy/antagonism) of the individual phenotypes [189]. In this way, genes 

can be charted to cellular pathways and networks based on their genetic relationship with 

other genes. This approach has gained momentum in concert with the development of 
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high-throughput screening techniques that enable rapid large-scale construction and 

analysis of double-mutants [189].  

One of the focuses of our work has been to further understand the functional 

relationship between YjeQ and other putative assembly factors. Ribosome biogenesis is 

thought to be a pathway lined with functional overlap and redundancy; hence the 

dispensability of nearly all the factors involved in what is an absolutely essential process. 

As such, this arena provides fertile ground for exploration through genetic interaction. 

While we have investigated the prospect of genome-wide interaction studies, our group 

elected to take a small-scale directed approach focusing on interactions between gene-

products related to ribosome function. Deference to this strategy stemmed from our drive 

to clarify the cellular role of YjeQ, rather than develop a broad map of factors involved in 

protein synthesis. With over 100 different ribosome-related factors on the books, there is 

ample genetic territory with which to take a focused approach. 

Genetic map of YjeQ 

 Previously, Campbell and Brown developed a genetic interaction network for 

yjeQ that highlighted possible functional relationships amongst ribosome-associated 

proteins [126]. A shortlist of 39 dispensable genes (Supplemental Table 4.1) thought to be 

involved in ribosome function was examined in the context of a double-deletion screen. 

Each single gene deletion was introduced into a yjeQ-null background and growth of the 

resulting double mutant was examined.  This screen characterized genetic interaction by 

contrasting the growth of the double mutant with that of the parent ΔyjeQ strain; 

secondary deletions that augmented or suppressed the ΔyjeQ phenotype were tagged as 
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potential interactions [126].  Ribosome profiles of these double-deletion strains were then 

assessed to further investigate the influence of these genetic interactions on the assembly 

process. Ultimately, this study yielded an interaction map highlighting functional 

relationships amongst several ribosome-associated proteins. This included genetic 

enhancement between yjeQ and putative biogenesis factors rimM, ksgA, and rluD [126]. 

In addition, enhancement interactions were observed with the translation factors trmE, 

trmU, tgt and ssrA [126]. 

YjeQ interaction map revisited 

The connectivity that was observed between YjeQ and several 

translation/biogenesis proteins fortified the notion of its involvement in biogenesis. 

However, the phenotypes (growth/ribosome profile) used to examine these interactions 

provided little insight into the specific role of YjeQ or the mechanisms behind the 

observed gene-gene interactions. In addition, the gene pairs were qualified via relative 

growth in comparison to the ΔyjeQ deletion strain. This approach assumes that deviation 

from the single mutant is indicative of genetic interaction. Studies suggest that a 

multiplicative approach to qualifying defects is most reliable in detecting legitimate 

interactions (reviewed in [194]). In this model, the fitness defect resulting from the 

deletion of two functionally unrelated genes is predicted to be the product of the defect 

resulting from each single-mutant. Deviation from this value represents functional-

relatedness in the form of synergy (synthetic sickness) or antagonism (synthetic 

viability/suppression).  We have applied this approach to reexamine this priority list of 

genes in a double-deletion study by Campbell et al. [126]. Assays discussed in the 
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previous chapters have been used to further characterize the functional interaction of 

these factors in the context of the assembly process. 

4.3  RESULTS 
	  
4.3.1  Double-deletion Screen 
	  

Single and double-deletion strains were grown in 96 well plates at 37°C in RDM-

Glucose with shaking in an automated plate reader (Tecan SunriseTM). Optical density 

(OD600) was read every 10 minutes over a 24-hour period. The resulting curves were used 

to calculate specific growth rates for each strain (λ–h), with these values reflecting the 

average rate of three biological replicates grown on separate days. Predicted growth rates 

(λP
–h )  were then calculated as the product of the relative growth rates of each single 

deletion with respect to the wild-type (equation 4.1).  

                           λP
–h  =  λdeletion    x     λΔyjeQ       eqn 4.1     

    λwild-type         λwild-type   

The predicted and observed (λO
–h) rates were then contrasted (λP

–h/λO
–h) and 

strains exhibiting substantial deviation from the predicted value were flagged for further 

study. Of the 37 gene combinations examined only one double-deletion, ΔssrAΔyjeQ, was 

flagged as demonstrating genetic enhancement of the slow-growth phenotype of the 

ΔyjeQ single-deletion. This was in agreement with the previous study by Campbell et al. 

[126]. However, the remaining double-deletion mutants did not confirm as enhancers 

(grey).  Four double-mutants (trmE, trmU, tgt and ksgA) all demonstrated growth rates in 

line with values predicted by the multiplicative model. As such, we suspect there is in fact 

no genetic relationship between these genes and yjeQ. In contrast, the double mutants for 
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rbfA, rimM and rimI had significantly faster growth rates than the model predicted (>1.5 

fold), suggesting that the simultaneous deletion of yjeQ and these genes actually suppress 

the cumulative effect of their individual mutations. One gene from both of these 

categories (trmeE - non-interacting; rbfA - suppressor) was chosen for further study. 

 

	  	  	   

 

 

 

 

 

 

Figure 4.1: Reexamination of double-deletion mutants from Campbell et al. [126]. The 
plot shows the ratio of predicted versus actual growth rates for each pair of gene-
deletions (λPredicted

–h/λObserved
–h). Growth rates were expressed as specific growth rate λ-h 

(ln(2)/doubling time) relative to the wild-type. Predicted growth rates were calculated as 
the product of growth rates for each individual mutant (relative to the wild-type). 
Deviation of the predicted and actual values was determined by dividing the former by 
the later (λP 

-h/λO 
-h). A value less than one signifies genetic enhancement while a value 

greater than one is indicative of suppression. Genes (x axis) are grouped putative 
function (biogenesis vs translation). Genetic interactions previously identified by 
Campbell et al. are coloured in grey [126]. Double-mutants featuring deletion of yjeQ 
and each of rimM, rimI or rbfA all demonstrated λP 

- h values greater than 1.5 fold λO 
-h, 

suggesting genetic suppression. rbfA, the gene showing the greatest level of genetic 
suppression, is highlighted in red. The genetic interaction of yjeQ and ssrA was 
confirmed (enhancement). 
 
