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ABSTRACT 

Mycobacteria encompass many pathogenic species known to cause severe disease in 

humans. A well-known example is Mycobacterium tuberculosis (Mtb), the causative agent of the 

lung disease tuberculosis, which kills millions of humans worldwide yearly. Pathogenic 

mycobacteria like Mtb are challenging to treat because of their innate ability to adapt to 

environmental stress. Their unique cell physiology and conserved stress responses allow them to 

combat biological insults, regulate growth, and regulate genes involved in stress; all these 

responses increase tolerance to antibiotics. The current therapies to treat mycobacterial infections 

are lengthy and, at times, unsuccessful, partly due to antibiotic tolerance. A better understanding 

of mycobacteria cell physiology and stress response will promote the development of better 

treatments for chronic and recurring antibiotic-tolerant infections. Here, our work focuses on 

three important aspects of mycobacterial cell biology often associated with survival and 

antibiotic tolerance: the stringent response (a conserved stress response in bacteria), biofilm 

formation, and cell wall regulation.  

We used Mycobacterium abscessus (Mab), a pathogen that causes soft tissue and 

respiratory infections, for stringent response and biofilm studies. We found that media 

composition affects the structure and composition of Mab biofilms, and the susceptibility of 

planktonic cells to antibiotics. In addition, we also discovered that Mab's stringent response 

pathway uses a non-canonical alarmone synthesis pathway. To study cell wall regulation, we 

used Mycobacterium smegmatis, a fast-growing non-pathogenic species commonly used to study 

the Mycobacterium genus. We focused on investigating the relationship between two essential 

growth proteins, CwlM and MurA, which are involved in the metabolism of the peptidoglycan 

layer, the primary layer in mycobacteria that provides shape and rigidity. We found that the 
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interaction between MurA (the enzyme) and CwlM (its regulator) is transient. We also identified 

the likely interaction site between CwlM and MurA, which affects the production of precursors 

by MurA. In addition, we investigated the survival and cell physiology of interaction site 

mutants, which shed light into understanding the role of CwlM's regulation of MurA during 

mycobacterial growth. 
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Chapter 1 - Introduction 

1.1 General overview of pathogenic mycobacteria 

 

Historically, pathogenic mycobacteria have remained a constant burden to humankind. The most 

well-known mycobacterial pathogens are Mycobacterium tuberculosis (Mtb), the causative agent 

of the respiratory disease tuberculosis (TB), and Mycobacterium leprae, the causative agent of 

leprosy. Today, Mtb affects millions of people worldwide, with about 10 million people 

contracting Tuberculosis and about 1.5 million dying from the disease. Most cases come from 

Pakistan, Bangladesh, Indonesia, the Philippines, China, Nigeria, and South Africa1. In contrast, 

the majority of leprosy cases are in South American, Asian, and African countries, with most 

cases found in Brazil, India, and Indonesia2. Leprosy has been better controlled due to better 

hygienic conditions and practices, early detection, and efficient treatments.  

 

Non-tuberculous mycobacteria (NTM) are another category of pathogenic mycobacteria. These 

are opportunistic mycobacterial pathogens that do not cause TB but can still cause respiratory 

disease and severe soft-tissue infections. Examples of notable NTMs are Mycobacterium avium, 

originally described as causing "tuberculosis" in chickens; Mycobacterium bovis, a species that 

causes respiratory disease in cattle and humans; and Mycobacterium abscessus, a species known 

to cause multi-organ infections, lung disease, skin, and blood infections3. Research suggests that 

infections are more common in immunosuppressed individuals or those with underlying diseases, 

likely due to individuals encountering contaminated surfaces and water sources, such as through 

home materials that promote biofilm formation4.  

Even with today's modern medicine, pathogenic mycobacteria continue to impose severe 

challenges on the healthcare system. Mycobacteria like Mtb and NTMs are highly antibiotic-
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resistant, making them difficult to treat. Current therapies are lengthy and require a combination 

of antibiotics that often include adverse side effects5, which leads to another obstacle in 

treatment: poor patient compliance.   

 

1.2 Mycobacterium tuberculosis and TB  

 

1.2.1 History and current treatment: It has been well over a century since the article "The 

Etiology of Tuberculosis" was published in 1882. There, scientist Robert Koch made his 

discovery on the causative agent of TB, a tubercle bacillus he isolated, now 

called Mycobacterium tuberculosis. Koch's studies on Mtb were geared towards one day finding 

a cure for TB, and deliver humankind from this dreadful disease6. Since then, scientists have 

made significant advancements in prevention, diagnosis, and treatment to help decrease 

tuberculosis mortality and morbidity. Unfortunately, today, we continue to battle this persistent 

and dangerous bacterium.   

 

According to the World Health Organization, TB continues to be a significant threat to human 

health for individuals all around the globe. The current first-line treatment is known as the RIPE 

TB treatment, which involves a combination of several 

drugs: Rifampin, Isoniazid, Pyrazinamide, and Ethambutol7. These drugs serve specific purposes 

depending on their mechanism of action, but all of these come with adverse effects, such as 

severe liver toxicity. This first line of antibiotics inhibits bacterial DNA replication/transcription 

processes and targets cell wall synthesis8. If these drugs are not efficient, physicians can use the 

second line of antibiotics, which tend to be more efficient but also come with more severe side 
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effects. The second line of mycobacterial drugs consists of aminoglycosides and 

fluoroquinolones, which affect protein and DNA synthesis, respectively.  

 

These drug regimens demand full patient compliance and can take several months to a year, 

depending on the patient's background and disease progression9. Unfortunately, individuals who 

begin to feel better or feel exhausted by the drug regimen tend to stop their treatment 

prematurely. Stopping the treatment not only causes individuals to become ill again but also 

encourages the bacteria to become drug-resistant. Although physicians can use different kinds of 

antibiotics, improper therapy plans can also enhance Mtb's ability to become multi-drug resistant 

(MDR). The current approach for detecting MDR-Mtb is to identify which drug the bacterium is 

resistant to, followed by identifying which drug the bacterium is sensitive to. The current line of 

drugs for MDR consists of Bedaquiline, the pro-drug Delamanid, Linezolid, and Pretomanid. 

Which inhibit Mtb’s energy supply, cell wall components, protein synthesis, and cell wall 

synthesis, respectively8. 

 

1.2.2 Active and latent infection. Besides poor patient compliance, Mtb’s cell physiology during 

infection is another cause for difficulty in treating and clearing TB. Mtb can be found within a 

host in two possible infectious states: an active state in which the host shows symptoms and can 

proactively infect others, or a latent (dormant) state in which the host is asymptomatic and might 

never experience disease nor be able to spread Mtb. The data regarding the latent state is not 

included in many of today's statistics, which makes the actual infection rate of this bacterium 

even more alarming.  
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1.2.2.1 Active infectious state. Mtb infection first occurs by inhaling air droplets, which an 

individual with active TB disperses. These droplets containing the Mtb bacilli will then reach the 

new host's alveoli, where they can begin colonization. The host's innate immune response is 

often enough to kill this initial infection because immunocompetent individuals have a promising 

chance of fighting this infection10. If Mtb can survive this initial line of defense, it will continue 

replicating and cause a higher bacterial burden. In most cases, this sizeable bacterial burden will 

induce multicellular recruitment that will attempt to contain Mtb by forming a granuloma. 

However, depending on the severity of the infection, immature granulomas will only function as 

a temporary harbor for Mtb to persist and replicate. If the containment of Mtb fails, the bacilli 

can infect other organs, enter the bloodstream, and eventually return to the respiratory tract to be 

released. At this point, the human host is considered to have active TB and can easily infect 

others11. Although the Mtb-specific immune response is very complex and beyond my research 

scope, it is important to highlight Mtb's ability to evade the immune system so that it can cause 

disease or enter an indefinite dormant state.  

  

1.2.2.2 Granulomas and Latent infectious state. Granulomas are the histological sign of 

an Mtb infection, commonly present during TB. At its most basic definition, granulomas are a 

dense accumulation of differentiated and blood-derived cells that enclose foreign bacteria to stop 

pathogenesis12,13. Inside the granuloma, Mtb will experience a variety of stressors, such as 

hypoxia, oxidative stress, and starvation14. For the longest time, granulomas were seen as host-

protective structures for slowing down and blocking infections15,16, which is the case for many 

asymptomatic TB patients who show evidence of granulomas in their X-rays17. Nevertheless, the 

fact that many individuals still experience and succumb to active TB shows that granulomas are 
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not always effective. As Mtb research continued, scientists discovered that granulomas can 

experience different transformations as the nodule matures. One example is the presence of 

necrotic areas known as caseum. Evidence shows that caseum is due to Mtb, which breaks down 

the granuloma and enables the bacteria to escape and enter a newly active state of infection. If 

the right opportunity arises, Mtb will gain access to the host's airway and likely continue to infect 

more individuals. Fortunately, depending on the individual’s immune system, new white cells, 

like macrophages, can create a new granuloma to sequester Mtb again. If the host can 

control Mtb within the granuloma, the nodule calcifies and has a better chance of containing the 

bacteria14,17. This successful containment will force Mtb to enter a latent state of infection, 

which, depending on the host, can provide years to decades of protection.  

  

1.2.3 Recap of Mtb and our research interest. Mtb causes the respiratory disease known as 

Tuberculosis during an active state of infection. Infected immunocompetent individuals can 

successfully clear Tuberculosis with the correct treatment plan and proper patient compliance. 

Those that fail to do so could enhance the opportunity for Mtb to become multi-drug resistant. 

Both active and latent states of infection provide Mtb with two different 

environments. Mtb's means of survival is characterized by its ability to "hide" from or inhibit 

processes involved in host immunity while simultaneously regulating cell growth in the presence 

of stressors and antibiotics. Because of this, there is still growing interest in the mechanisms that 

allow Mtb to adapt to stressful environments. In the Boutte lab, we are interested in 

understanding mycobacterial cell wall regulation in the presence of stress.    
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1.3 Mycobacterium abscessus.   

 

1.3.1 Background. Mycobacterium abscessus (Mab) is an opportunistic, fast-growing, non-

tuberculous mycobacterial pathogen that can be found in the environment. Mab is notorious for 

causing skin infections and infecting immunocompromised individuals with underlying lung 

diseases, such as individuals with cystic fibrosis18. More recently, however, it has been debated 

that due to its many virulence factors and its ability to survive on different human-made surfaces, 

Mab fits the standard of a true pathogen19,20.  

As with Mtb, Mab is difficult to treat due to its intrinsic ability to become drug-resistant to 

standard antibiotics. Mab has experienced many mutations through its survival in the 

environment, allowing it to develop the proper tools to defend itself against antibiotics. One 

example is the erm41 gene, which gives it resistance towards Clarithromycin, a widely used 

antibiotic to combat Mab soft-tissue infections21.  

 

1.3.2 Overview of Treatment. Because Mab can infect different types of organs, there needs to be 

more agreement and consistency regarding all aspects of treatment22. For example, Mab often 

survives as biofilms inside the lungs, which protects from environmental stressors like the host 

immune system and antibiotics. Pulmonologists usually disrupt the biofilm and then treat it with 

a combination of antibiotics, such as Amikacin and Cefoxitin, for about a year22. In the case of 

soft-tissue infection, like an ocular infection, topical treatment is the initial approach by using the 

antibiotics Amikacin and Clarithromycin, followed by surgical intervention if the disease is 

severe enough5. For more severe infections, physicians will suggest several weeks of 

combination therapy that generally includes a macrolide to affect bacterial protein synthesis 
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(Clarithromycin or Azithromycin), as well as intravenous medication, usually a combination of 

Amikacin and Cefoxitin/Imipenem, which affect protein and cell wall synthesis respectively.  

 

1.3.3 Chapter 2 Rationale - The Stringent Response. For bacteria to survive changing 

environmental conditions, they must be able to adjust their cell physiology. The stringent 

response is a conserved stress mechanism in bacteria that allows many species to survive during 

stress by balancing many cellular processes, such as gene expression23. For most bacteria, this 

means reducing or suppressing the expression of growth-related genes and promoting the 

expression of stress-related genes. Through this type of regulatory mechanism, pathogenic 

bacteria like Mtb and Mab can survive in various stressful environments24,25.  

 

The molecular hallmark of the stringent response is the production of guanosine penta- and tetra-

phosphate ((p)ppGpp)26. These stress signaling molecules, or alarmones, are responsible for the 

aforementioned "gene balancing" during stress conditions27. In Escherichia coli (E.coli), the 

enzyme Rel is the synthase that catalyzes the production of (p)ppGpp. Meanwhile, an enzyme 

known as SpoT is known as the hydrolase that breaks down (p)ppGpp28. In other bacteria, 

Rel/SpoT homolog (RSH) proteins contain both synthase and hydrolase activity, such as in the 

case of Rel in Mtb (RelMtb). Different clades of bacteria use (p)ppGpp differently across many 

stress conditions, such as in growth, starvation, or in the presence of antibiotics. This 

phenomenon partly concerns how (p)ppGpp interacts with different targets during stress. In some 

bacteria, like in E.coli, (p)ppGpp binds to RNA polymerase to promote or suppress the 

transcription of genes. While in others, its role could be more direct by binding to a wide variety 

of proteins to promote or inhibit their activity29.  
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Based on current data, it can be suggested that the stringent response will contribute to cell 

survival in different ways, depending on the bacterial niche. This is specifically true in 

pathogenic bacteria, where the stringent response has been seen to contribute to cellular 

adhesion, invasion, biofilm formation, and immune evasion27. It is also essential to highlight the 

role of the stringent response regarding antibiotic tolerance and resistance. Since most drug 

treatments target cellular processes, like DNA replication and growth, it makes sense that 

downregulation of these targets would lead to diminished drug efficacy30. Therefore, 

understanding the mechanisms contributing to the stringent response is important when 

developing new drugs or therapies to treat infection and disease.  

 

1.3.4 The Stringent Response in Mycobacteria. Mycobacteria like Mtb and Mab already possess 

an arsenal of genes that help them grow and survive specific stressors and antibiotics31–35. 

However, whether the stringent response regulates all or some of these genes has yet to be 

studied in these bacteria.  

 

1.3.4.1 Stringent response in Mtb. To study the stringent response in Mtb, scientists mutated the 

rel gene so that the Rel protein would no longer be synthesized. This new strain was then called 

▲relMtb, which is a mutant that showed variability in survival across several stress 

conditions24,25. These studies focused on clinically relevant stressors such as active infection, 

oxygen deprivation, acidity, nutrient deprivation, oxidative stress, and antibiotic treatment. 

Results first showed that Mtb does follow a classical stringent response that accumulates 

(p)ppGpp in the presence of stress. These results showed that during exponential growth in 
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nutrient-rich media, basal levels of (p)ppGpp are detected24, which suggests that even during a 

low-stress environment, the stringent response in Mtb contributes to cell survival. 

