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ABSTRACT 

 

Listeria monocytogenes is a prominent foodborne pathogen that contaminates many 

food products. L. monocytogenes infection (listeriosis) can cause severe symptoms, 

resulting in high hospitalization and mortality rates. The Centers for Disease Control (CDC) 

estimates that Listeria causes 1,600 illnesses and 260 deaths per year in the United States 

alone. Currently, -lactam antibiotics, such as ampicillin and penicillin, which specifically 

target the bacterial cell wall, are the primary choices for treating listeriosis. However, 

increasing numbers of L. monocytogenes isolated from food and environmental sources 

are antibiotic resistant, particularly for -lactams. Therefore, studying the mechanisms of 

L. monocytogenes antibiotic resistance and developing new methods for treating L. 

monocytogenes infection are needed. C-di-AMP is a conserved second messenger in L. 

monocytogenes that are involved in many cellular processes. Either depletion or 

unregulated accumulation of this molecule in L. monocytogenes diminishes its growth and 

virulence and greatly sensitizes it to -lactam antibiotics. Therefore, investigating how c-

di-AMP regulates bacteria -lactam resistance not only offers a promising avenue for 

developing targeted antimicrobial therapies but also contributes to our broader 

understanding of bacterial adaptation and resistance mechanisms. 

As a second messenger, c-di-AMP binds and regulates many proteins of various 

functions. In particular, PstA is a highly conserved c-di-AMP-binding protein present in 

many pathogens. Here, we found that the apo form of PstA diminishes -lactam resistance 

in the normal and c-di-AMP depleting strains, and that c-di-AMP-bound PstA promotes -

lactam resistance in the c-di-AMP accumulating mutant. Strikingly, PstA plays a negligible 

role in -lactam resistance during hypoxic growth. In aerobic cultures, we found that the 

function of PstA requires the cytochrome bd oxidase (CydAB) of the respiratory electron 

transport chain, but independent from menaquinone regeneration. In addition, we also 

reported the attempts to identify PstA binding partners and their interaction with a potential 

target Ndh2. These findings offer crucial physiological insights that facilitate the 

identification of PstA molecular targets under conditions of cell wall stress. On the other 

hand, we previously found that the accumulation of c-di-AMP in Listeria monocytogenes 
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results in decreased peptidoglycan production and reduced cell wall thickness, indicating 

that c-di-AMP plays a regulatory role in -lactam resistance by compromising bacterial cell 

wall integrity. We isolated and characterized suppressor mutants that exhibit resistance to 

-lactams while maintaining elevated levels of c-di-AMP. We discovered that mutations in 

MreB, a cytoskeletal protein essential for shaping the cell by guiding peptidoglycan 

synthesis, reversed not only the -lactam susceptibility of ΔPDE mutants but also their 

diminished virulence. Further investigations confirmed that these mutations reduce MreB 

activity. We observed that MreB mutations facilitate the restoration of cell wall synthesis 

and specifically reduce autolysis under conditions of cell wall stress in ΔPDE mutants. 

Collectively, our findings lay a solid foundation for a more detailed characterization of how 

c-di-AMP influences bacterial aerobic metabolism and cell wall integrity. This groundwork 

is crucial for unraveling the complex regulatory roles of c-di-AMP in bacterial -lactam 

susceptibility, providing directions for potential therapeutic strategies. Future research will 

focus on further delineating the interaction networks of c-di-AMP with its proteins and 

exploring the broader implications of these interactions for bacterial physiology and 

pathogenicity.
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1.  REGULATIONS OF C-DI-AMP ON BACTERIA CELL WALL 

HOMEOSTASIS AND -LACTAM RESISTANCE IN L. 