4.3.2  ΔrbfAΔyjeQ 
	  

E. coli RbfA is a broadly conserved cold shock protein that is essential for growth 

at low temperatures and is important for overall cellular fitness [116, 119, 123]. As 
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discussed in Chapters 1 and 2, there is a growing body of data implicating RbfA in the 

late stages of 30S subunit maturation. This includes several lines of evidence that suggest 

RbfA is functionally connected to YjeQ [121]. 

 In the previous screen by Campbell and Brown, RbfA and YjeQ were not 

classified as an interacting pair. Indeed, the double-deletion exhibited a growth curve 

nearly identical to both single deletions [126]. However, assessing these genes using the 

multiplicative approach suggests that there is in fact a genetic interaction. The predicted 

growth rate of the ΔyjeQΔrbfA strain is significantly lower than the observed rate, 

suggesting genetic suppression (Figure 4.2). Both the ΔyjeQ and ΔrbfA single–deletions 

exhibited equivalent severe growth defects. The growth rate of the double-deletion, 

however, mirrors that of either single mutant. This suggests some level of genetic 

interplay in which the presence of one genetic lesion negates the phenotypic influence of 

the other.  
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Figure 4.2: Examining the growth phenotype in the ΔyjeQ, ΔrbfA, and ΔyjeQΔrbfA 
strains. A) Growth curves for the wild-type, ΔyjeQ, ΔrbfA and ΔyjeQΔrbfA strains B) 
Specific growth rates (λ-h) for each mutant strain as a fraction of the wild-type growth 
rate. The ΔyjeQΔrbfA double-deletion grows slightly better than either single mutant 
(~0.56). The product of the relative growth rates of both single mutants (λP 

–h) was 
substantially lower (grey bar, ~0.15). This suggests an antagonistic genetic interaction 
between ΔrbfA and ΔyjeQ that suppresses their combined defect. 

 

These observations are consistent with reports by Goto et al. that suggest YjeQ 

and RbfA are functionally related [121, 195]. As discussed in Chapter 1, this work posits 

that the cellular role of YjeQ is dependent on the presence of RbfA; when the latter is 

absent the former is completely dispensable. We hypothesized that if this relationship 

were correct, the rate of 17S rRNA processing should be similar in both the single and 

double-deletion mutants (ΔyjeQ, ΔyjeQΔrbfA). Indeed, pulse-chase analysis of 17S rRNA 

maturation revealed processing times to be consistent across both strains (Figure 4.3 B, 

C). These experiments were performed as reported in Chapter 2.  We further examined 

the functional relevance of YjeQ in the absence of RbfA by making use of a double-

deletion (ΔyjeQΔrbfA-ara) harboring an arabinose-inducible copy of YjeQ at araBAD 

(yjeQ::kan; rbfA::spec; yjeQ::araBAD-amp). Previously, we demonstrated factor-

mediated acceleration of 17S rRNA processing in the yjeQ-null using this approach. 

However, with RbfA absent, reintroduction of YjeQ had no effect on the conversion rate 

of 17S rRNA (Figures 4.3 B, C). 
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Figure 4.3 Pulse-chase analysis of rRNA processing in the ΔyjeQΔrbfA double-
deletion. A) Growth rates (+/- arabinose) for wild-type, ΔyjeQ-ara, ΔrbfA and 
ΔyjeQΔrbfA-ara. B) Plot showing the percentage of 16S rRNA over time. The conversion 
rate is similar in all strains except for the complemented ΔyjeQ mutant (ΔyjeQ + 
arabinose). Processing of 17S rRNA in this strain is substantially faster. The same 
complementation appears to have no effect on maturation when RbfA is absent 
(ΔyjeQΔrbfA + arabinose). C) The corresponding radiograms tracking rRNA processing 
over time. 
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These observations support the notion that YjeQ only affects ribosome biogenesis 

if RbfA is present. This is in line with either of the models discussed in Chapter 2: 1) the 

sole function of YjeQ is to promote dissociation of RbfA from the mature subunit or 2) 

YjeQ facilitates subunit maturation, but its interaction with the immature 30S species is 

dependent on RbfA-induced conformational changes. We believe that latter is most 

likely, given the observation that the presence of YjeQ appears to accelerate 17S rRNA 

processing. 

4.3.4  ΔtrmEΔyjeQ 
	  

A strain lacking both the trmE and yjeQ genes has been shown to have a growth 

rate slower than the yjeQ-null while simultaneously having a near wild-type ribosome 

profile [126]. This combination of phenotypes is rather surprising given that the altered 

ribosome profile of the ΔyjeQ deletion is suspected to be the driving force behind its slow 

growth. These seemingly contradictory changes in phenotype present a unique 

opportunity to understand how YjeQ influences ribosome assembly, activity and growth 

rate.  

The trmE (mnmE) gene encodes a 49.6 kDa GTPase that is required for the 5-

methylaminomethyl-2-thiouridine modification of tRNA [196]. This modifications aids in 

correct codon-anticodon pairing. As such, TrmE plays a key role in translational fidelity 

in E. coli, specifically, in maintaining the correct reading frame [197, 198]. Previous 

studies have illustrated that the dispensability of trmE varies in different genetic 

backgrounds. In certain strains (BW25113, MC1000) the removal of this gene has very 

little bearing on the overall health and growth rate of cells.  However, in other strains 
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(JC7263, V5701) it is absolutely essential to survival [196].  It is has been hypothesized 

that the tolerance of mutation in trmE is dependent upon the characteristics of other 

components involved in translation. Additional defects in protein synthesis, in 

combination with the absence of TrmE, are thought to lead to the synthetic lethality 

observed in some strains. However, previous work has not ruled out the possibility of a 

secondary, conditionally essential, function.  