  

1.3.4.2 Experimental approach in Mtb. Experiments regarding multiple stress conditions were 

performed between Mtb and ▲relMtb. When tested in the presence of oxidative stress, acid stress, 

and antibiotics, these tests showed no difference between the two strains during a microdilution 

experiment. Although the antibiotic result was striking, future work showed opposite results25, 

which suggests that microdilutions might not be a reliable way to test this stressor. 

The ▲relMtb did show attenuated growth in typical lab growth conditions (complete nutrients; 

37C) and at higher growth temperatures (42C), which suggests that the stringent response 

in Mtb contributes to thermoregulation and active growth. Other results showed that hypoxia and 

starvation were highly detrimental to ▲relMtb survival, which could explain how Mtb survives 

well within lung granulomas. These studies show that even within a specific environment, in this 

case, a mammalian host, the stringent response in Mtb is focused on defending the cell against 

particular stressors.  

 

1.3.4.3 Stringent response in Mab. For Mab, no previous work has been done regarding Mab’s 

Rel protein and the stringent response. Similarly, as in Mtb, Mab has only one annotated 

RSH enzyme, and until proven differently, any current and future data is based on this one RSH. 

In contrast, there is data on the RSH and stringent response in the non-

pathogenic Mycobacterium smegmatis (M.smeg), but the presence of a small alarmone 

synthetase (SAS)36 makes this model different from its pathogenic relatives. This SAS is called 

RelZ and is the second alarmone synthetase in M. smeg’s stringent response. In addition to 



10 
 

specifically making ppGpp, RelZ also synthesizes pGpp, which has been seen to contribute to 

antibiotic tolerance in M.smeg. Our work shows that in our ▲relMab mutant, the cell can still 

produce (p)ppGpp, suggesting the presence of another alarmone synthetase. However, 

whether Mab has any other (p)ppGpp synthases has yet to be studied. We also found that the 

primary role of RelMab is to regulate growth metabolism, and not stress response genes.  

  

1.3.5 Chapter 3 Rationale - Biofilms in Mab.  Mab is commonly found living in aggregate 

communities known as biofilms. These communities are surrounded by an extracellular matrix 

that provides protection from environmental insults37. Inside biofilms, Mab can undergo 

physiological, metabolic, and, at times, genetic changes, which allow Mab to survive in different 

types of environments37. Hence, we can see biofilms as a stress response that aids Mab in 

colonizing, tolerating antibiotics, and evading the host's immune response38–40. 

 

1.3.5.1 Smooth and Rough morphologies. Mab can also be found in two different morphologies: 

a rough morphology, believed to be more invasive and virulent, and a smooth morphology, 

believed to be less invasive and mostly biofilm-forming morphology41. Studies have shown that 

this difference is due to the loss of glycopeptidolipids on the rough type, which could be a 

virulence strategy that leads to active disease41. Research reveals that the molecular basis for this 

switch is due to single nucleotide polymorphisms found in the gpl locus of the rough variant; a 

single nucleotide deletion in the mmpL4b gene, as well as a nucleotide insertion in the mps1 

gene42,43. Studies also showed that the rough morphology can persist and cause severe long-term 

infection, which can be partially attributed to an upregulation of genes known to cause 

persistence, specifically in the pathogenic relative Mtb43. Despite these attributes, something that 
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both variants have in common is that both can form biofilms. This conserved trait can be seen as 

an environmental strategy that can help Mab tolerate environmental stressors, such as 

antibiotics44.  

 

1.3.5.2 Correlation between Biofilm formation and nutrient availability. Research has shown that 

nutrient limitation does not only affect bacterial cell physiology but also the structure and mass 

of biofilms45. This is of specific importance regarding how pathogens use biofilms to survive in 

different environments. Mab, in particular, has been seen to colonize a wide range of extreme 

environments46 (Galassi 2003 & Ghosh 2017—cant download from home). Our work focused on 

exploring and expanding on this idea, by comparing the physiology of biofilms grown in 

nutrients that mimic infection to biofilms grown in typical lab media. We reasoned that it is 

clinically relevant to understand how the composition of biofilms can affect their survival against 

stressors, such as antibiotics. We expect biofilms in the presence of different nutrients to differ in 

composition and antibiotic tolerance. 

 

1.4 Mycobacterial cell wall regulation 

 

1.4.1 The mycobacterial cell wall. Mycobacteria are known for their unique armor-like cell 

envelope, which contains four main layers: the cell membrane, cell wall core, surface lipids, and 

lastly, the capsule47. For every layer, numerous enzymes and their regulators are coordinated to 

maintain and control proper growth. This is notably true for the cell wall core, which consists of 

peptidoglycan, arabinogalactan, and mycolic acid layers. By having multiple layers, the 

mycobacterial cell wall has a very low permeability, a vital factor that contributes towards 

antibiotic resistance and tolerance in pathogens like Mtb and Mab48. 
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1.4.2 Identifying Mycobacteria through its cell wall. Another unique quality of the cell wall is 

how it is identified through laboratory testing. Based on their cell wall composition, bacteria are 

commonly classified as either gram-negative or gram-positive, which has to do with the gram 

staining technique that helps identify them through a microscope; gram-positive cells are purple, 

and gram-negative are pink/red49. Although the mycobacterial cell wall has gram-negative and 

gram-positive qualities, they are classified as acid-fast. This has to do with how they are 

identified through an acid-fast stain that reacts with the mycolic acid layer; mycobacteria will 

turn red, while other bacteria will turn green/blue50.  

 

1.4.3 The Peptidoglycan layer: When properly built, the peptidoglycan (PG) layer provides cell 

shape, rigidity, and resistance against external stressors, such as turgor pressure51. The typical 

structure of PG across bacteria consists of glycan polymer strands that are crosslinked through 

short peptide stems52 (intro-27-cant access PDF from home). These strands consist of chains of 

alternating sugars: N-acetyl-glucosamine (GlcNAc) and N-acetyl-muramic acid (MurNAc). 

Although this layer is conserved across bacterial species, there is variability in the composition 

and order of the peptide stems, which can affect the structure of the layer. These slight 

differences can promote structure variability in thickness, elasticity, and porosity in different 

growth conditions51.  

 

1.4.4 Building the PG layer, precursor biosynthesis. In order to form the PG layer, the 

production and transport of its precursor components need to be tightly regulated. The first step 

of this process is the committed formation of uridine diphosphate-N-acetylglucosamine (UDP-
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GlcNAc) in the cytoplasm by the enzyme GlmU. Next, through a series of reactions in the 

cytoplasm involving a pair of Mur enzymes (MurA & MurB), UPD-MurNAc is synthesized from 

UDP-GlcNAc. Upon accumulation of UDP-MurNAc and the enzymatic activity of the remaining 

Mur enzymes (C through F), a pentapeptide stem is added to UPD-MurNac; this new compound 

is known as Park’s nucleotide53. From this point, Park’s nucleotide becomes membrane-bound 

by its translocation unto decaprenyl phosphate (C50-P) by the enzymatic activity of MurX 

(MraY), which now forms Lipid I53. Lastly, the final cytoplasmic step of PG precursor 

biosynthesis involve the formation of Lipid II by the glycosyltransferase MurG.  

  

1.4.5 Lipid II translocation and polymerization. Once Lipid II is formed, it needs to be 

transferred from the cytoplasmic side of the inner membrane to the periplasm to be added to the 

growing PG layer. For this to occur, Lipid II interacts with the flippase MurJ, whose job is to flip 

Lipid II across the cytoplasmic membrane54. Once in the periplasm, Lipid II is then polymerized 

through transglycosylation of its disaccharides, followed by transpeptidation of its peptide stems. 

More specifically, transglycosylation is performed by glycosyltransferases (GTases) and 

transpeptidation by transpeptidases (TPases). Throughout bacteria, Penicillin-binding proteins 

(PBPs) are categorized as class A or class B, one group being able to perform both GTase and 

TPase reactions, while the other are only monofunctional with TPase activity, respectively.  One 

type of monofunctional TPases are known as SEDS (shape, elongation, division, and 

sporulation) proteins. Both PBPs and SEDS proteins are part of large complexes that involve 

multiple enzymes and their regulators47, which are needed to control proper PG layer assembly. 
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1.4.6 Regulation of PG synthesis. For Mtb, proper cell wall regulation is crucial for survival 

during infection47. It is important for cells to establish a strict coordination between growth and 

division that will not compromise cell integrity. This type of regulation requires multiple 

enzymes and regulators to work closely together to manage the production and assembly of the 

cell wall. Although all the cell wall layers in mycobacteria contribute to its resiliency as an 

organism, the PG layer is essential due to its role in cell shape and protection. Because of this, 

many studies have focused on the regulation and synthesis of the PG layer, and because it is an 

important target for antibiotics. One example of an essential component of PG synthesis is the 

cell wall regulator known as CwlM and its regulation of the PG precursor enzyme MurA.  

  

1.4.7 Early literature on CwlM and its role as a PG hydrolase. In 2004, a group of researchers 

discovered a novel PG hydrolase in mycobacteria55. Due to its genetic homology to CwlB, a 

hydrolase in Bacillus subtilis, they named this protein CwlM. That study aimed to look into lytic 

enzymes (autolysins) that contributed to PG assembly, a subject not previously studied in Mtb. In 

that work, purified CwlM was used in specific assays to test and validate its role as a hydrolase 

of PG. In 2018, another group performed similar studies focusing on CwlM’s hydrolytic 

contribution to autolysis and biofilm degradation in Mtb and M.smeg56. Despite both studies 

showing CwlM enzymatic activity, hydrolytic activity was not truly validated since proper 

experimental controls were not done in either study56,57. Other studies question CwlM’s true 

enzymatic role due primarily to its cytoplasmic localization58. Meaning, how can CwlM act on 

PG if its not located in the periplasm, where the PG layer is located? Altogether, these early 

studies show that more work still needs to be done to validate CwlM’s role as a PG hydrolase.  
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1.4.8 CwlM as a PG synthesis regulator. Using M.smeg as a model for Mtb, a more thorough 

investigation of CwlM through genetic and biochemical work showed its essential role as an 

activator of MurA, the first enzyme involved in PG precursor synthesis58. This study showed that 

CwlM is found in the cell's cytoplasm and that CwlM's activation of MurA occurs upon its 

phosphorylation by the essential Serine-Threonine Protein Kinase known as PknB. This work 

also highlighted how CwlM's activation of MurA differed in the presence or lack of nutrients. 

They showed that in starvation, CwlM is not phosphorylated, and does not activate MurA. In 

contrast, a similar experiment showed that the over-activation of MurA in starvation caused 

significant sensitivity towards clinically relevant antibiotics, highlighting the importance of this 

mode of regulation of cell wall synthesis in antibiotic tolerance.   

Although it is not clear yet if CwlM has a role as a hydrolase, this study shows that CwlM’s 

primary contribution is to regulate PG synthesis by activating MurA, an essential enzyme 

involved in PG synthesis.   

  

1.4.9 Chapter 4 Rationale and Other Roles for CwlM. Previous cell wall research focused on 

reporting the critical role of the Serine-Threonine protein kinase PknB in mycobacteria (proposal 

14). During this research, the authors identified CwlM as one of the primary substrates for PknB. 

Because CwlM has multiple threonine phosphorylation sites, studies were performed on the 

phosphorylated and non-phosphorylated forms of CwlM during active growth. They showed that 

depending on CwlM's phosphorylation state, CwlM appears to interact with at least two other 

proteins: the Lipid II flippase MurJ and the cell wall protein FhaA59. This calls attention to 

CwlM’s significant and vital role in cell wall metabolism and make CwlM a promising drug 

target for future therapies against mycobacterial infections.  
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1.5 Summary and overarching research goal.  

 

Mycobacteria encompasses many pathogenic species that cause detrimental diseases to humans. 

Mycobacteria's approach to dealing with environmental stressors, such as antibiotics, continues 

to make it an urgent bacterium to study, specifically how regulating its complex cell envelope 

contributes to survival and drug recalcitrance. Its co-evolution with humans has increased the 

likelihood of pathogens like Mtb to withstand medical intervention. Our lab believes that a better 

understanding of stress responses opens the door to developing better therapies and strategies to 

treat mycobacterial infections and diseases. The studies in this dissertation aim to highlight the 

importance of understanding mycobacteria's stress response, the importance of biofilms, and 

CwlM's essential contribution to the mycobacterial cell.   
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Chapter 2 - In Mycobacterium abscessus, the stringent factor Rel regulates metabolism, but 

is not the only (p)ppGpp synthase.  

Augusto César Hunt-Serracín1, Misha I. Kazi1, Joseph M. Boll1, Cara C. Boutte1 

1Department of Biology, University of Texas, Arlington 

 

2.1 Abstract 

 

The stringent response is a broadly conserved stress response system that exhibits functional 

variability across bacterial clades. Here, I characterize the role of the stringent factor Rel in the 

non-tuberculous mycobacterial pathogen, Mycobacterium abscessus (Mab). I found that deletion 

of rel does not ablate (p)ppGpp synthesis, and that rel does not provide a survival advantage in 

several stress conditions, or in antibiotic treatment. Transcriptional data show that RelMab is 

involved in regulating expression of anabolism and growth genes in stationary phase. However, it 

does not activate transcription of stress response or antibiotic resistance genes, and represses 

transcription of many antibiotic resistance genes. This work shows that there is an unannotated 

(p)ppGpp synthetase in Mab. 
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2.2 Importance 

 

In this study, I examined the functional roles of the stringent factor Rel in Mycobacterium 

abscessus (Mab). In most species, stringent factors synthesize the alarmone (p)ppGpp, which 

globally alters transcription to promote growth arrest and survival under stress and in antibiotic 

treatment. Our work shows that in Mab, an emerging pathogen which is resistant to many 

antibiotics, the stringent factor Rel is not solely responsible for synthesizing (p)ppGpp. I find that 

RelMab downregulates many metabolic genes under stress, but does not upregulate stress response 

genes and does not promote antibiotic tolerance. This study implies that there is another critical 

but unannotated (p)ppGpp synthetase in Mab, and suggests that RelMab inhibitors are unlikely to 

sensitize Mab infections to antibiotic treatment.  

 

2.3 Introduction 

 

Bacteria must adjust their physiology to permit survival in fluctuating conditions. The 

stringent response is a conserved signaling system that promotes survival of many species in stress 

and antibiotics by altering the transcription of about a quarter of the genome 60–64. In this work, I 

profile the role of Rel, the sole annotated stringent factor, in the non-tuberculous, rapidly-growing 

Mycobacterium abscessus (Mab). Mab is an opportunistic pathogen that both lives in the 

environment, and causes skin and respiratory infections which are increasingly prevalent in Cystic 

Fibrosis patients 65. Mab infections are difficult to treat due to intrinsic resistance to many 

antibiotics 22, and high tolerance under stress to almost all antibiotics tested 44,66. One proposed 

strategy to help treat such antibiotic-recalcitrant infections is to inhibit regulatory systems, like the 

stringent response, which promotes antibiotic tolerance 30,67–69. 
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The conserved aspect of the stringent response is the synthesis, upon stress, of the 

hyperphosphorylated guanine (p)ppGpp. Once made, (p)ppGpp affects transcription in different 

ways 70–73 and also directly modulates replication 74,75, nucleotide metabolism 76–78, ribosome 

maturation 79,80 and translation 81–83.  