MONOCYTOGENES 

 

1.1 Abstract 

Listeria monocytogenes is one of the most prominent pathogens in public health, which 

causes severe systemic infections with high mortality rates. Listeria monocytogenes can 

survive in different environments with multiple stresses. Among mechanisms for L. 

monocytogenes adaptation, the small nucleotide c-di-AMP coordinates many important 

cellular processes and is essential for bacterial stress response. Notably, either depletion 

or accumulation of c-di-AMP results in increased susceptibility to -lactams, a commonly 

used antibiotics that specifically target bacterial cell wall. However, the function of c-di-

AMP in regulating bacteria cell walls targeting antibiotics remains elusive. Here, we 

summarized the currently known hypothesis of bacteria cell wall homeostasis and then 

discussed how -lactam affects bacteria cell wall synthesis as well as its bactericidal effect. 

Finally, I summarized the signaling pathways of c-di-AMP, and discussed the potential 

mechanisms of how c-di-AMP regulates bacteria -lactam susceptibility. Our review 

provides insights into the complex regulatory roles of c-di-AMP in L. monocytogenes, 

particularly in its response to -lactam antibiotics. This work not only sheds light on the 

molecular mechanisms of bacterial resistance but also sets the stage for future studies 

that could lead to groundbreaking advances in combating bacterial infections. 

1.2 Listeria monocytogenes is a serious food-borne pathogen 

The survival and prosperity of any organism rely on its ability to utilize available 

resources optimally, respond to environmental stresses, outcompete rival organisms, and 

proliferate effectively. As a Gram-positive, facultative anaerobic bacterial pathogen, L. 

monocytogenes has evolved to well adapted to dramatically distinct habitats, including 

extracellular environments (as a saprophyte) and intracellular environments (as a cytosolic 
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pathogen)1. This dual lifestyle of L. monocytogenes exhibits a synergistic manner: thriving 

in the environment enables L. monocytogenes to grow to a sufficient amount to infect the 

host while succeeding as a pathogen, allowing it to be distributed across vast areas into 

new environmental niches. The combination of ecological resilience and severity of 

disease makes L. monocytogenes a formidable challenge in the realms of microbiology, 

public health, and food safety. 

L. monocytogenes has historically been a concerning foodborne pathogen that 

contaminates many food products, especially raw milk, cheese, and ready-to-eat food. 

Following oral ingestion, L. monocytogenes can traverse the intestinal barrier, causing 

systemic infections2. The Centers for Disease Control and Prevention (CDC) estimates 

that L. monocytogenes causes 1,600 illnesses and 260 deaths per year in the United 

States alone. Notably, in 2017-2018, one of the world’s most severe listeriosis outbreaks 

was in South Africa, caused by contaminated Polony, a ready-to-eat, processed meat 

product. 1,060 cases of listeriosis and about 216 deaths were confirmed during the 

outbreak3, making L. monocytogenes the third leading cause of death due to foodborne 

pathogens4. 

As a saprophyte, L. monocytogenes displays motility within a temperature range of 22 

- 28°C but becomes non-motile when temperatures rise above 30°C. This microorganism 

is capable of growing in temperatures ranging from -0.4°C to 45°C, with an optimal growth 

temperature of 37°C5. It can also thrive in environments with low water activity (aW < 0.90), 

a broad pH range of 4.6 to 9.5, and in salt conditions up to 20%6. These adaptive 

capabilities enable L. monocytogenes to endure and proliferate under the challenging 

conditions commonly found in food production facilities. In L. monocytogenes, the Sigma 

B factor (B) is a prime example of how genetic regulation plays a critical role in the 

bacterium's ability to withstand environmental and physiological stresses. Since L. 

monocytogenes B was first identified in 19987, over 300 genes, have been shown to be 

under transcriptional control of B, and many of these genes are crucial for L. 

monocytogenes to adapt to various stress conditions, including osmotic, acidic, heat shock, 

and oxidative stresses8,9. For example, under osmotic stress, B enhances the expression 

of transport systems (e.g., opuCA) to uptake external compatible solutes available in the 

environment to maintain the intracellular osmotic balance10. Therefore, the B contributes 
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to L. monocytogenes infection by enhancing its survival in both cytosol and the host 

gastrointestinal tract. In addition, it also can directly control the expression of several 

virulence-associated genes, including prfA, which encodes the master virulence regulator. 