The previous gene-gene interaction screen characterized the tandem deletion of 

trmE and yjeQ as leading to synthetic sickness [126]. A BW25113 strain lacking both 

genes showed an increased lag period and protracted growth curve in comparison to 

either single deletion. In contrast, the single deletion of trmE was characterized as having 

no deleterious effect on growth [126].  To further understand this interaction, the precise 

growth rates for the strains were determined. As anticipated, the double mutant grew 

slower than either single deletion (Figure 4.4 A).  

Relative growth rates with respect to the wild-type (λdeletion/λwild-type) were 

determined to quantify the impairment of cellular fitness in each deletion strain (Figure 

4.4 B). The relative values are as follows: ΔtrmE =0.87, ΔyjeQ = 0.50 and ΔtrmEΔyjeQ = 

0.43. Using the multiplicative approach the λPredicted
-h for the double-deletion is 0.44 (0.87 

x 0.50). That the predicted value mirrors the experimentally determined rate suggests that 

trmE and yjeQ are not, in fact, functionally related. However, the improved ribosome 

profile of the double mutant previously reported made further inquiry worthwhile. 
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Figure 4.4: Examining the growth phenotype in the ΔyjeQ, ΔtrmE, and ΔtrmEΔyjeQ 
strains. A) Growth curves for the wild-type, ΔtrmE, ΔyjeQ and ΔtrmEΔyjeQ strains B) 
Specific growth rates (λ-h) for each mutant strain as a fraction of the wild-type growth 
rate. The ΔtrmEΔyjeQ double-deletion grows worse than either single mutant (~0.43). 
The product of the relative growth rates of both single mutants approximates that of the 
double deletion (grey bar, ~0.44). This calls into question the validity of the previously 
established genetic interaction [126]. 
 

Ribosomal phenotypes 

The ribosome content of the ΔtrmEΔyjeQ strain was assessed by ribosome profile 

and RNA analysis. Phenotypes for the single deletion strains agreed with previous results; 

the ΔyjeQ strain had a significantly altered ribosome profile in conjunction with an 

abundance of 17S rRNA while the ΔtrmE strain resembled the wild-type (Figures 4.5 A, 

B, C) [126, 140]. The ribosome profile of the double mutant was improved in comparison 

to the yjeQ-null strain with an 8% increase in 70S subunits and a concurrent 26.8% 

decrease in free 50S subunits. Interestingly, the proportion of small 30S subunits 

remained approximately the same. Analysis of cellular RNA in the double mutant 

revealed a slight improvement in levels of immature 17S rRNA relative to the ΔyjeQ 

deletion (Figure 4.6). Approximately 50% of 30S-derivived ribosomal RNA is immature 
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17S precursor in the yjeQ-null. However, in the ΔtrmEΔyjeQ strain 17S rRNA only 

accounted for 39% of all 30S ribosomal rRNA. 
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Figure 4.5: Ribosome profile analysis 
for wild-type, ΔyjeQ, ΔtrmE, and 
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ΔtrmE: The profile appears 
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strain featuring a reduction in 70S 
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ribosome profile of the double mutant 
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Figure 4.6: RNA analysis for wild-type, ΔyjeQ, ΔtrmE, and ΔtrmEΔyjeQ strains. A) 
Electrophoretic analysis of the rRNA makeup of each strain. Lane 1: ladder, Lane 2: 
Wild-type, Lane 3: ΔtrmE, Lane 4: ΔyjeQ, Lane 5: ΔtrmEΔyjeQ. Both the wild-type and 
ΔtrmE strains exhibit only trace amounts of 17S rRNA. The ΔyjeQ mutant demonstrates 
the typical RNA profile associated with the absence of YjeQ. The ΔtrmEΔyjeQ mutant 
shows a slightly reduced level of 17S rRNA. B) A graph of 17S rRNA levels relative to all 
30S-derived rRNA as determined by quantifying the gel bands in A using ImageQuant 
version 5.2 (GE). 
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yet a decreased growth rate. That the growth defect remains as potent despite the repair in 

ribosome profile suggests the translational capacity of the cell is still compromised as a 

result of the reduced rate of ribosomal maturation. 

We hypothesize that the apparent improvement in ribosome profile and rRNA 

maturation in the double-mutant is an artifact due to the reduced growth rate of this strain. 
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deletion strain it is suspected that ribosomes mature at the same rate as in the yjeQ-null 

strain. It is plausible that the slower division of the ΔtrmEΔyjeQ cells affords ribosomes 

the extra time needed for maturation - hence the increase in 70S ribosomes.  This is 

distinct from experiments where growth rate is modulated by manipulating a cells 

environment (ie. available nutrients). In the case of the double mutant, the translational 

capacity of the cell is impaired by two simultaneous defects. One affects ribosome 

quantity (yjeQ) and one that affects translational fidelity (trmE). The cumulative effect is 

a reduction in useful protein synthesis, and therefore a reduction in growth rate. The rate 

of ribosome maturation, however, remains constant and as such, ribosomes are granted an 

extended window for maturation. In agreement with this hypothesis is the observation 

that ribosomal defects are corrected by the same degree as the decrease in growth rate (~ 

15%).  

4.4  DISCUSSION 
	  
 The intent of this work was not to invalidate the previous interaction map, but 

rather to add further resolution to the genetic pairings that were identified. That this study 

uncovered several instances of mischaracterization is a testament to the value of 

reexamining observations as methodologies improve. By this means, iterative work can 

both expand and substantiate our view of the genetic landscape surrounding ribosome 

biogenesis. The methods outlined line here lay the groundwork for broader exploration of 

epistasis of amongst ribosome-associated factors. 