There are a handful of different protein families that synthesize (p)ppGpp across bacterial 

clades. The most widely conserved are the Rel/Spo Homolog or RSH proteins, which contain, 

from N-terminus to C-terminus, a (p)ppGpp hydrolase domain, a (p)ppGpp synthase domain, and 

regulatory TGS and ACT domains 84. Some RSH proteins associate with the ribosome and sense 

amino acid starvation by detecting when ribosomes have stalled due to an uncharged tRNA being 

in the A site 85,86. Some RSH proteins detect other types of stress or nutrient deprivation via other 

mechanisms 87–90. Many species have only one RSH-type protein, which is competent for both 

(p)ppGpp hydrolysis and synthesis 84. Many species encode Small Alarmose Synthetase (SAS) and 

Small Alarmone Hydrolase (SAH) proteins, which contain only (p)ppGpp synthetase and 

hydrolase domains respectively 86,91–94. Because SAS proteins do not have regulatory domains, 

they are typically controlled transcriptionally 86. There are a few other (p)ppGpp synthesizing 

domains that have been preliminarily studied. ToxSAS proteins are part of toxin-antitoxin systems 

and synthesize (p)ppGpp as a toxin - these are found in both phage and bacterial genomes 95. 

Streptomyces antibioticus has a polynucleotide phosphorylase (PNPase) which can also synthesize 

(p)ppGpp 96–99.  

The physiological outputs of the stringent response vary across species, but there are 

conserved themes. First, the stringent response generally downregulates genes required for growth, 

such as ribosome and cell wall synthesis factors, and it alters transcription of central metabolism 

to prioritize survival rather than construction of new cells 61,62,73,100. Stringent inhibition of growth 
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24,26,100–104 indirectly protects against some stresses and antibiotics that interfere with growth 

factors. In many species, the stringent response upregulates stress response genes such as heat 

shock proteins, hibernation factors, and stress-specific transcription factors 62,105,106 and promotes 

survival in stress 69. The stringent response also helps many bacteria survive through antibiotic 

treatment by promoting antibiotic tolerance 30.  

The stringent response has been studied in Mycobacterium tuberculosis (Mtb) and 

Mycobacterium smegmatis (Msmeg). Mtb has one major (p)ppGpp synthetase, RelMtb which makes 

(p)ppGpp when respiration is inhibited, in stationary phase, and in total carbon and nitrogen 

starvation 24,107. RelMtb also promotes survival of Mtb during nutrient and oxygen starvation, 

stationary phase 24 and chronic infection of mice 60 and guinea pigs 108,109.  Importantly, RelMtb also 

makes Mtb more tolerant to the first-line clinical antibiotic isoniazid during starvation and 

infection in mice 68. A PNPase enzyme in Mtb, Rv2783, has been shown to have weak (p)ppGpp 

synthetase activity 110, and the Mtb genome contains another gene with a predicted GTP 

pyrophosphokinase domain, Rv1366. However, the ∆relMtb strain does not synthesize measurable 

(p)ppGpp in starvation conditions 24, so these other potential synthetases are either inactive or not 

activated in the conditions tested.  

Msmeg has an RSH protein, RelMsmeg, which can both synthesize and hydrolyze (p)ppGpp 

111–114. Although the ∆relMsmeg strain showed defects in biofilm formation and stationary phase 

viability, it can still synthesize (p)ppGpp 111,115. The secondary (p)ppGpp synthetase, RelZMsmeg, 

has an RNaseHII domain in addition to the conserved SAS ppGpp synthetase domain 113, and also 

synthesizes pGpp 36. Strains missing both synthetases have further biofilm and aggregation defects, 

but can still synthesize some (p)ppGpp 36, indicating that there is a third, uncharacterized 

synthetase in Msmeg.  
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In this study I examined the ∆rel strain of Mab. RelMab is an RSH protein. There are no 

other RSH genes, and no SAS genes in the Mab genome. I found that the ∆relMab strain still makes 

(p)ppGpp. The ∆relMab strain does not exhibit survival defects in several stress conditions including 

antibiotic treatment, but has a growth defect relative to wild type. I measured transcriptional 

changes in ∆relMab relative to wild type  and found it helps downregulate many metabolic pathways 

in stationary phase.  

2.4 Results 

 

To explore the role of relMab, I built a strain of Mab ATCC19977 with a deletion of the rel gene 

(MAB_2876), which has the canonical RSH gene structure, including a (p)ppGpp hydrolase 

domain, a (p)ppGpp synthetase domain, a TGS domain and an ACT domain. I measured (p)ppGpp 

in both the wild-type Mab and ∆relMab strains, in logarithmic phase and carbon starvation (Fig. 

2.1). I found that both the 

wild-type and  ∆relMab strain 

produce (p)ppGpp in both log. 

phase and starvation, and the 

amount of ppGpp is increased 

in both strains in starvation.  
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Figure. 2.1. Thin-layer chromatography (TLC) of nucleotides extracted from M. abscessus 

strains. Guanine nucleotides extracted from 32P-labeled M. abscessus strains from logarithmic 

phase and starvation.  

 

In many species, rel orthologues promote survival during stress conditions, such as stationary 

phase, acid stress, starvation, or oxidative stress 24,64,91,103,116,117. To evaluate the physiological role 

of rel in Mab, I assayed survival of wild-type, ∆relMab and complemented strains upon and after 

transfer to either carbon starvation (Fig. 2.2A), salt stress (Fig. 2.2B), oxidative stress, (Fig. 2.2C) 

or acidic media (Fig. 2.2D). Treatment with these stressors did not induce measurable differences 

in growth or survival of ∆relMab relative to wild-type and the complemented strain. Thus, RelMab 

does not regulate responses to these stresses under the conditions tested, or at least not enough to 

affect growth or survival.  
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 Figure 2.2. Contribution of relMab  to survival in 

various stresses. (A) Colony-forming units (CFU) of wild 

type Mycobacterium abscessus strain ATCC19977 (blue), 

∆relMab  (red), and the complemented strain ∆relMab  

L5::relMab   (green) in Hartman’s du Bont medium with no 

glycerol and Tyloxapol as a detergent. (B) CFU in 7H9 

Middlebrook medium with a pH of 4. (C) CFU in Lennox 

LB with 1M of NaCl. (D) CFU in Hartmans du Bont 

medium with 5mM, 25mM or 60mM of tert-butyl peroxide 

after 24 hours. Relative CFU is calculated by taking the 

ratio between each CFU value and the initial CFU value at 

time zero. All data points are an average of three biological 

replicates. Error bars represent standard deviation. There 

are no significant differences in any of these data by a two-

tailed student’s t-test.   
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I also found that RelMab does not promote survival in stationary phase (Fig. 3A). Robust survival 

in the ∆relMab in all stress conditions is likely aided by the continued synthesis of (p)ppGpp under 

stress (Fig. 2.1).  Growth curves showed that ∆relMab had a significant growth defect relative to 

wild type and complemented strains (Fig. 2.3B).  

Figure 2.3. Growth and stationary phase 

survival of ∆relMab  . (A) Colony-forming 

units (CFU) in stationary phase in 7H9 

media. The 2-day time point is 48 hours 

after diluting logarithmic phase cultures to 

OD600=0.05. (B) CFU during logarithmic 

phase growth in 7H9 medium. Graph is set 

at a log2 scale. Doubling-times ± 95% 

confidence interval = wild type 2.15 h ± 

0.08; ∆relMab  4.67 h ± 4.26; ∆relMab 

L5::relMab; ∆relMab L5::relMab  2.84 ± 1.85. 

P-values are for the wild-type compared to 

∆relMab. P-values for t=4, P = 0.0415; t=7, 

P = 0.00015; t=10, P =0.006; t=12, P 

=0.00029. P-values between wild-type and the complemented strain were not significant. P- values 

between strains in stationary phase were not significant (data not shown). Asterisks represent 

significance as measured by the two-tailed student’s t -test; * = P ≤ 0.05 ; ** = P ≤ 0.01 ; *** = P 

≤ 0.001; n.s. = P > 0.05. 
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Because the stringent response is a major activator of antibiotic tolerance and persistence 

in many species 64,118,119, I sought to assess how Rel contributes to antibiotic tolerance in Mab. 

First, I treated Mab cultures in logarithmic phase with amikacin, clarithromycin and cefoxitin, 

which are commonly prescribed to treat Mab infections 120. I found that clarithromycin and 

cefoxitin alone were ineffective against all of the strains (Fig. 4A). However, amikacin treatment 

resulted in 10-100-fold decrease in viability of wild-type and complemented strains, but had no 

effect on ∆relMab.  

Antibiotic tolerance increases in stationary phase in most bacterial species relative to 

logarithmic phase 64,121. I repeated the antibiotic survival experiments on cultures in stasis and 

found that RelMab does not affect tolerance to clarithromycin or cefoxitin (Fig. 2.4B). Similar to 

amikacin treatment in growth, RelMab increased susceptibility relative to wild type and the 

complemented strains in stasis.  

 A major function of the stringent response in other bacteria is to regulate transcription 63. 

To determine the effects of RelMab on transcription, I compared the trancriptome of wild-type and 

∆relMab in both logarithmic and stationary phases using RNASeq. I found that RelMab represses 

many more genes than it activates. 

 In logarithmic phase (OD=0.5), when ∆relMab grows more slowly relative to wild type 

(Fig. 2.3B), I found 150 genes repressed by relMab in the wild-type strain at least 3-fold, and only 

7 genes were activated. The only annotated upregulated genes are an efflux pump (MAB_0677) 

and a major facilitator superfamily (MFS) transporter (MAB_0069).  I found several mce family 

genes that were repressed by relMab. Mce proteins are typically lipid transporters, but they also play 

roles in host cell entry and immune modulation 122. I also found two antibiotic resistance genes 

that are repressed by relMab in logarithmic phase (Table 2.1).  
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 Even though there was no apparent difference in survival between the wild-type and 

∆relMab strains in stationary phase, I observed significant differences in transcription. I isolated 

RNA from stationary phase cultures that were shaken for 48 hours after being diluted to OD=0.05. 

I found hundreds of genes that were repressed by relMab in the wild type strain in stationary phase, 

but none that were activated by relMab 3-fold or more. I found many genes in the WhiB7 regulon 

(Table 2.1) which are repressed in stationary phase, though they are mostly unaffected in 

logarithmic phase. WhiB7 is a transcription factor that activates many antibiotic resistance genes 

and promotes resistance to many classes of antibiotics in Mab 35. It is notable that these antibiotic 

resistance genes are repressed by relMab in stasis, which would imply that wild type Mab would be 

more susceptible to antibiotics in this condition, which is what I see in amikacin treatment. In the 

case of clarithromycin and cefoxitin, increased tolerance through downregulation of target 

expression may counterbalance the repression of the antibiotic resistance genes, resulting in no 

differences in susceptibility in our assays (Fig. 2.4).  

Table 2.1. Antibiotic Resistance Genes – (Under whiB7 regulon)* 

Mab GENE 

Annotation 

FC-

∆relMab/ 

vs. WT 

LOG 

FDR- 

corrected 

P value 

∆relMab / 

vs. WT 

LOG 

FC- 

∆relMab 

/ 

vs.WT 

Stat. 

FDR- 

corrected 

P value 

∆relMab / 

vs. WT 

Stat. 

FC-

WT.stat/ 

WT.log 

FDR- 

corrected  

P value 

WT.Log 

vs. 

WT.Stat 

Mab GO. Mol. 

function 

MAB_0163c 

 

+2 1.1E-04 +40 5.1E-12 +2 1.7E-311 Aminoglycoside 

Phosphotransferase 
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MAB_0185c +1 0.3 +5.4 6.4E-03 -5.4 0 Arabinosyl 

Transferase* 

MAB_0186c 

 

+1 0.8 +9.7 1.8E-04 -7.4 0 Arabinosyl 

Transferase* 

MAB_1341 +1 0.45 +34 2.3E-11 -1.3 5.5E-13 

 

Decarboxylase* 

MAB_1342 +1.4 0.03 +14 0 -1 0 Acyl-CoA 

synthetase* 

MAB_1395 +2.7 1.3E-04 +48 5.2E-10 +1 7.2E-29 Transporter* 

MAB_1396 +2.5 3.7E-06 +36 0 -1 0 Multidrug MFS 

transporter 

MAB_1846 -1.3 0.44 +28 4.2E-06 -1.4 2.9E-265 

 

ABC transporter* 

MAB_2273 +2.3 8.8E-12 +101 1.96E-08 +2.2 0 MFS transporter* 

MAB_2297 +1.5 0.02 +99.2 7.1E-08 -2.1 0 Methyltransferase-

erm41*  

MAB_2310 +1.3 0.5 +5.7 0.03 +3.6 1.5E-50 

 

Multidrug 

transporter 

MAB_2355c +2.2 1.5E-08 +17 0 +2.8 0 ABC transporter* 

MAB_2396 +2.1 8.2E-03 +18 7.3E-09 +1.5 4.5E-122 

 

Probably 

acetyltransferase* 
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MAB_2640c +1.2 0.122 +5 5.4E-03 -2.4 0 Mmr - multidrug 

transport integral 

membrane protein 

MAB_2736c +1 0.6 +13 1.99E-10 -3.7 0 ABC transporter 

MAB_2780c 

 

+1.7 0.01 +27 1.14E-07 +3.3 0 MFS transporter* 

MAB_2807 -1 0.7 +5 4.4E-03 -4.7 0 MFS transporter 

MAB_2875 +5.4 9.7E-06 +38 0 +1.2 1.6E-171 

 

Beta-lactamase 

MAB_2989 +2 5.1E-04 

 

+6.8 2.9E-05 +2.93 1.1E-222 

 

Chloramphenicol 

acetyltransferase 

MAB_3042c +2.7 1.9E-12 +24 0 +1.82 0 GTpase-Hflx* 

MAB_3467c +6 2.5E-03 +21 0 +92 0 Heat shock 

protein* 

MAB_3508c +1.8 0.3 +31 0.08 +14 0.38 WhiB7 

MAB_3762 +2 2.4E-09 +11 2.9E-10 +7.09 4.9E-143 

 

Membrane protein* 

MAB_3869c -1.3 0.158 +6.7 5.4E-03 -1.67 0 DNA directed RNA 

polymerase* 

MAB_4294 +1.8 3.1E-03 +28 0 +1.88 0 Aminotransferase* 

MAB_4395 +2.4 0 +8 8.8E-07 +1.1 0 Aminoglycoside- 

2’-N-

acetyltransferase 
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MAB_4837 +4.6 0 +26 0 +1.84 1.9E-312 Aminoglycoside 

phosphotransferase 

 

 

 

Figure. 2.4. Contribution of relMab  to survival in antibiotic treatment. Relative Colony-forming 

units (CFUs) of strains treated with either 200 µg/mL of clarithromycin (Clar), 150 µg/mL of 

amikacin (Amk), or 80 µg/mL of cefoxitin (Fox) for either (A) 48 h in logarithmic phase or (B) 72 

h in stationary phase.  Relative CFUs were calculated by taking the ratio between the CFU value 

after treatment and the initial CFU value at time zero. The bars represent the mean of 6-9 biological 

replicates, the individual values are shown by the dots. Error bars represent standard deviation. 
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Logarithmic phase P-values: (Amk150) WT vs. ∆relMab = 0.005; WT vs. ∆relMab L5::relMab = 0.01; 

∆relMab vs. ∆relMab L5::relMab = 0.004 . Stationary phase P-values: (AMK150) WT vs ∆relMab = 

0.00017; WT vs. ∆relMab L5::relMab = 0.0217; ∆relMab vs. ∆relMab L5::relMab = 0.0017. Asterisks 

represent significance as measured by the two-tailed student’s t -test; * = P ≤ 0.05 ; ** = P ≤ 0.01 

; *** = P ≤ 0.001; n.s. = P > 0.05. 