PrfA is another crucial protein that controls the expression of essential virulence genes 

including hly, actA, and plcA/B, enabling the bacterium to invade host cells, escape from 

intracellular compartments, and replicate within the host's cytoplasm11,12. 

The infection of L. monocytogenes usually begins in the small intestine, where 

macrophages easily engulf L. monocytogenes. Remarkably, L. monocytogenes also has 

the unique ability to induce its uptake into nonphagocytic cells through the internalin 

operon, which encodes the proteins InlA and InlB13. These proteins specifically bind to 

receptors on the host cell surface, thereby triggering the phagocytosis of the bacteria into 

cells typically not involved in engulfment processes. Once internalized into the host cell, 

L. monocytogenes must escape from the vacuole into the host cell cytoplasm, where it 

can grow and replicate. The key factor in this escape is the bacterium's secretion of the 

protein listeriolysin O (LLO)14. By disrupting the vacuolar membrane, LLO enables L. 

monocytogenes to break free into the cytoplasmic environment. Finally, after entry into the 

cytosol, L. monocytogenes hijacks the host cytoskeletal system to propel itself through the 

cytoplasm and into neighboring cells without ever exiting into the extracellular space, thus 

avoiding the detection by the host immune system. This intracellular movement is driven 

by ActA, a virulence factor that polymerizes actin at one pole of the bacterium, pushing it 

forward15. 

Besides its role as a primary foodborne pathogen, L. monocytogenes serves as an 

excellent model for research due to its genetic manipulability, well-established infection 

models, and comprehensively studied lifecycle. The genome of L. monocytogenes is 

relatively compact, comprising approximately 2.9 to 3.0 million base pairs (Mbp)16. This 

size is manageable compared to more complex bacteria, making L. monocytogenes an 

advantageous model for genetic manipulation. The genome encodes about 2,900 to 3,000 

genes, which include a range of virulence factors crucial for its pathogenicity17. This 

genomic simplicity, combined with the bacterium's clinical importance, has facilitated the 

development of a wide array of molecular tools and techniques for dissecting its biology 

and interactions with the host. In addition, L. monocytogenes is genetically related to 
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another model organism, Bacillus subtilis, allowing many of the genetic tools designed for 

B. subtilis to be adapted for use with L. monocytogenes18,19. This compatibility enhances 

the toolkit available for studying L. monocytogenes, facilitating advanced molecular 

characterization of how L. monocytogenes responds to environmental stresses and infects 

susceptible cells, shedding light on the bacterium's survival strategies and pathogenic 

mechanisms. 

Finally, given its status as a prevalent foodborne pathogen and its efficacy as a model 

organism, L. monocytogenes is extensively utilized in research to explore antibiotic 

resistance mechanisms20. This research has implications for treating listeriosis and 

enhances our understanding of resistance mechanisms in bacteria more generally. 

Currently, the -lactam antibiotics (a bacteria cell wall targeting antibiotics), particularly 

ampicillin, are the first-line treatment for listeriosis21. The study of -lactam resistance in 

L. monocytogenes has garnered the most attention. Although L. monocytogenes typically 

show great susceptibility to -lactam antibiotics, the detection of -lactam-resistant 

isolates in clinical 22 and food animals 23 raises important concerns. However, the exact 

mechanisms of how -lactam kills L. monocytogenes and how it develops resistance are 

still elusive. The study of -lactam resistance in L. monocytogenes can maintain the 

clinical effectiveness of treatments and ensure that these key antibiotics remain potent 

tools against infections. It also offers invaluable insights into the mechanism of how L. 

monocytogenes and other bacterial responses to cell wall stress enrich our broader 

knowledge of bacterial adaptability and resilience. 

1.3 Bacteria cell wall synthesis and remodeling 

The bacterial cell wall is an intricate, mesh-like structure that is crucial for maintaining 

the shape and structural integrity of most bacterial species. Due to its essential role in 

bacterial survival and its absence in eukaryotic organisms, the bacterial cell wall is a focus 

of extensive research, making this unique bacterial feature an ideal target for many potent 

antibiotics24. Moreover, fragments of the bacterial cell wall can induce immunostimulatory 

and cytotoxic effects, playing a critical role in bacterial pathogenesis and disease 

processes, further emphasizing the importance of bacterial cell wall in medical research 

and antibiotic development25-27. 
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1.3.1 The structure of bacteria cell wall. 