 Our results support the hypothesis that YjeQ is fully dispensable at 37°C in rich 

media when RbfA is absent. The mechanism underlying this phenomenon is not clear, but 
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it does suggest that RbfA fulfills a critical role upstream of the action of YjeQ. Work by 

Goto et al. yielded a suppressor of the ΔyjeQ deletion by way of a mutation in RbfA that 

is thought to promote the dissociation of this protein from the 30S subunit [121].  The 

model put forward suggests that the role of YjeQ is to displace RbfA once the 30S 

subunit reaches a certain stage in maturation. Thus, the ribosomal defects associated with 

the absence of YjeQ actually stem from RbfA remaining bound to the precursor 30S 

(presumably limiting further maturation). If this is true, overexpression of RbfA in a 

ΔyjeQ background should theoretically enhance the slow-growth phenotype, as it would 

result in an increase in the number of assembling subunits occupied by RbfA. 

As YjeQ seems to interact primarily with mature 30S subunits, it would stand to 

reason that this protein detects elements of the mature ribosome and, upon recognizing 

certain features, promotes dissociation of RbfA. Our results provide corroborating 

evidence for this hypothesis. However, the ΔyjeQ strain harbours small subunits that are 

clearly not mature. If YjeQ does indeed serve to promote the exit of RbfA from the 30S 

subunit then it must interact with the immature species. Therefore, we suspect that YjeQ 

binds these intermediates and participates in maturation events beyond the dissociation of 

RbfA.  

 Interestingly, both ΔyjeQ and ΔrbfA single deletions are suppressed by the 

overexpression of Era [123, 126]. This lends credence to the notion that they are 

functionally related. It is possible that Era fills in for YjeQ in promoting the dissociation 

of RbfA. However, the mechanism of suppression for the ΔrbfA deletion is in all 

likelihood distinct. Overexpression of the translation factor IF2, another GTPase, has also 
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been shown to suppress defects in a ΔyjeQ deletion strain [126]. It will be worth 

examining this suppression in the ΔyjeQΔrbfA double knockout. If the proposed model 

for YjeQ-RbfA function is correct, the over expression of IF2 should have little bearing 

on phenotype. Reexamining these genetic interactions will prove useful in further 

clarifying the functional relationship between YjeQ and RbfA. In addition, it will provide 

insight as to whether or not epistasis amongst these factors is the result of direct and 

compensatory functional overlap or general improvements in the translational capacity of 

cells. 

 The case of trmE sheds light on an interesting caveat when studying ribosome 

biogenesis: steady-state phenotypes can be deceiving. In certain circumstances, 

perturbations in assembly do not manifest in obvious ribosomal phenotypes such as the 

prevalence of 17S rRNA or free 50S subunits. In the case of ΔtrmEΔyjeQ, it is thought 

that the deceleration of cell division accompanying the secondary deletion partially masks 

ribosome immaturity. Steady-state levels of 17S rRNA in the double mutant appear to be 

closer to those found in wild-type cells, effectively conveying an improvement in 

ribosome assembly when TrmE is absent. Thus, the value of steady-state phenotypes is 

dependent on the conditions under which they are examined.  Strict reliance on these 

phenotypes has the potential to mislead interpretation of genetic or chemical lesions 

disrupting the assembly process. This will be especially true when lesions have 

pleiotropic effects that influence growth rate by different means, such as in the case of the 

ΔtrmEΔyjeQ double-deletion.  
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4.5  MATERIALS AND METHODS 

Strains 

A total of 37 single gene deletions were selected for analysis in our initial screen. 

These were sourced from the BW25113-based Keio collection (K-12 in-frame single-

gene knockout mutants), which features a kanamycin cassette in place of the target gene 

[191]. The shortlisted genes represent a broad cross-section of ribosome-associated 

proteins including factors involved in biogenesis and translation. Campbell and Brown 

created the double-deletion strains used in this screen in in a previous study [126]. Here, 

we provide a brief overview of the method used for creating these strains.  

Secondary deletions were introduced into a Keio-derived ΔyjeQ parental strain 

that lacked a kanamycin marker. The kanamycin cassette was removed from this strain 

using pCP20, a plasmid carrying the FLP recombinase that is able to excise the deletion 

region marker. Chromosomal DNA was purified from each Keio deletion strain.  Primers 

flanking the target gene (500-1000 bp upstream and downstream) were used to PCR 

amplify the deletion region. These products were then transformed into the Keio-derived 

ΔyjeQ deletion strain harbouring pKD46, a plasmid featuring the λ red recombinase 

system that mediates homologous recombination.  

We also created a version of the ΔyjeQΔrbfA double-deletion strain that featured 

an ectopic copy of yjeQ at araBAD. To make this strain, the chromosomal copy of rbfA 

was removed from the previously created ΔyjeQ-ara strain using the above method. A 

spectinomycin cassette was used as a resistance marker in place of kanamycin. 
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Growth Rates 

Each single deletion and corresponding ΔyjeQ double-deletion was grown 

overnight in 5 ml of EZ Rich Defined Media media (Teknova) supplemented with 

glucose (37°C with shaking 250 rpm). Cells were then taken from saturated overnight 

cultures, diluted in fresh media (1:10000 dilution) and grown under optimal conditions 

(37°C shaking at 250 rpm) in 96-well in a Tecan SunriseTM plate reader. The optical 

density of each culture was read every ten minutes and growth was monitored for 16 

hours. Specific growth rates (λ –h) were determined by calculating the exponential rate of 

change during early growth phase (OD600= 0.1-0.2). Each strain was tested in triplicate 

and growth rates were reported as an average of all 3 replicates. 

Analysis of genetic interaction 

 A multiplicative approach was taken to qualify genetic interaction amongst gene 

pairs [194]. In this method, relative growth rates of each individual mutant were 

calculated in reference to the wild-type strain (λdeletion/λwild-type). The product of these 

values represented the predicted growth rate of non-interacting pairs. The observed 

growth rates were then contrasted against these values and expressed as a multiple of the 

predicted rate (fold-predicted). Strains that deviated by more than 50% of the predicted 

value were flagged for further investigation. In addition, previously identified gene 

deletions that did not qualify in this screen were shortlisted for examination. 