I also found several cell wall biosynthetic genes that are downregulated by relMab in stationary 

phase. Downregulation of growth factors is typical in stringent responses across many bacterial 

species 62,101,119,123,124. I see that relMab downregulates many central metabolism genes in stationary 

phase (Fig. 2.5), which shows that when Rel is present, it contributes to the decrease in central 

carbon metabolism during stress. However, it is notable that not all the genes in a given pathway 

are downregulated equally. I hypothesize that this uneven regulation of certain pathways may allow 

certain metabolites to accumulate and be re-directed to other pathways. In a metabolic pathway 

where most of the enzymes are downregulated, I expect that the product of a single gene that is 

not downregulated will accumulate. I note that many of the metabolites I expect to accumulate 

converge on the NAD synthesis pathway. In addition, none of the genes in the NAD synthesis 

pathway are downregulated by relMab, which implies that continued metabolism of NAD, which is 

a critical cofactor in many pathways, may be important in stationary phase.  

From our preliminary analysis, RelMab helps regulate growth and central metabolism, and 

affects expression of antibiotic resistance genes; however, it does not seem to upregulate specific 

stress responses in the conditions tested.  
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Figure 2.5. Repression of central metabolic genes by RelMab during stationary phase. Genes 

in red are downregulated by RelMab at least 3-fold in stationary phase, P < 0.05. Genes in black are 

not significantly regulated by RelMab in stationary phase. See Table S4 for data.  
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2.5 Discussion 

 

Mtb, Msmeg and Mab all have a stringent response, but they have evolved use of different sets of 

genes to synthesize the same alarmone.  The Mab genome encodes only one annotated RSH gene, 

relMab (MAB_2876), and no homologs of SAS or SAH genes. relMab is homologous to RSH genes 

in Mtb and Msmeg.  I found that the ∆relMab strain could still produce (p)ppGpp, consistent with 

the presence of an unannotated (p)ppGpp synthase. Mab does not have a homolog of the SAS-

RNaseHII relZ, which has been characterized in Msmeg  36,111,113. Despite this, Msmeg  and Mab 

are similar in having significant (p)ppGpp synthesis in the absence of the RSH gene (Fig. 2.1) 107, 

and in exhibiting greater survival with some antibiotics (Fig. 4) 115,121.  Mab does have a homolog 

of the PNPase which has been shown to be capable of (p)ppGpp synthesis in Mtb (MAB_3106c) 

110. MAB_3106c is transcriptionally upgregulated 4-fold in the ∆rel strain compared to wild-type 

in stationary phase, indicating that the presence of Rel may decrease the need for transcription of 

this gene. In the wild-type strain, this gene is also upregulated ~7 fold in stationary phase compared 

in log. phase, indicating that this gene is used in stress. I therefore propose MAB_3106c as a 

possible additional (p)ppGpp synthase.  

Our results show that the stringent factor RelMab does not promote survival during in vitro 

stress, though it does promote growth during logarithmic phase (Fig. 2.2, 2.3A). Our 

transcriptomics analysis corroborates these results, as they indicate that RelMab does not upregulate 

stress response genes, but does alter transcription of growth metabolism genes. It is possible that 

increases in (p)ppGpp  stimulate transcription of stress response genes in Mab, as is seen in other 

species 62,106,125,126 – our experiments did not test this because in our assays ∆relMab synthesizes 

comparable amounts of (p)ppGpp as wild-type (Fig. 2.1). The unannotated ppGpp synthase may 

contribute to stress response signaling. Our transcriptional data show that RelMab is involved in 
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downregulating metabolism for growth arrest (Fig. 2.5) even though (p)ppGpp levels are still 

present in the ∆relMab strain.  There is precedent for metabolic genes being regulated separately 

from stress response genes in the stringent response. In E. coli, some metabolic genes are repressed 

at a lower (p)ppGpp level than is required to induce a regulon of stress response genes127. (p)ppGpp 

likely does not directly bind RNAP in mycobacteria as it does in E. coli 128, and it is currently 

unknown how it exerts its effects on transcription. Further knowledge of the functioning of the 

mycobacterial stringent response will be required before I can speculate about the mechanism by 

which (p)ppGpp could differentially affect transcription of metabolic and stress response genes in 

Mab.  

Mab is notorious for having resistance to many clinical antibiotics and expressing many 

antibiotic resistance genes 35,129,130, which is why it is problematic to treat infections in cystic 

fibrosis patients 131. I observed in our transcriptional data that RelMab downregulated numerous 

antibiotic resistance genes in stationary phase (Table 2.1). In other species RSH proteins promote 

antibiotic tolerance 64,68,119 and sometimes also increase expression of antibiotic resistance genes 

132,133. Studies are ongoing to find drugs that would inhibit (p)ppGpp synthesis by RSH proteins 

68,69, as such drugs are expected to increase susceptibility to clinically available antibiotics. Our 

results indicate that RelMab inhibitors, should they become available, are unlikely to help treat Mab 

infections. Instead, efforts should focus on identifying the other (p)ppGpp synthetase(s) in Mab so 

that it can be explored as a drug target.  
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2.6 Materials and Methods  

 

2.6.1 Construction of strains. Primers 1233 – 1238 (Table S3) were used to amplify a 502 bp 

segment upstream of Mab rel which included the start codon, a 448 bp segment downstream of 

Mab rel which included the stop codon, and a 788 bp ZeoR cassette. All 3 segments were stitched 

together by PCR to form the ∆rel::zeoR double stranded recombineering knockout construct. 

∆relMab was generated through double stranded recombineering, as previously described 134. 

Colonies from the transformation of the  ∆rel::zeoR construct were PCR checked by using primers 

1424-761, 1235-1236, and 762-1425 (Fig. S1A). To make the complemented strain, the relMab gene 

was amplified through PCR using primers 1329-1330 and inserted into pKK216 135 with NdeI and 

HindIII. This new plasmid, pCB1248, was transformed into the ∆relMab mutant strain in order to 

create the complementation strain, ∆relMab L5::relMab, in which relMab expression is driven by a 

constitutive promoter (BN17, Fig.S1B).  

 

2.6.2 Media and culture conditions. All M. abscessus ATCC 19977 wild-type and mutant cultures 

were started in 7H9 (Becton, Dickinson, Franklin Lakes, NJ) medium with 5 g/liter bovine serum 

albumin, 2 g/liter dextrose, 0.85 g/liter NaCl, 0.003 g/liter catalase, 0.2% glycerol, and 0.05% 

Tween 80 and shaken overnight at 37° C until cultures entered logarithmic phase. For starvation 

and other specific assays, Hartmans-de Bont (HdB) minimal medium was made as described 

previously 136. Cultures were inoculated to OD600 0.05, unless otherwise stated. All CFU time 

points were plated on Luria-Bertani (LB) agar and placed in 37° C incubator for 4 days.  

 

2.6.3 Mab (p)ppGpp extraction and detection.  Mab strains were grown until logarithmic phase 

(OD600 0.5) in homemade 7H9 medium. To maximize 32P-labeling, 7H9 medium with 1/25 of 
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normal phosphate levels was used 24. Logarithmic phase Mab cells were pelleted and resuspended 

in 1mL of low phosphate 7H9, followed by the addition of 32P-labeled orthophosphoric acid to a 

final concentration of 100 µCi/mL. 32P-labeled cells were then incubated at 37° C and shaken at 

200 rpm for 4 h. Following incubation, cells were pelleted and resuspended with 100 µL of TBST 

(Tris-buffer saline pH 8,  with 0.05% Tyloxapol), and treated with 1 mg/mL of lysozyme on ice 

for 20 minutes. Equal volume 2 M Formic acid was then added to each sample, followed by a 5 

minute centrifugation at max speed. Supernatant was then collected for each sample and stored in 

-20° C. For starvation cultures, a second set of log phase Mab strains (OD600 0.5) were washed and 

resuspended in TBST. Addition of 32P-labeled orthophosphoric acid, and (p)ppGpp extraction was 

performed similarly as logarithmic phase cultures.. Following extraction, 20 µL of extract from all 

cultures were spotted on PEI-cellulose TLC plates and developed in 1.5 M Potassium 

monophosphate buffer (pH 3.4). The plates were then air dried and placed on a phosphor screen 

(Molecular dynamics) overnight. The phosphor screens were scanned with a Storm 860 scanner 

(Amersham Biosciences) and images were analyzed with ImageQuant software (Molecular 

Dynamics).  

 

2.6.4 ∆relMab stress assays. For all stress assays, strains were prepared and grown into logarithmic 

phase. Unless otherwise stated, cultures for stress assays were done in 24-well plates and shaken 

at 130 rpm at 37° C. For carbon starvation, strains were inoculated in 30 mL inkwells in HdB 

minimal media with no glycerol, and with Tyloxapol as a detergent. For acid stress, strains were 

inoculated in 7H9 medium pH 4. For osmotic stress, strains were inoculated in LB broth medium 

with 1M salt (ACS Sodium Chloride, VWR Chemicals BDH).  For oxidative stress, all strains 

were inoculated in complete HdB minimal medium, which does not contain catalase, and strains 
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were exposed to different concentrations of tert-Butyl Hydroperoxide (Alfa Aesar). CFU time 

points were taken upon inoculation, at 1, 3, and 24 h post-inoculation.  

 

2.6.5 ∆relMab  growth curve and stationary phase survival. Log-phase cultures of all strains were 

inoculated to OD 0.05 in 30 mL inkwells in 7H9 media. Cultures were then placed in shaking 

incubator at 37° C and 130 rpm. CFU time points were then taken throughout a 12-hour period. 

For stationary phase survival, a second set of cultures were grown into stationary phase up to 48 

h. Initial CFU time-point was taken at 48 h after dilution of logarithmic phase samples to OD600 

0.05, with subsequent time points taken at 5, 6, 7, 8, 9, and 10 d.  

 

2.6.6 Antibiotic assays. For the logarithmic phase experiments, strains were kept in logarithmic 

phase in 7H9 for t~24 h and diluted to OD600 0.05 and treated with either 150 µg/mL of amikacin, 

200 µg/mL clarythromycin, or 80 µg/mL of cefoxitin. These antibiotic concentrations were chosen 

because they were shown in a previous study to cause killing of Mab in certain conditions 66. CFUs 

were measured upon treatment (t=0) and 48 h after treatment (t=48). For stationary phase, 

logarithmic phase cells at OD600 0.05 were shaken for 48 h and then treated as above. CFUs were 

measured upon treatment and 72 h after treatment. 

 

2.6.7 RNA isolation, library preparation and data analysis. RNA from three biological replicates 

of each strain and condition was isolated as previously described 137 with some modifications. 

After growth for t~24 hours in either logrithmic or stationary phase, cells were transferred to 15 

mL conical tubes and centrifuged at 4° C for 3 min at 1467 x g. Cell pellets were immediately 

resuspended in 750 µl of TriZol (Invitrogen) and lysed by bead beating.  RNA was purified 
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according to protocol with the Zymogen Direct-zol RNA Miniprep Plus (cat. No 2070). RNA was 

processed for Illumina sequencing using the TRuSeq Total RNA Library Prep from Illumina, with 

bacterial rRNA removal probes provided separately by Illumina. Sequencing was performed using 

Illumina NovaSeq at the North Texas Genome Center at the University of Texas in Arlington.  

Between 50-300 million pair-end reads per library were mapped to the M. abscessus subs. 

abscessus strain ATCC 19977 published genome using CLC Genomic Workbench software 

(Qiagen). To minimize the skewing effect that certain PCR jackpots had on the data, we adjusted 

the number of reads mapped from each library so the median reads per gene were equivalent within 

an experiment. In the logarithmic phase samples, the median reads per gene was ~600. In the 

stationary phase samples, the median reads per gene was ~100.  After normalization, the Reads 

Per Kilobase Million (RPKM) values were determined for each gene, and the weighted proportion 

fold change of RPKM between wild type and ∆relMab for each condition were calculated by CLC 

Workbench. The Baggerley’s test was used to generate a false discovery rate corrected P-

value.  We used an arbitrary cut-off of 3-fold change with a false-discovery rate corrected P ≤ 0.05 

to identify significantly differentially regulated genes between wild type and ∆relMab in each 

condition. Because the median reads per gene for logarithmic phase samples was 6 times higher 

than for stationary phase samples, we linearly scaled the fold-change values when comparing 

logarithmic to stationary phase data to normalize for this difference in read depth.  