The bacterial cell wall is predominantly composed of peptidoglycan (PG), a complex 

mesh of linear glycan chains (composed of a poly-[N-acetylglucosamine (GlcNAc)-N-

acetylmuramic acid (MurNAc)] backbone) that are cross-linked by short peptides attached 

to the MurNAc residues28. The standard peptide chain typically contains four to five amino 

acids, which can vary among bacterial species, providing different characteristics to the 

cell wall. The peptides are crucial for the integrity of the cell wall, as they cross-link 

adjacent glycan chains, forming a three-dimensional mesh-like structure29. 

In Gram-positive bacteria, the peptidoglycan layer is thick and multilayered, making up 

around 40-90% of the cell wall structure. This thickness not only provides substantial 

rigidity but also contains teichoic acids-phosphate-containing polymers that are either 

covalently bound to peptidoglycan (wall teichoic acids) or to the membrane lipids 

(lipoteichoic acids) 30. Teichoic acids play roles in cell wall maintenance, ion regulation, 

and serve as receptors for certain viruses31. Contrarily, Gram-negative bacteria possess 

a much thinner peptidoglycan layer, which constitutes only about 5-10% of the cell wall32. 

This thin layer is located in the periplasmic space between the inner cytoplasmic 

membrane and the outer membrane. The outer membrane of Gram-negative bacteria is 

composed of lipopolysaccharides (LPS) and phospholipids, which confer additional 

protective functions and contribute to the pathogenicity of these bacteria. The presence of 

this outer membrane makes Gram-negative bacteria generally more resistant to antibiotics 

than their Gram-positive counterparts33. 

1.3.2 The process of bacterial cell wall synthesis. 

The biosynthesis of bacteria cell wall is a dynamic and complex biochemical process 

involving multiple critical enzymes that orchestrate the assembly of the peptidoglycan layer. 

This process consists of over 20 reactions that are essential for cell growth, division, and 

maintenance of cellular integrity (Fig 2.1)34. 

1.3.2.1 Peptidoglycan precursors synthesis 

The synthesis begins in the cytoplasm where the UDP-N-acetylmuramic acid (UDP-

MurNAc) is produced from N-acetylglucosamine (NAG) by the action of the enzyme MurA, 

which adds an enolpyruvyl group, followed by reduction via MurB. Subsequently, a 
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pentapeptide chain is assembled on the UDP-MurNAc by the sequential action of MurC, 

MurD, MurE, and MurF. Each of these enzymes adds specific amino acids to construct a 

complete pentapeptide chain that is critical for later cross-linking steps35. The UDP-

MurNAc-pentapeptide is then linked to a lipid carrier molecule, bactoprenol phosphate, on 

the cytoplasmic membrane, creating Lipid I. This reaction is catalyzed by the enzyme 

MraY. The enzyme MurG catalyzes the addition of an N-acetylglucosamine (NAG) 

molecule to Lipid I to form Lipid II, which now serves as the direct precursor for 

peptidoglycan synthesis36. Lipid II is essential as it comprises both glycan subunits and a 

peptide chain, ready for incorporation into the growing peptidoglycan layer. 

1.3.2.2 Translocation and Assembly 

Lipid II is translocated from the inner to the outer leaflet of the cytoplasmic membrane 

by dedicated flippases, MurJ37. This step is crucial as it positions the precursor on the 

outer side of the membrane, where peptidoglycan synthesis occurs38. Once outside the 

membrane, the glycosyltransferases (GTases) catalyze the polymerization of Lipid II into 

long glycan strands. This involves the sequential addition of disaccharide units to the 

growing end of the carbohydrate chain, effectively lengthening the peptidoglycan 

backbone (transglycosylation). The SEDS proteins (Shape, Elongation, Division, 

Sporulation) such as RodA and FtsW have also been implicated in this process3940. 