RNA Analysis 

Analysis of rRNA was performed as described in previous chapters with slight 

modification. Cell cultures (5ml, wild-type or deletion) were grown under optimal 
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conditions (RDM-Glucose, 37°C and shaking at 250 rpm) and harvested in early 

exponential growth phase (0.1-0.2) by centrifugation for 10 minutes at 3000 g in an 

Eppendorf 5424 microcentrifuge. Total RNA was extracted using a QIAGEN RNeasy kit 

as per the manufactures protocol. The purified material was incubated with RNA loading 

buffer (50% [w/v] urea, 10% [w/v] sucrose, 1× TBE) for 10 minutes at 75°C and then 

resolved via agarose gel electrophoresis (2%, 4 h at 4.5 V/cm.). The gel was subsequently 

visualized with RedSafeTM (FroggaBio) in combination with a TyphoonTM multimode 

imager (GE). Quantification of rRNA bands was performed using ImageQuant, version 

5.2 (Molecular Dynamics) with the local average of the region surrounding the band used 

for background correction. 

Ribosome Profiles 

Ribosome Profiles were performed as described in Chapter 2 and in [140]. Briefly, 

50 ml cultures of each strain were grown in RDM-Glucose at 37°C with shaking (250 

rpm) to an optical density of ~ 0.2 from a saturated seed culture. All proceeding steps 

were performed at 4°C. Cells were harvested by centrifugation at 3000 g in a Sorvall™ 

Legend tabletop centrifuge for 10 minutes and resuspended in 5 ml of buffer A (20 mM 

Tris pH 7.0, 10mM magnesium acetate, 100 mM NH4Cl). Samples where then lysed by 

mechanical disruption using a cell disruptor operating at 10,000 psi (Constant Systems, 

Kennesaw, GA). Cellular debris was removed by pelleting at 24,000 rpm for 45 minutes 

using a Beckman Coutler ultracentrifuge in combination with an MLA 80 rotor. The 

resulting supernatant, the S30 extract, was loaded onto 35 ml sucrose gradients (linear, 

10-40%), which were subsequently spun at 18,700 rpm in Thermo SorvallTM WX90 
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ultracentrifuge using a Surespin 630/36 rotor. Gradients were prepared using a BioComp 

Gradient Station with two solutions of 10% and 40% sucrose in Buffer A. Following 

centrifugation, gradients were fractionated by upward displacement with 80% glycerol 

using a Brandel gradient fractionator in combination with an AktaPrime system 

(Amersham, GE). Profiles were recorded using the corresponding PrimeView software 

(Amersham, GE). 

Pulse-Chase Studies 

Strains were grown overnight at 37°C in RDM-Glucose media with appropriate 

selection. Cells were subsequently diluted (1 in 10,000) in fresh media and grown in a 

37°C water bath with aeration (270 rpm). At an OD600 ~0.1-0.2, carbon-14 labeled uridine 

was added to the growing culture (final concentration of 0.1 µCi/ml). Following five 

minutes of exposure to this ‘pulse,’ unlabeled uridine was added to the culture to a final 

concentration 500 ug/ml (1000-fold greater concentration than the pulse). Cells were 

harvested (200 µl) at regular intervals (WT every two minutes, ΔyjeQ every five minutes) 

and fast frozen in a dry ice/ethanol bath. Samples were harvested over a full doubling of 

the cell population. Frozen samples were subsequently pelleted by centrifugation for 10 

minutes at 4°C.  Total rRNA was extracted from each sample using the Qiagen RNeasy 

kit as per the manufactures protocol. Purified RNA was then incubated with loading 

buffer (50% [w/v] urea, 10% [w/v] sucrose, 1× TBE) and resolved via gel electrophoresis.  

RNA was subsequently transferred to a charged nitrocellulose membrane (Hybond N+, 

GE Healthcare) with an alkaline buffer using the standard capillary method (0.1 M 

NaOH, 3M NaCl). Membranes were rinsed in 6x SSC buffer (0.3 M sodium citrate, 3M 
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NaCl) and then exposed to a phosphor screen for 72 hours. Following exposure, the 

radiolabeled samples were imaged on a TyphoonTM multimode imager (GE). 

Quantification of labeled rRNA bands was performed using ImageQuant, version 5.2 

(Molecular Dynamics) with the local average of the region surrounding the band used for 

background correction 
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CHAPTER 5. Concluding Remarks 
	  

5.1  THE FUNCTION OF YJEQ 
	  
 There is now considerable evidence supporting the role of YjeQ in ribosome 

biogenesis, specifically in the terminal stages of 30S subunit maturation. When this factor 

is absent, immature 30S subunits accumulate that lack several late stage proteins and 

house unprocessed rRNA [121, 129, 140]. The cryo-EM structure of this ribosomal 

species suggests that these subunits are nearly complete, but nonetheless house a non-

native, and presumably non-functional, decoding center.  Our pulse-chase studies 

illustrate that this population of ribosomes is in fact competent for maturation and that 

this process can be accelerated in vivo by the reintroduction of YjeQ.  Taken together, 

these observations support the hypothesis that YjeQ takes part in the final events of small 

subunit maturation, likely facilitating development of the regions surrounding the 

decoding center. 

Model 

 The co-structures of YjeQ in complex with mature 30S subunits indicate that this 

protein interacts with functionally important locales surrounding the A-site and decoding 

center [130]. This further emphasizes the probability that YjeQ influences the maturation 

of this region. How it does do so, however, is unclear. While numerous studies document 

this factor’s interaction with mature subunits, there is little evidence of this protein 

interacting with immature ribosomes [121, 132, 138, 195]. Indeed, studies examining this 

interaction report that immature subunits are less effective at stimulating the GTPase 

activity of YjeQ than their mature counterparts [121, 132]. This does not preclude the 
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possibility that YjeQ associates with immature subunits, but rather, suggests that features 

unique to fully mature 30S subunits stimulate GTP catalysis and product release. As such, 

one can envision this factor serving as both a maturation factor and checkpoint protein.  