 

2.6.8 Real-time PCR (Supplemental data included in published work). For RNA-seq validation, 

real-time PCR (RT-PCR) was performed with the Kapa Biosystems Sybr Fast One-Step qRT-PCR 

kit. RNA was extracted in triplicates from each Mab strain as previously described. Primers for 

reverse-transcription (RT) were designed for each gene of interest by using Primer3 (Table S3).  
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Each 20 µL RT reaction mixture contained 10 µL One-step SYBR green Master Mix, 1 µL of each 

primer, 4.5 µL nuclease-free water, 0.5 µL of qScript One-step RT, and 3 µL of RNA. RT-PCR was 

done by using Bio-Rad CFX Connect Real-time system. The relative target levels (fold change) 

were calculated using the ΔΔCt method 138, with normalization of RNA targets to TetR 

transcription factor gene (MAB_1638).  
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Chapter 3 - Biofilm-associated Mycobacterium abscessus cells have altered antibiotic 

tolerance and surface glycolipids in Artificial Cystic Fibrosis Sputum Media. 
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3.1 Abstract 

 

Mycobacterium abscessus (Mab) is a biofilm-forming, multi-drug resistant, non-tuberculous 

mycobacterial (NTM) pathogen increasingly found in Cystic Fibrosis patients. Antibiotic 

treatment for these infections is often unsuccessful, partly due to Mab’s high intrinsic antibiotic 

resistance.  It is not clear whether antibiotic tolerance caused by biofilm formation also 

contributes to poor treatment outcomes. I studied the surface glycolipids and antibiotic tolerance 

of Mab biofilms grown in Artificial Cystic Fibrosis Sputum (ACFS) media in order to determine 

how they are affected by nutrient conditions that mimic infection. I found that Mab displays 

more of the virulence lipid trehalose dimycolate when grown in ACFS compared to standard lab 

media. In ACFS media, biofilm-associated cells are more antibiotic tolerant than planktonic cells 

in the same well. This contrasts with standard lab medias, where biofilm and planktonic cells are 

both highly antibiotic tolerant. These results indicate that Mab 

cell physiology in biofilms depends on environmental factors, and that nutrient conditions found 

within Cystic Fibrosis infections could contribute to both increased virulence and antibiotic 

tolerance. 

mailto:cara.boutte@uta.edu
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 3.2 Introduction 

 

Infections caused by Non-Tuberculous Mycobacteria (NTM) are on the rise across the 

globe139,140. Mycobacterium abscessus (Mab) is a highly antibiotic-resistant NTM that causes 

soft tissue infections and is an increasingly common respiratory pathogen in Cystic Fibrosis (CF) 

patients131,141.  While most NTM infections are believed to be contracted through environmental 

exposure, Mab has recently been shown to be transmitted between CF patients, probably by 

fomites142. Unfortunately, Mab infections in CF patients are very difficult to treat, and there are 

no standardized treatment regimens. Treatment usually involves some combination of 

clarithromycin, amikacin, imipenem, cefoxitin and/ or linezolid143. Infection clearance after up to 

3 years of antibiotic treatment is achieved in only 10-55% of patients143. This level of treatment 

failure is likely partly due to intrinsic antibiotic resistance33,35,144; however, antibiotic tolerance 

may also play a role145, though the environmental conditions that induce tolerance in this 

organism are poorly understood. 

 

The pathophysiology of Mab infection in the CF lung has scarcely been studied, but one 

pathology study of explanted lungs from CF patients showed Mab aggregates that appear to be 

forming a biofilm around the alveoli146. Biofilms are bacterial communities that in many species 

are held together by exopolysaccharides147. Mycobacterial biofilms appear to depend on surface 

glycolipids148 and free mycolic acids149,150, though many questions remain about the composition 

of the matrix in mycobacterial biofilms. Because bacteria growing in biofilms are notoriously 

tolerant to antibiotics151, this mode of growth during infection may contribute to the treatment 
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recalcitrance of Mab. While I currently lack a comprehensive model of the chemical and genetic 

basis of Mab biofilm formation, it is clear that surface glycolipids are important. 

Glycopeptidolipids, which are found on the outer leaflet of the mycobacterial outer membrane, 

have been shown to affect biofilm structure44 and are thought to modulate the course of 

infection42,152. Trehalose dimycolate (TDM), which is known to contribute to virulence in Mtb153 

are also found on the surface of some Mab strains, though its contribution to biofilm formation 

and virulence in Mab has not been studied. 

 

Mab has two genetic isoforms: the wild-type “smooth” strains, which produce abundant GPLs 

and minimal TDM, and “rough” mutants, which have genetic lesions in the GPL loci and display 

little or no GPLs but sometimes have higher levels of TDM41,154. The smooth strains form more 

robust biofilms and it is thought that this form could contribute to colonization at infection 

sites41, which is likely promoted by GPLs masking other cell surface molecules that activate 

innate immunity152. The rough mutants cause more inflammation152, are more virulent, and are 

thought to promote more tissue invasion41. Rough mutants are more frequently isolated after a 

persistent infection has been established for a long period, in both CF and non-CF patients155,156.  

 

The smooth and rough genetic variants represent two phenotypic extremes of Mab physiology. 

However, the rough variants only form in some infections, and it is thought that most infections 

are established by smooth strains41.  Smooth strains are known to form biofilms in vitro44,145 and 

are thought to also form biofilms during infection146. Antibiotic-recalcitrant Mab infections are 

likely to involve mature biofilms growing in complex nutrient environments. However, in vitro 
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Mab biofilm studies have been done on immature biofilms in simple nutrient environments44,145: 

in these conditions there are modest differences in antibiotic tolerance between biofilm-

associated and planktonic cells44. Thus, it is not clear to what extent biofilms contribute to 

antibiotic tolerance during infection. 

 

In this work, I sought to determine how cell surface physiology, biofilm formation and antibiotic 

tolerance are affected by media conditions in Mab ATCC19977. I found that the cell surface, as 

measured by fluorescent staining, is different in Mab in Artificial Cystic Fibrosis Sputum 

(ACFS) media compared to either minimal HdB media or in the standard mycobacterial growth 

media, 7H9. In addition, both smooth and rough strains display more TDM in the ACFS media. 

When I compare biofilm and planktonic cells, I find that both populations are quite antibiotic 

tolerant in HdB and 7H9, while the planktonic cells are more susceptible to antibiotics in ACFS 

media. 

 

3.3 Results 

 

To determine how different nutrient conditions affect basic cell physiology, I measured growth 

rate and microscopically examined Mab in three different media. Mab grows fastest in 7H9 

media (Fig 3.1AB), even though the Artificial Cystic Fibrosis Sputum (ACFS) media is richer157.  

Mab in ACFS media appears to die off more in stationary phase, implying that the nutrient 

richness may not prepare cells for certain stresses (Fig. 3.1A). I imaged cells using phase 

microscopy and observed that cell lengths were longer in ACFS media (Fig. 3.1CD). I stained 

log. phase cells in each media with both NADA, a 4-chloro-7-nitrobenzofurazan-conjugated D-
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alanine158, which is integrated into peptidoglycan, and FM4-64, which stains the inner 

membrane159. Although growth rates were more similar in HdB and ACFS media, cell surface 

staining was more similar in HdB and 7H9. The NADA staining in Hdb and 7H9 was consistent 

with studies performed in other mycobacterial cells: brighter staining at the septa and poles 

where new peptidoglycan is inserted160. FM4-64 stained most cells in these media types dimly, 

but a subset stained more brightly. Staining of cells in ACFS media was more homogeneous (Fig. 

3.1DE). I observed in the phase images that cells growing in ACFS appear to be encased in 

translucent sheaths, which could alter access of the stains to the cell (Fig. 3.1D). These data show 

that Mab is physiologically different in typical lab media than in media that mimics the nutrient 

conditions in the lungs of Cystic Fibrosis patients.  
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Figure 3.1. The physiology of Mab planktonic cells varies according to media type.  A) 

Colony forming units over time in the three growth media on a 2-log scale. B) Maximum 

doubling times during log. phase growth, calculated from data in (A). P values calculated by one-

way ANOVA with Tukey correction. Hdb vs. 7H9, P=0.0059; Hdb vs. ACFS, P=0.0459. C) 

Quantification of cell lengths of Mab cells in log. phase, in the three media types. At least 300 
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cells from two biological replicates were imaged by phase microscopy and cell lengths were 

calculated using MicrobeJ. ACFS vs. HdB, P<0.0001; ACFS vs. 7H9, P<0.0001. D) Micrographs 

of log. phase cells stained with the fluorescent D-amino acid NADA and the membrane stain 

FM4-64. E) Quantification of the average fluorescent intensity for at least 300 cells from two 

biological replicates, stained with NADA and FM4-64, as in (D). 

 

To study the physiology of biofilms, I sought to develop a method to separate biofilm and 

planktonic cells from the same culture well: this allows us to control internally for nutrient 

depletion in the media, which also impacts cell physiology and antibiotic tolerance. I incubated 

standing cultures in tissue culture-treated plates. Biofilms form at the bottom of each well, while 

the planktonic cells remained in the media in the upper half of the well. I pipetted off all the 

media on the top of each well to isolate planktonic cells, then resuspended the surface-associated 

cells on the bottom of each well in 7H9 with Tween80, a non-ionic detergent, which broke apart 

cell clumps. To determine whether 7H9 + Tween80 was sufficient to break apart clumps or 

whether sonication was necessary, I compared the colony forming units (CFU) produced from 

biofilm resuspensions with and without sonication. Sonication did not change the CFU counts, so 

I conclude that resuspension in 7H9 + Tween80 alone is sufficient to break apart smooth Mab 

biofilms. Therefore, I used that method for biofilm enumeration in subsequent experiments. 
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I next analyzed how the three media types affect biofilm development and morphology. I grew 

Mab in the three different media types over time and monitored biofilm development by CFU 

assay and photography. Biofilms growing in all media types reach maximal cell density by day 6 

(Fig. 3.2). Biofilms in ACFS form three-dimensional plumes in standing culture, while those in 

HdB or 7H9 are flat and almost crystalline. I did not observe pellicles in the media conditions I 

tested using smooth Mab strains (Fig. 3.2). From these data I conclude that biofilm morphology 

was affected by media condition. 
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Figure 3.2. The development and macroscopic structure of Mab biofilms in different media.  

Colony forming units for biofilm-associated cells in standing culture over time. Images of 

corresponding wells taken at 6 days.  

 

To probe the physiological differences between biofilm and planktonic cells in our assay, I tested 

their ability to respond to induction of a reporter transcriptionally and translationally. I 

transformed Mab with a plasmid that expresses Tag-RFP under the control of a constitutive 

PGroEL promoter, and expresses eGFP under control of an inducible Pnitrile promoter. I allowed 

biofilms of this culture to mature for 6 days, then induced them with isovaleronitrile to induce 

expression of eGFP. After 24 hours of induction, I resuspended and fixed cells from the 

planktonic and biofilm populations in each media type, and visualized the cells by fluorescence 

microscopy (Fig. 3.3A). I found that in all media conditions, cells in biofilms are less likely than 

planktonic cells to express significant eGFP upon induction, compared to the constitutive Tag-

RFP (Fig. 3.3B). This shows that biofilm cells are either less permeable to the inducer, or are less 

transcriptionally and translationally active than planktonic cells in the same culture well, or both. 

These data also validate our method of separating planktonic cells from biofilm cells, by 

showing separated cell types are physiologically distinct in all three media types. 
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Fig. 3.3. Cells in Mab biofilms are less responsive to a transcriptional inducer. (A) 

Micrographs of Mab cells carrying the pDE43-MEK-Nit-live/dead vector from biofilms grown 

for 6 days in ACFS, then induced with 10-6 isovaleronitrile for one day before fixation and 

imaging. Living cells that retain the vector show constitutive Tag-RFP signal, inducible cells also 

show eGFP signal. (B) Percentage of cells with average Tag-RFP signal intensities above 400 

that also have average eGFP signal intensities above 100 in each condition. At least 100 cells 

each from three independent biological replicates were quantified for each condition. P-value of 

biofilm vs. planktonic for ACFS, 7H9 and HdB medias are 0.0152, 0.0271 and 0.0007, 

respectively. P-values were calculated using an unpaired t-test.  

 

Because biofilm morphology varied so greatly between media types (Fig. 3.2), I hypothesized 

that media could affect glycolipid expression. I extracted surface glycolipids from planktonic 

smooth and rough strains grown in 7H9 and ACFS (Fig. 3.4A) as well as from mature biofilms 

grown in all three media conditions (Fig. 3.4B). I then separated the glycolipids by thin layer 

chromatography (TLC). TLC analysis shows that the smooth strain expresses similar levels and 

types of GPLs irrespective of media condition, while the rough strain produces minimal GPLs 

(Fig. 3.4A).  In biofilms, the smooth strain expresses GPLs in all conditions (Fig. 3.4B,D). Based 

on previous GPL analyses41, the purple spot near the top (Fig. 3.4B, spot c) is an unidentified 

wax, while the dark purple spot at the bottom (Fig. 3.4B, spot d) is trehalose dimycolate 

(TDM)161. Both smooth and rough strains have increased TD3.M in ACFS compared to lab 

media, in both planktonic cultures (Fig. 3.4A) and biofilms (Fig. 3.4B). I observe a statistically 

significant increase in the wax (Fig. 3.4B,C) and TDM in ACFS (Fig. 3.4B,E). The levels of 

GPLs appear to be similar (Fig. 3.4B, D). These data show that media conditions affect the 
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surface glycolipid expression of Mab and that Mab grown in ACFS media has higher levels 

TDM, a glycolipid that is a virulence factor in Mtb infections153. 

 

Figure 3.4. Glycolipid profiles are affected by media condition. (A) Thin Layer 

Chromatography (TLC) of glycolipid extractions from planktonic cultures of rough and smooth 

Mab strains grown in 7H9 and ACFS. GPLs = glycopeptidolipids, TDM= trehalose dimycolate. 

(B) Representative TLC of glycolipid extracts from mature biofilms of smooth Mab in Hdb, 7H9 
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and ACFS. Extraction from planktonic cells grown in 7H9 + Tween80 was used as a control 

sample. Black arrows indicate lipid species prominent in ACFS: c - unknown wax; d – GPLs; e - 

TDM. (C, D, E) Quantification of the signal intensity for each spot in (B) by means of spot 

densitometry. Values shown are the mean of three biological replicate experiments with error 

bars representing the standard deviation. (C) Wax, P-values between ACFS vs. Hdb and ACFS 

vs. 7H9 were 0.0079 and 0.0134, respectively. (D) GPLs, no significant differences. (E) TDM, P-

values between ACFS vs. Hdb and ACFS vs. 7H9 were 0.0149 and 0.0171, respectively. P-

values were calculated using one-way ANOVA with Tukey correction for multiple comparisons. 

Signal intensities for (D) were quantified by using the red channel only of the TLC images, to 

eliminate the signal from the yellow spots in the same area. 