In this scenario, the GTP-bound form of YjeQ would bind the immature subunit and 

facilitate one or more maturation events. These changes to the ribosome would in turn 

trigger product release (GDP and Pi) and lead to the dissociation of YjeQ.   

Binding with the 30S subunit 

The model alluded to above is largely consistent with the canon of research 

surrounding this proteins involvement in ribosome function. However, it hinges on an as 

of yet unobserved interaction of YjeQ with the immature species. One of the obstacles 

preventing efforts to probe this interaction is the inability to purify immature subunits to 

homogeneity. All of the work documented herein relied on sucrose gradient profiling to 

parse out free 30 subunits from those housed in 70S ribosomes, thereby enriching the 

number of immature 30S subunits collected [140]. This approach, however, did not 

completely eliminate mature 30S ribosomes from the free subunit population. Examining 

the interaction of YjeQ with the immature subunit will require samples purified to near 

homogeneity, as any contaminating wild-type 30S subunits will affect YjeQ binding and 

stimulation. Our efforts to develop a system to purify immature subunits were ultimately 

unsuccessful. Fortunately, several groups have recently developed new approaches to 

isolating assembly intermediates [117, 199]. These protocols will make it possible to 

purify immature subunit species from strains lacking ribosome biogenesis factors and 
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thus, will augment future efforts to reliably examine factor interaction with precursor 

species using in vitro assays. 

Functional relationships amongst trans-acting factors 

In ruminating on the function and mechanism of YjeQ, it is important to consider 

the action of other small subunit biogenesis factors (i.e. RbfA, RimM). The observation 

that all of these proteins appear to influence 30S maturation suggests that their activities 

may impact the function of one another, regardless of whether they act in sequence or in 

concert.  As such, an accurate understanding of their individual functions requires a 

holistic view of the in vivo assembly process.  

The absence of either RbfA or RimM leads to a collection of typical biogenesis 

defects mirroring that of the yjeQ deletion (accumulation of 17S rRNA, elevated levels of 

free subunits) [114, 116, 119-123, 125, 129, 133]. These common phenotypes are high-

level indicators of perturbation and should not be taken to necessarily reflect functional 

overlap. Indeed, these three factors bind distinct regions of the 30S subunit: YjeQ appears 

to interact with helix 44 and both the head and platform of the 30S subunit, RimM is 

thought to bind to the head and RbfA has been shown to bind the neck in the vicinity of 

the mature 5’ end of 16S rRNA [114, 120, 130, 133]. Thus, it has been suggested that all 

three of these factors can occupy the subunit simultaneously [117, 195]. 

Cryo-EM structures of immature subunits derived from both ΔyjeQ and ΔrimM 

strains depict precursors with common defects, including malformed decoding centers 

and missing tertiary proteins [129, 140]. These in turn look remarkably similar to the 

immature 30S subunits derived from a ΔyjeQΔrbfA strain [129, 195]. It has been 
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suggested that all of these immature species are in fact one and the same [117, 129, 195]. 

That deletion of each of these factors seems to lead to a common assembly intermediate 

suggests that they may all partake in a global maturation event [195].  Thus, the immature 

subunit we have isolated and characterized in our work may represent this critical, 

perhaps rate-limiting, stage of assembly, before the action of trans-acting biogenesis 

factors can facilitate its conversion to a mature subunit. 

The classical view of biogenesis posited that ribosomes were built in a linear 

fashion, proceeding through a number of sequential intermediates and maturation steps 

[21, 52, 58, 65]. Recent work, however, has laid bare the dynamics of this process and 

illustrated that assembly in cells is fluid, with folding and conformational rearrangements 

occurring simultaneously at multiple sites on the rRNA [69-71]. As such, the assembly 

process is now viewed as a multidimensional landscape rather than a progressive 

pathway. This model suggests that multiple, parallel routes exist by which a subunit can 

form [69-71]. An important question to now address is whether or not these parallel 

pathways eventually converge on the common immature species discussed above. If so, 

what role does this trio of trans-acting factors play in the transition to the mature state? 

Do they act in series or all at once?  

 At the outset of this work, the field was undergoing a paradigm shift towards 

examining ribosome assembly in vivo. Much of the early insight into this process was 

gained from in vitro studies examining ribosome reconstitution and protein binding. 

However, assembly in a tube is only a loose approximation of the process in cells [11, 21, 

52]. This realization provided the impetus to develop the means to examine ribosome 
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construction in vivo. The first ribosome crystal structures provided new tools with which 

to examine assembly by characterizing the structure and composition of intermediates 

purified from strains with perturbed biogenesis. These structures, however, only provide a 

snapshot of assembly in time.  

The next great frontier in studying biogenesis will center on methodologies that 

can track in vivo assembly over time. Several groups have already unveiled time-resolved 

approaches for characterizing subunit structures as they assemble [69, 70]. Using in vivo 

X-Ray footprinting Clatterbuck Soper et al. were able to examine the progression of 30S 

precursors in ΔrimM and ΔrbfA deletion strains [117]. In agreement with our published 

structure, the absence of both of these factors was found to produce precursors with 

conformational aberrations in vicinity of helix 44 and lacking tertiary r-proteins S2 and 

S21. However, comparison of the footprints for precursors in both strains revealed subtle 

differences in their composition and structure, informing on the specific roles of these 

proteins [117]. 

5.2  RIBOSOME BIOGENESIS AS A DRUG TARGET 
	  

Protein synthesis drives cellular proliferation. Thus, any means of compromising 

this process should ultimately reduce growth. Complete cessation of the assembly process 

should effectively arrest translational activities. Ribosome biogenesis, however, is both 

robust and intricately regulated [11, 21, 51, 52]. As such, it is not clear what the impact of 

inhibition will be within a cell or if total blockage is even feasible.  