 

I sought to determine how biofilm maturity affects antibiotic tolerance. For these and all 

subsequent biofilm experiments, I compared survival of biofilm and planktonic cells from the 

same well of a 24-well plate for each replicate. I incubated Mab in ACFS media for 3, 6 or 11 

days, then treated each well with two clinical drugs, clarithromycin and imipenem. I then 

measured survival over time and found that tolerance increases over time in standing culture, 

likely due to nutrient depletion of the media (Fig. 3.5AB). In 3-day and 6-day old biofilms, 

planktonic cells die off substantially upon treatment, while at 11 days both populations are quite 

tolerant (Fig 3.5A). 6-day old biofilms had higher tolerance compared to the planktonic cells in 

the same well at both 24 and 48 hours of treatment (Fig. 3.5B). From this, I conclude that at six 

days the biofilms in ACFS media are mature enough to substantially protect cells against 

antibiotics. Based on these results, and the fact that biofilms in all media types reached maximal 
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cell density at six days (Fig. 3.2), I conducted all subsequent biofilm assays with 6-day old 

biofilms.  
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Figure 3.5. Antibiotic tolerance increases as ACFS biofilms mature. (A) Relative CFUs (CFU 

at each time point divided by the CFU value before treatment, i.e., t=0) from biofilms and 

planktonic cells from the same wells, grown for 3, 6 and 11 days in ACFS. Cultures were treated 

with clarithromycin (20 ug/mL) and imipenem (15 ug/mL) for 48 hours, and CFUs were 

measured at 0, 24 and 48 hours. (B) Survival from 48-hour CFU time points (triplicate wells). P-

values between biofilm and planktonic cells are 0.01099, 0.0006, 0.1815, for 3, 6, and 11 days 

respectively. P-value for biofilms between 3 and 11 days is 0.09046. P-values were calculated 

using the student’s t-test. 

 

To determine how media type affects the antibiotic tolerance of Mab biofilms, I treated 6-day old 

biofilms grown in different media types with varying concentrations of the clinically used 

antibiotics amikacin, clarithromycin and cefoxitin, and then plated both the biofilm and 

planktonic cells at 48 hours after treatment. I found that amikacin consistently killed planktonic 

cells at nearly an order of magnitude more than the biofilm cells from the same well, across 

media types. With clarithromycin and cefoxitin treatment, however, I saw much more variability. 

With both these antibiotics, planktonic cells and biofilm-associated cells were both highly 

antibiotic tolerant in both 7H9 and HdB. However, in ACFS, planktonic cells were much more 

sensitive to clarithromycin and cefoxitin than biofilm-associated cells. Clarithromycin was the 

only drug that was able to kill biofilm-associated cells at concentrations below 50 µg/ml, and this 

only occurred in ACFS media (Fig. 3.6).  
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Figure 3.6. Antibiotic sensitivity varies by antibiotic and media type. (A, B, C) Relative 

CFUs of 6-day old biofilms and planktonic cells from the same wells after 48 hours of treatment 

with a range of antibiotic concentrations in 3 medias. Asterisks represent significance as 

measured by the student’s t-test; * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001; n.s. = P > 0.05. 

(D) LD90 (dose required to kill 90% of the cells) analysis of the data from A, B and C. Bars with 
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hatched lines indicate that I was unable to observe killing of 90% of the population at any 

concentration used, so the LD90 is above 200 µg/mL. The LD90 was calculated for each 

replicate and the bars indicate mean and with standard deviation. 

 

In our assays, the biofilm-associated cells are likely to have access to less oxygen than the 

planktonic cells. I sought to determine whether hypoxia could differentially affect cells 

depending on the media. I made cultures of Mab in tubes with minimal headspace, sealed the 

tubes with septum caps, and incubated them without shaking for 13 days. I then injected 

cefoxitin through the caps and measured survival after 48 hours.  Results show that hypoxic Mab 

exhibits tolerance in both 7H9 or ACFS media, comparable to that seen in biofilms (Fig. 3.6AB). 

Thus, as for Mtb162, hypoxia promotes antibiotic tolerance in Mab and is likely to be one factor 

in the antibiotic tolerance seen in biofilm-associated cells. 

 

3.4 Discussion 

 

Bacterial physiology is enormously plastic. Bacterial cell size, shape, growth rates, surface 

properties and gene expression all change profoundly even between different lab media 

conditions163,164. This plasticity makes it very difficult to determine the physiological state of a 

pathogen during infection. In this study, I sought to physiologically profile the emerging 

pathogen M. abscessus in two standard lab growth medias and one media designed to mimic the 

nutrient conditions in the lungs of Cystic Fibrosis patients (ACFS). I found that, compared to 

standard lab medias, ACFS media induces profound physiological changes in Mab, both in 

planktonic (Fig.3.1, Fig. 3.4) and biofilm states (Fig. 3.4, Fig. 3.6). 
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Bacterial biofilms are complex structures which, on the macro scale, vary physiologically 

according to developmental stage165, surface type166 and nutrient conditions167. On the 

microscopic scale, there is also heterogeneity within a single biofilm: cells in different places 

within the biofilm express different surface factors and have different gene expression 

profiles168–170. Thus, it is not meaningful to merely compare the phenotypes of “biofilm” and 

“planktonic” cells from a given species, as there is enormous phenotypic variety within each of 

these categories. In this work, I profiled some of the phenotypic diversity possible in Mab 

biofilms in order to assess the extent to which in vitro biofilm experiments might be relevant to 

the physiology of Mab biofilms within the lungs of CF patients. Our results show that Mab 

biofilms in ACFS media have important physiological differences from biofilms in the standard 

mycobacterial lab medias HdB and 7H9 (Fig. 3.2, Fig. 3.4, Fig. 3.6). The fact that such 

differences can be seen even between in vitro media conditions shows that Mab biofilm 

physiology is responsive to environmental conditions. I hypothesize that Mab physiology in HdB 

and 7H9 media is unlikely to represent its physiology during infection. Our results do not 

establish ACFS media as a proxy for infection, which of course includes many host immune 

factors that cannot be mimicked in vitro. However, these data show that nutrient conditions that 

might be encountered by Mab in the host could have an important role in the pathogen’s 

expression of virulence glycolipids and responsiveness to antibiotic treatment. 

 

Even in experiments with the smooth Mab, which produces GPLs, I observed differences in the 

appearance of the biofilms that formed in the different media types. The biofilms in both HdB 

and 7H9 appeared flat and flaky, while the biofilms that formed in the ACFS media looked wet 
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and formed tendrilly plumes (Fig. 3.2). These differences could be merely due to the chemical 

and viscosity differences between the media types, or they could be due to changes in Mab cell 

physiology in the different media types. I profiled the surface glycolipids and antibiotic 

sensitivity of cells in these different biofilms, and found that cells in ACFS biofilms are 

physiologically distinct: they display more trehalose dimycolate and a non-polar wax species 

than biofilms in 7H9 and HdB (Fig. 3.4) and they exhibit more relative antibiotic tolerance 

compared to planktonic cells (Fig. 3.6). 

 

Because nutrient availability affects the physiology of cells within a biofilm, I sought to develop 

methods that would allow us to disentangle responses to nutrients from responses to biofilm 

formation. Other groups solved this problem by moving biofilms to fresh media each day44,145. I 

assumed that nutrients would not be unlimited during infection, and so worked to assess biofilm 

physiology in nutrient-limited culture (Fig. 3.2, Fig. 3.5). In order to control for the well-known 

effects of nutrient limitation on antibiotic tolerance171, I compared biofilm and planktonic cells 

from the same culture wells. These cells are sharing the same depleted nutrients, so differences in 

physiology should be due to association with the biofilm, or to differences in access to oxygen. 

While I observed considerable antibiotic tolerance in 7H9 and HdB against clarithromycin and 

cefoxitin, there was similar tolerance in planktonic and biofilm-associated cells (Fig. 3.6B,C), 

even though the planktonic cells presumably have more access to oxygen at the top of the well. 

This implies that antibiotic tolerance in these media conditions is due to some other 

environmental factor, such as nutrient depletion, rather than due to the protection of the biofilm 

or to hypoxia.  In the more nutrient-rich ACFS media however, I see much higher sensitivity to 

cefoxitin and clarithromycin in the planktonic cells, while the biofilm-associated cells are 
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tolerant. Therefore, the physiological difference between biofilm and planktonic cells is greater 

in ACFS media than in typical lab medias.  

 

Our results imply that the modest degree of antibiotic tolerance in biofilms that has been 

observed before44  may be a function of the culture conditions. Our data show that mature 

biofilms grown in ACFS media afford considerable protection against three clinical antibiotics 

from different classes. While the ACFS media may mimic the nutrient conditions of sputum, it 

does not replicate a complex host environment with active immune cells and tissue structures, so 

the physiological state of Mab in a true infection remains unknown. However, our results imply, 

during infection in CF patients, Mab may express more of the virulence glycolipid TDM, and be 

more antibiotic tolerance that experiments in regular lab media might indicate. Thus, treatments 

that could help disrupt Mab biofilms or prevent their establishment could help clear these 

infections more quickly. A deeper understanding of the chemistry and genetics of biofilm 

formation and physiological responses in M. abscessus will be needed in order to determine the 

role of biofilms in infection and treatment recalcitrance and to develop better treatment 

protocols. 
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3.6 Materials and Methods 

 

3.6.1 Media and culture conditions. All M. abscessus ATCC19977 cultures were started in 7H9 

(Becton-Dickinson, Frankin Lakes, NJ) media with 5 g/l bovine serum albumin, 2g/l dextrose, 

0.85 g/l NaCl, 0.003 g/l catalase, 0.2% glycerol and 0.05% Tween80 and shaken overnight at 

37C until in log. phase. All Mab CFUs were performed by plating serial dilutions on LB Lennox 

agar. Three media types varying in nutrient richness were used for all biofilm assays: Tween80 

was not added to any media for biofilm assay. Hartmans de Bont (HdB) Minimal Media was 

made as described136, 7H9 for biofilms was made as above, without the Tween80.  

 

3.6.2 Artificial Cystic Fibrosis Sputum. Two protocols were combined in order to make our 

ACFS media157,172. In 500mL of ultrapure water, the unique components that comprise CF 

sputum were added as described172; 5 g of porcine mucin (NBS Biologicals), 4 g of 

Deoxyribonucleic Acid (Spectrum Chemicals), 5.9 mg diethylene triamine pentaacetic acid 

(DTPA), 5 g NaCl, 2.2 g KCl, and 1.81 g Tris base.  Amino acid stocks were prepared as 

described157 and stored at 4C. Except for tryptophan, amino acids were added to the media. The 

ACFS media was adjusted to a pH of 7, filled-up to one liter, and autoclaved at 110C for 15 

minutes.  The media was cooled down at room temperature prior to adding tryptophan and 5 mL 

of egg yolk emulsion (Dalynn Biologicals). ACFS Media was stored at 4C. 

 

3.6.3 Biofilm assays. Log. phase biological replication cultures of Mab cultures in 7H9 were 

inoculated into tissue-culture treated 24-well plates with 2mL of the appropriate media to a final 

optical density of 0.02. Sufficient wells were inoculated in order to have biological triplicates for 
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each time point or concentration in the assay. Prior to incubation, each plate was covered with a 

Breathe-Easy sealing membrane (Electron Microscopy Sciences) to allow air exchange and 

reduce evaporation. Standing biofilm plates were incubated at 37C. The Breathe-Easy membrane 

was removed after biofilm development in order to add antibiotics. The biofilm plates were then 

re-sealed and incubated again at 37C for 24 or 48 hours. For each data point, cells from 

biological replicate wells were used to plate for CFU calculations. To enumerate the planktonic 

cells, the supernatant was extracted from each well without disturbing the biofilm and plated. 

The remaining biofilm was then re-suspended in 7H9 + Tween80 and serial dilutions were plated 

and incubated at 37C for 4 days. Serial dilutions were done in 96-well plates in HdB + Tween80 

and plated on plain LB Agar plates. Relative CFU is the ratio between each CFU value and the 

initial CFU value at t=0 or concentration=0. 

 

3.6.4 Hypoxia Assay. Mab was grown in 7H9 until log-phase. In order to promote hypoxia, 

sterile glass tubes were filled near full (9 mL) with 7H9 and ACFS respectively. All tubes were 

inoculated to an optical density of 0.02, capped with a sterile rubber septum, and wrapped with 

parafilm to avoid uncapping. To establish growth cessation, standing tubes were incubated at 

37C and CFUs were taken every couple days on biological replicates. Once we established that 

growth cessation happens at 13 days, new tubes were inoculated and incubated for 13 days. In 

order to avoid oxygenation, replicates were treated by injecting through the rubber septum with 

80 ug/mL of cefoxitin. CFUs were taken upon addition of antibiotic (t=0), and 48 hours post-

treatment. All time-points were plated on LB Agar and incubated for 4 days. 
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 3.6.5 Glycolipid extractions and Thin layer chromatography. Mature biofilms and planktonic 

cultures were used for glycolipid extractions. GPLs were extracted as described173  and spotted 

on TLC Silica Gel 60 plates (Millipore Sigma). In short, cells were isolated and centrifuged. 

Pellets were resuspended for lipid extraction in 10mL chloroform/methanol (2:1). Extractions 

were done twice at room temperature for 24 hours and then centrifuged at 5000rpm for 30 

minutes to collect organic supernatant. Organic samples (Lipids) were evaporated with nitrogen 

and resuspended in 1mL chloroform/methanol (2:1) and treated with equal volume 0.2M NaOH 

(in methanol). Lipids were incubated at 37C for 30 minutes and then neutralized with a few 

drops of glacial acetic acid. Solvents were evaporated and the lipids were resuspended with 4mL 

of choloroform, 2mL of methanol, and 1mL of water in each tube. Samples were mixed and then 

centrifuged at 5000 rpm for 10 minutes to collect the organic layer. The solvent was evaporated 

and the remaining lipids were resuspended in 100uL of chloroform/methanol (2:1) and spotted. 

TLCs were developed in chloroform/ methanol/ water (100:14:0.8) as described (24). Plates were 

visualized with 10% Sulfuric Acid (in ethanol) and baked for 20 minutes at 120C. The signal 

intensity of spots was analyzed and quantified using ImageJ software by means of spot 

densitometry. For spot d (TDM) the TLC image was split into single color channels and 

quantified by measuring the signal intensity from the red channel only. Each spot intensity value 

was normalized against all the spots in a lane (entire lane; all in triplicates). We re-ran the TLCs, 

when necessary, so that total lane spot intensities were similar between samples. 

 

3.6.6 Cell staining. For experiments on log. phase cells, Mab was stained with 3 L/mL of 10 

mM NADA and incubated at room temperature for 15 minutes in growth media. Cells were then 

pelleted and resuspended in PBS+Tween80 and FM4-64 was added to a final concentration of 4 
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ng/mL and incubated at room temperature for 5 minutes. Cells were then fixed with 2% 

paraformaldehyde for one hour at room temperature, and washed and resuspended in 

PBS+Tween80 for imaging. 

 

3.6.7 Microscopy. Mab cells were resuspended as described for plating of planktonic and biofilm 

cells, then fixed with 4% paraformaldehyde in PBS at room temperature for 2 hours. Cells were 

immobilized on agarose pads and imaged using a Nikon Ti-2 widefield epifluorescence 

microscope with a Photometrics Prime 95B camera and a Plan Apo 100X, 1.45 NA objective. 

Green fluorescent images were taken using a filter cube with a 470/40 nm excitation filter and a 

525/50nm emission filter. Red fluorescent images were taken using a filter cube with a 560/40nm 

excitation filter and a 630/70 emission filter. Images were captured using NIS Elements software 

and analyzed using FIJI and MicrobeJ174 (45). 
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4.1 Abstract 

 

The respiratory disease tuberculosis, caused by Mycobacterium tuberculosis, remains a 

significant global health concern due to the pathogen's resilience and the challenges in treatment. 

The regulation of the mycobacterial cell wall, particularly the peptidoglycan layer, plays a crucial 

role in mycobacterial survival and antibiotic resistance during infection. Here, I investigate the 

interaction between the cytoplasmic amidase CwlM and the peptidoglycan precursor synthesis 

enzyme MurA, shedding light on its significance in mycobacterial physiology. Through 

computational predictions and biochemical assays, I identify a charged interaction interface 

between CwlM and MurA, with specific residues mediating this interaction. Mutations in this 

interface impair MurA activation, emphasizing its functional relevance. Importantly, while 

phosphorylation of CwlM is necessary for interaction, it alone is insufficient for full MurA 

activation, indicating complex regulatory mechanisms. Furthermore, in vitro assays suggest a 

weak interaction, highlighting potential dynamics in vivo. Genetic studies in Mycobacterium 

mailto:cara.boutte@uta.edu
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smegmatis strains reveal that mutations affecting MurA activation led to defects in peptidoglycan 

metabolism, particularly pronounced with disruptions in the predicted interaction interface. 

These findings highlight the importance of the CwlM-MurA interaction in bacterial cell wall 

synthesis and offer insights into regulatory networks governing peptidoglycan metabolism, with 

implications for antimicrobial strategies targeting essential bacterial pathways. 

 

4.2 Introduction 

 

Mycobacterium tuberculosis (Mtb) is an obligate human pathogen and the causative agent of the 

lung disease Tuberculosis (TB)9. This disease affects millions of individuals worldwide due to 

Mtb's success as a pathogen and years of co-evolution with humans52,175. Despite modern 

medicine, a severe Mtb infection is challenging to treat due to the bacterium's stress response 

strategies and poor patient compliance during rigorous and prolonged drug treatments176,177. A 

key factor in Mtb pathogenesis is its waxy and armor-like cell envelope, which is known to 

contributes to its recalcitrance to antibiotic treatment 178. The cell envelope of mycobacteria 

consist of a plasma membrane, a lipid-rich cell wall core, and other free lipids, which provide 

Mtb with shape, rigidity, hydrophobicity, and protection from outside stressors like 

antibiotics47,178–180.  

 

Although the mycobacterial cell wall structure was well-defined in the latter half of the 20th 

century, there is still more to be known about its regulation181–183. Beyond the plasma membrane, 

the peptidoglycan (PG) layer forms a mesh-like structure in the periplasm, providing shape and 

protection from osmotic stress184. The PG layer is covalently attached to polysaccharides known 

as arabinogalactan, which, along with Mycolic acids (outer membrane fatty acids), contribute to 
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the cell's waxy coat185,186. This intricate arrangement of layers forms a highly complex 

mycobacterial cell wall, the regulation of which is a crucial defense mechanism against 

environmental stress. Therefore, a comprehensive understanding of this regulation is a 

cornerstone in the quest for more effective therapies against drug-tolerant mycobacteria. 

The synthesis and regulation of the PG layer is an involved process that begins in the cell's 

cytoplasm with the formation of the cell wall intermediate Lipid II185. It starts with the sugar 

nucleotide UDP-GlcNAc, and its modification into forming Lipid II by several Mur family of 

enzymes179. Because PG metabolism involves multiple steps, many PG enzymes and their 

regulators work tightly together to ensure cell growth occurs without compromising the cell's 

integrity. One example is MurA, the first enzyme in the PG precursor synthesis pathway, which 

is activated by the cytoplasmic amidase CwlM58,59. 

In nearly all bacteria, except wall-less forms of bacteria, MurA catalyzes the first step of PG 

precursor synthesis and is essential for survival187–190. The MurA structure and enzymatic 

activity have been well established in gram-negative bacteria, primarily in Escherichia coli 

(E.coli) and Enterobacter cloacae. Other bacteria like Staphylococcus aureus, Enterococcus 

faecelis, and Streptococcus pneumoniae have two copies of MurA, where the second is often 

called MurZ, MurA2 or MurAB. The mechanism of this second enzyme has yet to be fully 

understood, and it seldom can compensate for the activity of the primary MurA191. In either case, 

these proteins are involved in normal growth, making them ideal drug targets. Although 

inhibitors such as fosfomycin have shown efficacy against MurA in other species, changes in a 

key amino acid residue in Mtb's MurA have made this inhibitor ineffective192.  
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Although MurA transferase activity is conserved across bacteria, its regulation must still be 

studied in several species. In Listeria monocytogenes and Bacillus subtilis, MurA activity is 

regulated through its degradation by the protease ClpC when bacterial growth arrest is 

needed193,194. In Listeria monocytogenes, phosphorylated Reom, a cytoplasmic protein, interacts 

with MurA to deter degradation by ClpC193. This result highlights the importance of MurA being 

the first enzyme in PG synthesis, as it controls the fluidity throughout the PG precursor synthesis 

pathway. In mycobacteria, in-depth biochemical studies show that MurA enzymatic activity as a 

PG transferase is conserved in both Mtb and the non-pathogenic relative Mycobacterium 

smegmatis (Msmeg)189. Other studies focused on MurA's relationship with the cytoplasmic 

amidase CwlM, which, when phosphorylated, activates MurA's enzymatic activity58. This study 

also found that CwlM is less phosphorylated during starvation, which correlates with MurA's 

decreased activity during growth arrest. 

In this work, I analyzed the interaction site between CwlM and MurA and the effects of MurA 

misregulation on mycobacterial cell physiology. I ran a prediction of a CwlM-MurA interaction 

through AlphaFold2 Multimer, and identified a possible interaction site (Fig.5.1). I made mutants 

of CwlM that are predicted not to interact with MurA, which show a decrease in activation of 

MurA in vitro. Our protein interaction experiments with MurA and CwlM suggest that the 

interaction between these proteins is transient and weak. Lastly, in in vivo experiments in M. 

smegmatis, I found that ablation of the predicted interaction site did not allow cell survival, while 

milder mutations caused a decrease of PG metabolism in vivo. 
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4.3 Results 

 

4.3.1 AlphaFold predicts a charged interaction interface between CwlM and MurA. 

Phosphorylated CwlM, CwlM~P, activates MurA in vitro, and co-immunoprecipitates with 

MurA from cell lysates 195, suggesting that the two proteins interact. To identify a possible 

interaction site, I ran a AlphaFold2 Multimer196 prediction of CwlMMtb and CwlMMtb - MurAMtb 

hetero-dimer (Fig.4.1B, 4.1C). The predicted dimer shows a highly charged interaction interface 

(Fig. 4.1C) at an alpha-helix on CwlMMtb I named “REEEL” due to the amino acid sequence, and 

a beta-sheet on MurAMtb. Glutamates 178 and 179 from CwlMMtb are predicted to interact with 

arginines 346 and 355 of MurAMtb (Fig. 4.1D).  
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Figure 4.1 - AlphaFold prediction of CwlM-MurA interaction complex and schematic of 

CwlM mutants with predicted polar contacts.  
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4.3.2 Salt-bridges between CwlM and MurA are vital for MurA enzymatic activity.  

 

To test how the predicted interaction impacts activation of MurA, I expressed and purified CwlM 

with three different sets of mutations in the REEEL region (Fig. 4.1E). 

Previous experiments show that unphosphorylated CwlM has poor activation of MurA during a 

MurA enzymatic assay195. We measured MurA product formation through HPLC after 

incubation with substrates and wild-type or mutated CwlM, in both phosphorylated and 

unphosphorylated states. The HPLC traces for the wild-type CwlMMtb showed the effects of 

phosphorylation on the activation of MurAMtb (Fig. 4.2A). In both traces, CwlM and CwlM~P, I 

see a significant signal for the unused substrate UDP-GlcNAc, but only for CwlM~P do I see a 

smaller signal for the product, EP-UDP-GlcNAc (Fig. 4.2A). As a negative control, I tested a C-

terminal truncation of CwlMMtb, which has reduced activation of MurA195. Compared to 

CwlM~P, all mutants were significantly impaired in MurA activation, regardless of 

phosphorylation (Fig. 4.2B). The phosphorylated CwlM mutants all activated MurA to the same 

degree as non-phosphorylated CwlM. I conclude that the REEEL interaction site on CwlM is 

necessary for the activation of MurAMtb, and that phosphorylation alone is not enough to rescue 

the activation.  
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Figure 4.2 -  HPLC traces and product quantification of MurA enzymatic activity.  
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4.3.3 The CwlM - MurA interaction is weak and difficult to elucidate through Co-

immunoprecipitation type assay.  

 

HPLC results showed the importance of the predicted interaction interface between CwlM and 

MurA. However, despite a reduction in MurA activity, the effects of these mutants on MurA 

interaction are still unclear.  

 

Previous pulldown assays showed that a genetically FLAG-tagged CwlM could be co-

immunoprecipitated through strep-tagged beads only in the presence of MurA-strep, suggesting 

an interaction between the two proteins195. I tested if I could observe this interaction with 

purified proteins, without cross-linking. I immobilized His-MurAMtb-strep on magnetic beads and 

poured over equimolar CwlMMtb or CwlMMtb~P. I eluted the proteins from the strep magnetic 

beads, and found that both CwlMMtb and CwlMMtb~P interact with MurAMtb (Fig. 4.3). A control 

sample also shows that both CwlMMtb and CwlMMtb~P can interact with the strep beads alone, but 

upon subtracting the control from the experimental samples I found little difference between 

both phospho-forms of CwlMMtb and their interaction with MurAMtb. These results suggest that 

the interaction between MurA and CwlM is transient or very weak under in vitro experimental 

conditions.  

Figure 4.3 – CwlM-MurA interaction through Co-immunoprecipitation type assay.  
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4.3.4 CwlM interaction mutants have similar growth rates but show a decrease in peptidoglycan 

metabolism and transformation efficiency.  

I sought to determine how the cwlM mutants with decreased activation of MurA in vitro would 

affect cell physiology. I built strains of Msmeg carrying wild-type and interaction mutant alleles 

of cwlM, in genetic backgrounds with either wild-type murA or murA S368P, in order to separate 

cwlM phenotypes that are connected to MurA activity from cwlM phenotypes due to other 

possible functions of CwlM195. MurA S368P is hyperactive, so mutants of cwlM that are 

specifically defective in MurA activation should have reduced phenotypic defects in this genetic 

background.  

 

I started first by scoring the efficiency with which different alleles of cwlM exchange in L5 

phage integrase allele swapping195. The swapping efficiency was higher in the MurA S368P 

background than in the MurA background in wild-type, for ▲int2 and ▲int3 alleles of cwlM, 

which have more conservating mutations in the putative MurA interaction site. But for ▲int1, 

containing six amino acid mutations in the REEEL site (Fig. 4.1E), there was no recovery in 

either MurA background (Fig. 4.4A). The ▲int1 results suggest that abrogation of the charged 

residues at this site either completely prevents MurA activation, or has a detrimental effect on 

other functions of CwlM besides the activation of MurA. To verify that these results were not 

due to protein folding, I performed western blots on merodiploid strains containing wild-type 

CwlMMsmeg in the native site and the different CwlMMsmeg mutants at the L5 integration site. 
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Results showed that all CwlMMsmeg mutants had no difference in protein stability compared to the 

wild-type (Fig. 4.4B).  

 

To test whether the CwlM mutants had any growth defects under normal growth conditions, I 

performed growth curves. Despite differing in MurA activation and swapping efficiency (Fig 

4.2B, 4.4A), Strains with cwlM▲int2 and ▲int3 had the same doubling time as wild-type 

cwlMMsmeg regardless of murA background, suggesting that these mutations have little effect on 

growth rate (Fig. 4.4C). 

 

Since MurA is the first enzyme in peptidoglycan precursor synthesis, I hypothesized the strains 

with cwlM alleles that are defective in MurA activation could alter peptidoglycan metabolism. 

To address this, I grew our strains with different cwlM and murA alleles to log. phase and stained 

them with HADA, a fluorescent D-amino acid197. Results from imaging showed decreased 

HADA signal in strains with cwlM▲int2 and ▲int3 compared to cwlM wild-type in the wild-

type murA background. In contrast, only cwlM▲int2 shows a significant defect in the murA 

S368P background (Fig. 4.4D). I find that HADA staining helps validate the importance of the 

predicted polar contacts between CwlM and MurA.  
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Figure 4.4 – Effects of cwlM alleles on mycobacterial cell physiology.  
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4.4 Discussion 

 

The basis of our experiments arise from prior research on CwlM, a cytoplasmic peptidoglycan 

amidase (Fig. 4.1A), which when phosphorylated by the kinase PknB, activates MurA, an 

enzyme involved in the first step of peptidoglycan precursor synthesis195. The results presented 

here shed light on the interaction between CwlM and MurA and its significance in bacterial 

physiology, particularly in the context of cell wall regulation of the peptidoglycan layer of 

mycobacteria. Through a combination of computational predictions, biochemical assays, and 

genetic manipulations, I have elucidated key aspects of this interaction and some implications in 

cellular function.  

Using AlphaFold2 I predicted a charged interaction interface between CwlM and MurA, with 

specific residues identified as potential mediators of this interaction complex (Fig. 4.1B, 4.1C). 

These ionizable residues would form salt-bridges between CwlM and MurA, allowing a close 

interaction between the two proteins (Fig. 4.1D, 4.1E). Salt bridges are known to provide 

stability within and between proteins, as well as an important role in protein-protein interaction 

and regulation198. This predicted interaction was first studied through biochemical assays, which 

demonstrated physical interaction between CwlM and MurA in vitro, and its importance for 

MurA enzymatic activity (Fig. 4.2). Specifically, mutations in the predicted interaction site on 

CwlM, termed "REEEL," led to a significant impairment in MurA activation, highlighting the 

functional relevance of this interaction interface. Interestingly, our data suggest that while 

phosphorylation of CwlM is important for its interaction with MurA, phosphorylation alone is 

insufficient to rescue MurA activation fully. This underscores the complex regulatory 

mechanisms governing the CwlM-MurA interaction and suggests the involvement of additional 

factors or modifications in modulating their functional interplay. I theorize that CwlM and MurA 
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experience a regulatory interaction, in which phosphorylated CwlM can stabilize MurA in the 

ideal conformation through the REEEL site, encouraging optimal enzymatic activity. 