Work by Maguire and Wild provide some insight into the mechanics and 

consequences of inhibiting ribosome assembly in prokaryotes [51, 200]. Experiments 
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using conditional copies of the r-proteins L28 and L33 have demonstrated that disruption 

of ribosome production has a bacteriostatic effect [51, 200]. In vivo assembly requires at 

least one of these proteins.  If both are absent, ribosome biogenesis is completely stalled. 

However, cells can continue to divide for several generations following the removal of 

these proteins, getting by on the ribosome supply that existed prior to the arrest of 

assembly. Eventually, this population of ribosomes is sufficiently diluted such that 

proliferation is no longer possible. Thus, Maguire argues, an inhibitor of biogenesis will, 

at best, be a weak bacteriostatic agent [51]. 

 The implications of this work suggest that a successful inhibitor of ribosome 

biogenesis needs to stop assembly entirely. Merely slowing down the process may not be 

sufficient to deter bacterial growth. Likewise, partial disruption will not be an effective 

means of abolishing translation, as cells will continue to synthesize proteins with those 

ribosomes that do reach maturity. This calls into question strategies to target non-essential 

biogenesis factors, as the process of assembly proceeds even when they are absent. In 

opposition to this, work by Campbell et al. demonstrated that the absence of YjeQ 

drastically reduced the virulence of Staphylococcus aureus in mouse models [128]. Thus, 

partial disruption of assembly can be sufficient to impair cell growth, such that an 

infectious population can be readily cleared by a host immune system. 

Strategies to uncover small molecules that specifically target this process are still 

limited by the inherent challenges of recognizing perturbations in assembly. Our work in 

Chapter 3 three lays the foundation for a convenient phenotype by which to identify 

impaired ribosome biogenesis, or at the very least, disruptions in protein synthesis. While 
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this assay is somewhat crude, its simplicity makes it highly amendable to high-throughput 

screening. A campaign to identify inhibitors of biogenesis could use this phenotype as a 

primary filter for all perturbations affecting ribosome concentration. Follow-up studies 

(biochemical, structural) could then be used to further classify molecules directly 

affecting ribosome biogenesis. Stokes et al. executed such a screen, relying on the cold 

sensitivity phenotype associated with ribosome biogenesis factors to identify molecules 

that inhibit the process directly [201]. A second option will be to take a factor-focused 

approach to search out molecules that inhibit the function of assembly proteins. To this 

end, those factors with obvious enzymatic activity (i.e the GTPases) and critical cellular 

functions may make excellent candidates for screening campaigns.  

Despite the caveats, ribosome assembly still offers new biological terrain worthy 

of exploration. The suite of assembly factors governing this process represents a pool of 

untapped targets that may yet prove relevant to clinical efforts. Many of these proteins are 

broadly conserved, specific to bacteria and serve functions of vital cellular importance. 

The fact that this catalogue also includes a number of essential proteins is especially 

encouraging (Era, EngA, ObgE, YihA) [51]. Regardless of therapeutic utility, the pursuit 

of inhibitors of this process should be a top priority for the field. Our understanding of the 

process of translation evolved alongside the discovery and development of ribosome-

targeting antibiotics [18, 20]. Indeed, many important regions of the ribosome were 

charted using inhibitors as molecular probes of function. By extension, inhibitors could 

now prove a game changer to study of assembly, improving upon the relatively slow and 

clumsy genetic approaches currently used to perturb biogenesis. The ability to rapidly and 
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selectively disrupt components of this process, combined with new time-resolved 

approaches for in vivo study, will no doubt serve as a formidable pairing in the continued 

exploration of this remarkable biological process. 
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SUPPLEMENTARY FIGURES 
 
 
 
 
 
 
 
 
 
 
  
Supplementary Figure 1.1: Ribosome profile for the ΔyjeQ deletion. The mutant shows 
an elevated level of free 30S and 50S subunits relatives to 70S ribosomes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 1.2: Interaction of YjeQ with the 30S subunit. A) View of the 
30S:YjeQ complex (see orientation aid in panel above) after a clipping plane orthogonal 
to the direction of view was applied to the cryo-EM map removing the blocking densities 
on the back. The panel shows the density map of the 30S:YjeQ complex as a mesh. The 
OB-fold, GTPase and zinc-finger domains of the YjeQ structure are shown fitted into this 
density and colored in grey, yellow and green, respectively. The nucleotides in helix 44 
and helix 45 for which a corresponding density in the 30S:YjeQ complex EM map does 
not exist are colored in purple. B) Interactions of the OB-fold and GTPase domain of 
YjeQ with the 16S rRNA helices 24a and 23b in the platform and helix 45 in the 3’ minor 
domain of the 30S subunit. Important loops and b strands in YjeQ for the interaction with 
the 30S subunit are labeled. The OB-fold, GTPase and zinc-finger domains of the YjeQ 
structure are colored in grey, yellow and green, respectively. The extra density attributed 
to YjeQ is displayed as a red semitransparent surface. The rRNA is displayed in cyan 
except for the nucleotides for which a corresponding density in the 30S:YjeQ complex EM 
map does not exist that are colored in blue. Adapted from Jomaa et al. [130] 
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Supplementary Figure 3.1: Understanding the effects of perturbations in biogenesis on 
growth rate-dependent ribosomal content. A schematic illustrating the relationship 
between translational capacity and RNA/protein ratio in various cell types. In wild-type 
strains and translation mutants, the non-functional portion of ribosomal material is 
minor and anticipated to be constant regardless of growth rate. Thus, translational 
capacity is reflective of the translational efficiency of the ribosome population. In 
contrast, non-functional material makes up a significant portion of the ribosomal content 
in cells with disrupted biogenesis and thus, translational capacity is instead determined 
by the proportion of functional to non-functional ribosomal material.  A) Wild-type cells 
with a theoretical  translational capacity (kt) of 2. The value kt is determined by the 
quantity of ribosomes reflected by the RNA/Protein ratio (r).The values in parentheses (1) 
indicate hypothetical values of translational output for individual ribosomes. B) A 
translation mutant with a theoretical kt of 2. Because the translational output of the 
mutant ribosomes is reduced (½), more units (4) are required to achieve the same 
translational capacity as the wild-type. Thus, r is twice that of the wild-type. C) A 
biogenesis mutant with a theoretical kt of 2. Only a fraction (½) of the total ribosomal 
material is functional, with each unit having an output of 1.  Immature subunits are non-
functional and thus, have an output of 0. In this scenario, the RNA/Protein ratio of the 
cell would be twice that of the wild-type (2 functional, 2 non-functional).  
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Supplementary Figure 3.2: Examples of growth rate, rRNA and protein curves for 
determining the RNA/Protein versus λ-h. A) Growth rates. Only growth rates with an R2 
value greater than 0.99 were used for calculation of the linear trend. B) RNA versus 
OD600. The linearity of RNA quantity was verified for each sample to ensure accurate 
quantification. C) Protein versus OD600. The linearity of protein quantity was verified for 
each sample to ensure accurate quantification. 
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Supplementary Figure 3.3: RNA/Protein (µg/µg) as a function of specific growth rate λ-