Furthermore, our findings indicate that the CwlM-MurA interaction is transient or weak under in 

vitro conditions (Fig. 4.3), which may have implications for understanding the dynamics of 

peptidoglycan biosynthesis in vivo. To dissect the physiological consequences of perturbing the 

CwlM-MurA interaction, I employed genetic approaches using Mycobacterium smegmatis strains 

harboring wild-type and mutant alleles of cwlM and murA (Fig. 4.4). Our results demonstrate 

that mutations affecting MurA activation led to defects in peptidoglycan metabolism, as 

evidenced by reduced fluorescence intensity upon staining with the D-amino acid analog HADA. 

Importantly, these defects were more pronounced in strains with cwlM mutations that disrupted 

the predicted interaction interface, further supporting the functional relevance of the CwlM-

MurA interaction in bacterial cell wall synthesis. 

Overall, our findings provide novel insights into the molecular mechanisms underlying 

peptidoglycan metabolism and highlight the importance of protein-protein interactions in 

bacterial physiology. Further studies elucidating the regulatory networks governing the CwlM-

MurA interaction and its impact on cell wall biosynthesis may offer new avenues for the 

development of antimicrobial strategies targeting essential bacterial pathways. 

 

4.6 Materials and Methods 

 

4.6.1 AlphaFold predictions. AlphaFold is a protein structure prediction tool developed by 

DeepMind (Google)1, which uses primary sequences to predict 3D protein structures. Protein 

sequences for both MSMEG and Mtb proteins were sourced from Mycobrowser.epfl.ch website. 
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AlphaFold monomer and multimer predictions were performed at the Texas Advanced Computing 

Center (TACC) at the University of Texas at Austin.  Sequences were submitted remotely through 

Windows PowerShell and ran on TACC’s Lonestar6 High Performance Computer system. For 

more information, visit tacc.utexas.edu. 

 

4.6.2 Media and culture conditions. All E.coli cultures were started with Luria-Bertani (LB) 

medium and shaken overnight at 37C. All MSMEG MC2155 wild-type and mutant cultures were 

started in 7H9 (Becton, Dickinson, Franklin Lakes, NJ) medium with 5 g/liter bovine serum 

albumin, 2 g/liter dextrose, 0.85 g/liter NaCl, 0.003 g/liter catalase, 0.2% glycerol, and 0.05% 

Tween 80 and shaken overnight at 37° C until cultures entered logarithmic phase. For starvation 

and other specific assays, Phosphate buffer saline (PBS) and Hartmans-de Bont (HdB) minimal 

medium was made as described previously2,3. Cultures were inoculated to OD600 0.05, unless 

otherwise stated. All CFU time points were plated on LB agar, and placed in 37° C incubator for 

3-4 days.  

 

4.6.3 Protein expression and purification. All proteins were expressed using E.coli BL21 codon 

plus cells. Starter cultures were inoculated in 150 mL of LB medium, then incubated overnight at 

37C with the appropriate antibiotic. The following day 1 liter LB cultures were inoculated to an 

OD of 0.2, and shaken at 37C until OD 0.8.  Cultures were then submitted to cold-shock for 30 

minutes, prior to induction. N-terminal tagged His-MurAMtb cultures were expressed for 4 hours 

with 1mM of isopropyl-B-D-thiogalactopyranoside (IPTG).  The 1-liter cultures were then 

pelleted down at 4,000 rpm for 20 minutes, and then resuspended with cold MurA lysis/wash 

buffer (50m Bis-Tris propane pH 7.5, 500mM NaCl, 2mM TCEP, 5 mM Imidazole, 10% glycerol). 
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Resuspended cells were then lysed using the Emulsiflex C-5 instrument (AVESTIN). Lysates were 

then pelleted at 35,000 x g for 35 minutes at 4C. Supernatants were filtered then poured over Ni-

NTA resin column (Econofit Nuvia IMAC #12009287). Nickel bound proteins were then washed 

and eluted with MurA buffer containing 5 mM and 500 mM Imidazole, respectively. Elution 

fractions were concentrated and soluble proteins were separated from aggregates through a 

Sephacryl S-200 resin (Cytiva) filled column (GE Healthcare XK 26/70) in MurA SEC buffer 

(MurA wash buffer with no Imidazole). Soluble proteins were concentrated and stored in 20% 

glycerol. N-terminal tagged His-SUMO-CwlMMtb and His-SUMO-CwlMMtb mutants were 

harvested and purified similarly as His-MurAMtb. In short, CwlMMtb was induced for 18h overnight 

at 18 C with 1mM IPTG. CwlM buffer consisted of 50 mM Tris pH 7.5, 350 mM NaCl, 1 mM 

DTT, 10% glycerol, and Imidazole (10mM wash, 250mM elution, no imidazole for size-

exclusion).       

 

4.6.4 MurA kinetic Assays. Protocol was done as previously described (elife paper). In short, 

purified His-SUMO-CwlMMtb strains (WT and mutants) were either left unphosphorylated or were 

phosphorylated through a kinase reaction (1:10 His-MPB-PknB to His-SUMO-CwlM, 1mM 

MnCl2, 0.5mM ATP). Kinase reactions were performed at room temperature in 30uL reactions in 

kinase buffer; 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT.  For unphosphorylated His-SUMO-

CwlM, setup was the same but ATP was not added.  For kinetic assay, equimolar amounts of His-

MurA was added to phosphorylated and non-phosphorylated samples of His-SUMO-CwlM, 

followed by the addition of substrates; 20mM Phospho-Enol-Pyruvate, 100mM UDP-GlcNac. 

Samples were then filled to a total volume of 90uL with reaction buffer (50 mM Tris pH 8.0, 2 

mM KCl, 2 mM DTT) and incubated at 37C for 30 minutes. After incubation, reaction was stopped 
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by the addition of 90uL of 0.4M KOH. Samples were then spun/filtered using a microcon filter for 

30 minutes, flowthrough for each sample was collected and analyzed through High-Performance 

Liquid Chromatography (HPLC; Agilent).  

 

4.6.5 Co-Immunopresipitation assay. His-SUMO-CwlMMtb was first subjected to protease reaction 

with His-Ulp1 for 30 minutes at room temperature to cleave the His-SUMO tag. CwlMMtb was 

then split into two samples, one that would be phosphorylated through a kinase reaction with His-

MBP-PknB5, and a second that would be kept unphosphorylated. His-MurAMtb-strep was then 

expressed and purified similarly as His-MurAMtb. Pure His-MurAMtb-strep was then immobilized 

in two microtubes containing magnetic strep beads and washed with PBS buffer. Equimolar 

CwlMMtb phosphorylated in PBS was added to one tube containing His-MurAMtb-strep and beads, 

while equimolar unphosphorylated CwlMMtb was added to the second tube. Tubes were incubated 

at room temp for 3 minutes with some “flicking” to avoid settling of beads.  Samples were placed 

in a magnetic rack and supernatant was collected and labeled as flow-through. Tubes were then 

taken off magnetic rack and resuspended with PBS. Incubation and removal of supernatant were 

repeated similarly two more times, these samples were labeled as wash 1 and 2. After the second 

wash, beads were resuspended with 1x Laemmli buffer and cooked for 10 minutes. Tubes were 

then place on magnetic rack and supernatant collected. These samples were labeled as elution. 

Flowthrough, washes, and elution were then ran on SDS protein and gel and analyzed with silver 

stain.  
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4.6.6 CwlM allele survival. First, cwlMMsmeg wild-type and mutant alleles were cloned into a 

kanamycin-marked L5 integrating vector. These were then transformed into Msmeg strains with 

the native cwlM and murA knocked out, with nourseothricin-marked wild-type cwlM at the L5 

integrating site, and either wild-type murA (CB737) or suppressor murA (CB762) at the tweetie 

integrating site. Proper swapping and allele survival was scored by the loss of nourseothricin 

resistance and gain of kanamycin resistance when grown in LB plates. The allele survival was 

assessed for 150-200 colonies for each cwlM allele. 

 

4.6.7 Growth curves of cwlM alleles. Biological triplicate cultures were grown for each cwlM allele 

in both murA backgrounds (CB737 & CB762) until log-phase. Growth curves were done on a non-

tissue culture treated 96-well plate in 200 uL of 7H9 with a starting OD of 0.1 for each culture. 

The OD600 of each culture was measured every 30 min in a Bioscreen growth curve machine 

(Growth Curves USA, Piscataway, NJ). Data and doubling time were analyzed using GraphPad 

Prism software. Doubling time was calculated with a non-linear curve fit method using an 

exponential growth equation with the least squares fit. p-values were calculated using two-tailed-

unpaired t-test. 

 

4.6.8 Cell staining and Microscopy. Triplicate cultures were grown into log-phase in HdB 

minimal medium. After normalizing to OD 0.3, 1mL of each replicate culture was stained with 1 

uL/mL 10 mM HADA (R&D systems) for 15 minutes with rolling incubation at 37C. Post 

incubation samples were pelleted and resuspended once in 100-200 uL of HdB medium. Cells 

were then analyzed with a Nikon Ti-2 widefield microscope. A 350/50 nm excitation filter, 

460/50 nm emission filter, and a 400 nm dichroic mirror was used to detect HADA signal. The 

image analysis for each sample was done using the MicrobeJ plugin through the ImageJ (FIJI) 
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computer software. The mean intensity of about 300 cells per sample was then analyzed using 

GraphPad prism software.  
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Chapter 5 – Dissertation Conclusions 

As a lab assistant and graduate student in the Boutte lab, I ventured into the intricate world of 

mycobacteria to learn more about the different mechanisms that allow them to survive during 

stress. I used Mycobacterium abscessus (Mab), an emerging pathogen notorious for its antibiotic 

resistance, to uncover crucial insights into its stringent response and biofilm formation. I used a 

tractable non-pathogenic species, Mycobacterium smegmatis, to study the regulatory dynamics 

between CwlM and MurA in peptidoglycan biosynthesis. Our investigations have unearthed 

unexpected findings, challenged previous assumptions, and are paving the way for novel 

therapeutic strategies against challenging pathogens like Mycobacterium tuberculosis and Mab. 

5.1 The stringent response in Mycobacterium abscessus 

This study elucidated the functional role of the stringent factor Rel in Mycobacterium 

abscessus (Mab), as previously mentioned, a pathogen known for its antibiotic resistance. Before 

our work, no prior studies had analyzed this specific stress response in Mab. Unlike in other 

bacteria, where Rel is the major (p)ppGpp synthase, I found that RelMab is not the major synthase 

of the stress alarmone in Mab. RelMab also does not promote antibiotic tolerance or survival 

under clinically relevant stress conditions despite its ability to downregulate metabolic genes. 

Our findings suggest the existence of another critical but unannotated (p)ppGpp synthetase in 

Mab and highlight the need for further exploration in this area. 

Future directions should prioritize identifying and characterizing the additional (p)ppGpp 

synthetase(s) in Mab. Understanding the complete repertoire of enzymes involved in (p)ppGpp 

synthesis will provide crucial insights into this pathogen's regulatory mechanisms governing 

antibiotic tolerance and other stress responses. Moreover, our study underscores the limitations 
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of targeting RelMab to sensitize Mab infections to antibiotic treatment, emphasizing the 

importance of alternative approaches in combating this challenging pathogen. Nevertheless, 

by unraveling the complexity of the stringent response and antibiotic resistance mechanisms in 

Mab, I can develop more effective therapeutic strategies against infections caused by this 

clinically problematic pathogen. 

5.2 The effects of nutrient availability on Mab biofilm formation and antibiotic tolerance 

Bacterial biofilms offer physical protection from the environment, including antibiotics, and 

promote the formation of heterogeneous populations of phenotypically and metabolically 

different bacteria. In this study, I revealed differences in Mab biofilms when grown in media that 

mimic nutrient conditions found within the lungs of Cystic Fibrosis (CF) patients compared to 

standard laboratory media. Specifically, I observed distinct surface glycolipid expression 

patterns, altered biofilm morphology, and increased antibiotic tolerance in Mab cultured in 

Artificial Cystic Fibrosis Sputum (ACFS) media. These findings highlight the importance of 

environmental factors in shaping Mab physiology and suggest that nutrient conditions 

encountered in the host environment contribute to increased virulence and antibiotic tolerance. 

Furthermore, our results emphasize the need to continue researching into the genetics of Mab 

biofilms, specially withing the context of conditions that mimic infection. By clarifying the 

chemical and genetic basis of biofilm formation and physiological responses in Mab, I can better 

understand the mechanisms underlying treatment recalcitrance and develop improved therapeutic 

strategies. Future directions may involve exploring molecular pathways to disrupt Mab biofilms 

or prevent their establishment. A comprehensive understanding of Mab biofilm physiology in the 
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context of CF lung infections is crucial for advancing therapeutic approaches and improving 

patient outcomes. 

5.3 CwlM's regulatory interaction with MurA, the first enzyme in peptidoglycan precursor 

synthesis 

This study delved into the intricate interaction between CwlM and MurA, two key players 

involved in peptidoglycan biosynthesis in mycobacteria. Through computational modeling, 

biochemical assays, and genetic manipulations, I uncovered new aspects of their interaction and 

its implications for bacterial physiology. Our computational predictions pinpointed a charged 

interaction interface between CwlM and MurA. Biochemical assays confirmed the physical 

interaction between these proteins in vitro, highlighting the functional significance of their 

association. Importantly, mutations in the predicted interaction site on CwlM led to impairments 

in MurA activation, emphasizing the essential role of this interface in facilitating enzymatic 

activity. 

Furthermore, our findings suggest that while phosphorylation of CwlM is essential for its 

interaction with MurA, it alone is insufficient to fully rescue MurA activation, indicating the 

involvement of additional regulatory mechanisms. I propose a model where phosphorylated 

CwlM stabilizes MurA in the optimal conformation through the predicted interaction site, 

thereby promoting and stabilizing its enzymatic activity. Moreover, our study sheds light on the 

dynamic nature of the CwlM-MurA interaction, demonstrating its transient or weak nature under 

in vitro conditions. This has important implications for understanding the dynamics of 

peptidoglycan biosynthesis in vivo and underscores the complexity of regulatory networks 

governing bacterial cell wall synthesis. Through genetic approaches, I observed that mutations 
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affecting MurA activation result in defects in peptidoglycan metabolism, reminding us of the 

functional relevance of the CwlM-MurA interaction in bacterial cell wall synthesis. 

Further elucidation of the regulatory networks governing the CwlM-MurA interaction and its 

impact on cell wall biosynthesis may pave the way for developing innovative antimicrobial 

strategies targeting essential bacterial pathways. Future studies should aim to unravel additional 

factors and modifications involved in modulating the CwlM-MurA interaction and explore its 

role in the context of mycobacterial pathogenesis. For example, previous data had shown post-

translational lysine acetylation on specific lysine residues on CwlM, but the role of this 

modification on peptidoglycan regulation needs to be further studie. Additionally, investigating 

the therapeutic potential of targeting this interaction to develop novel antimicrobial agents holds 

promise in combating drug-resistant mycobacterial infections. 
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