h for the wild-type and ΔyjeQ. Each plot contains >20 distinct samples for which growth 
rate and RNA/Protein (r,) are calculated. 
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Supplementary Figure 3.4: RNA and protein concentration in the ΔyjeQ deletion. A) 
Bar graph showing the concentration of protein (µg/OD600) for the wild-type and ΔyjeQ 
mutant in each media. Media has been ordered from poorest to richest. B) Plot showing 
the concentration of protein (µg/OD600) versus specific growth rate λ-h for the wild-type 
and ΔyjeQ mutant. Protein concentration in the wild-type is approximately constant over 
the range of growth/media, rising modestly. Protein concentration in the ΔyjeQ increases 
sharply as growth rate decreases. C) Bar graph showing the concentration of RNA 
(µg/OD600) for the wild-type and ΔyjeQ mutant in each media. Media has been ordered 
from poorest to richest to poorest. D) Plot showing the concentration of RNA (µg/OD600) 
versus specific growth rate λ-h for the wild-type and ΔyjeQ mutant. The RNA 
concentration in both strains exhibits growth rate-dependence in the form of a linear 
trend. Collectively, this illustrates that while RNA/Protein is not an equivalent treatment 
of ribosome content for both strains, ribosomal material is indeed elevated in the mutant 
for any given growth rate. In addition, the ratio of RNA/Protein is substantially higher in 
the mutant at fast growth rates. 
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Supplementary Figure 3.5: Model for growth rate-dependence in yjeQ-null cells. Total 
ribosomal material (r) in the ΔyjeQ strain is shown in red with respect to growth rate. 
The assumption in this model is that actively translating ribosomes in ΔyjeQ cells have 
the same translational efficiency as those in wild-type cells. As such, the number of 
functional ribosomes in the ΔyjeQ deletion at any given growth rate can be extrapolated 
from the slope of λ vs r curve for wild-type cells (black line). As this does not include any 
non-functional ribosomal material the linear trend passes through the origin.  The non-
functional ribosomal material in the cell is difference between total and functional 
ribosomal material (rnf green). The value of rnf has a minimum value, as seen in wild-type 
cells (dashed black line). As growth rate decreases, the value of r approaches this basal 
amount of non-functional ribosomal material beyond which it cannot decrease. Thus, the 
λ vs r trend for the yjeQ-null is asymptotic to the minimum level of non-functional 
material seen in wild-type and translation mutants. We hypothesize that this point 
represents growth conditions in which biogenesis is no longer limiting to growth rate. At 
this point the yjeQ-null would behave essential like the wild-type. 
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Gene  Biogenesis Factors 
rimJ Maturation of 30S/ alanine acetyltransferase [105, 107] 
rimL r-protein modification [202] 
rluC RNA modification [203] 
rmf 70S dimerization [204] 
rmlA RNA modification [103] 
cafA RNase G 16S, [80, 84] 
prmA RNA modification [104] 
rsmC RNA modification [205] 
rpH RNase PH, 16S RNA processing [206] 
rimM 30S maturation [114, 116, 129, 133] 
rlmE RNA modification [207] 
ksgA RNA modification [208, 209] 
rluD RNA modification [102] 
rsuA RNA modification [210] 
rimI r-protein modification [211] 
rsmB RNA modification [205] 
rbfA 30S maturation [116, 119, 122, 123] 
 Translation and tRNA Modification Factors 
tgt tRNA transglycosolyase [212, 213] 
truA tRNA pesudouridine synthase [214] 
trmU tRNA modification, 2-thiouridine synthesis [215] 
efp Peptide synthesis, anti-stalling mechanism [216, 217] 
lysU tRNA synthetase [218] 
prfC Release factor 3 [219, 220] 
prmA tRNA modification [221] 
selA tRNA modification [222] 
truB tRNA modification [223] 
selB Translation factor for selenocysteine incorporation [224] 
ligT Phosphoesterase  [225] 
opgB Phosphoglycerol transferase [226] 
trmJ tRNA nethyltransferase [227] 
trmE tRNA modification, 2-thiouridine synthesis [196] 
relA (p)ppGpp synthase [228, 229] 
rnd RNase D, tRNA processing [230] 
queG Epoxyqueeuosine reductase [231] 
pcnB Poly(A) polymerase I [232] 
dtd tRNA deacylase [233] 
ssrA 10Sa RNA, prevents ribosomal stalling [234] 

 
Supplementary Table 4.1: Shortlist of gene-deletions for 37 putative ribosome-
associated factors. Genes were sourced from the Keio deletion collection and confirmed 
by sequencing. 
 