1.3.2.3 Cross-linking and Maturation 

The final maturation of the peptidoglycan involves cross-linking peptide chains 

between adjacent glycan strands. This process is mediated by penicillin-binding proteins 

(PBPs), which are bifunctional enzymes possessing both transglycosylase and 

transpeptidase activities41. PBPs such as PBP1B and PBP3 catalyze the formation of 

peptide bonds between the amino acids in the pentapeptide chains of adjacent glycan 

strands, providing structural integrity to the cell wall42. Concurrently, autolysins such as 

lysozymes play a role in remodeling the peptidoglycan by selectively cleaving existing 

bonds within the peptidoglycan matrix to allow the integration of new material43. This 

controlled enzymatic degradation is critical for cell wall expansion during growth and 

division, which will be discussed later. 
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1.3.3 Bacteria cell elongation, shape determination, and cell division 

The intricate processes of cell elongation, shape determination, and division are 

fundamental to the life cycle of bacteria, influencing almost everything from individual cell 

function to colony dynamics and pathogenicity. These processes are deeply intertwined 

with the synthesis and restructuring of peptidoglycan, maintaining a balance between 

structural integrity and flexibility. The proteins involved in these processes do not function 

in isolation but as part of a coordinated network that adjusts cell wall synthesis in real-time 

to meet the needs of the cell. 

1.3.3.1 Cell elongation and shape determination 

Cell elongation and shape determination in bacteria are governed by sophisticated 

networks of cytoskeletal components and cell wall synthesis enzymes. These networks 

ensure that growth is not only robust but also geometrically and temporally regulated. The 

Rod complex is a group of proteins, including MreB, MreC, MreD, RodA, RodZ, and PBP2, 

that play a crucial role in bacterial cell elongation and maintaining the rod-shaped 

morphology of certain bacteria, such as B. subtilis and L. monocytogenes40. The Rod 

complex is vital for the synthesis and remodeling of peptidoglycan, ensuring the cell 

maintains its cylindrical shape throughout growth and division. This system's functionality 

not only supports structural integrity but also adapts to environmental changes, supporting 

the bacterial ability to thrive in diverse conditions. 

MreB - Architect of cellular morphology: MreB is pivotal in maintaining the rod 

shape of many bacteria, similar to how actin maintains cell shape in eukaryotes. It forms 

a helical structure underneath the cell membrane that dictates the sites of peptidoglycan 

insertion, crucial for longitudinal growth and cylindrical consistency. MreB dynamically 

interacts with key enzymes (discussed below) responsible for peptidoglycan synthesis. By 

guiding these enzymes, it ensures that cell wall materials are inserted in precise locations, 

which is critical for maintaining the cell’s shape and preparing it for division44,45. 

Rod proteins - central to peptidoglycan assembly: As a key glycosyltransferase, 

RodA is responsible for polymerizing the glycan chains of peptidoglycan. It works in 

tandem with PBPs to catalyze the formation and extension of these chains. Its activity is 

crucial for extending the cell wall during growth phases, directly influencing the cell's ability 
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to elongate while maintaining its diameter and overall structural integrity46. RodZ plays a 

crucial role in stabilizing the interactions between RodA and MreB. By binding to MreB 

and possibly affecting its conformation, RodZ ensures that the Rod complex is correctly 

positioned and oriented relative to the MreB scaffold, optimizing the synthesis and 

integration of new peptidoglyca47. 

PBP2 - essential transpeptidase for cell wall stability: PBP2 is crucial for the 

transpeptidation step in peptidoglycan synthesis, where it cross-links the peptide side 

chains of adjacent glycan strands. This activity is essential for providing mechanical 

strength to the cell wall, enabling it to withstand turgor pressure and maintain its shap48. 

PBP2 often works in conjunction with the Rod complex, particularly with RodA, to ensure 

that newly formed glycan chains are immediately cross-linked, thereby stabilizing the cell 

wall as it grows. Its activity is finely tuned by the spatial cues provided by the MreB and 

the biochemical signals mediated by MreC and MreD49. 

MreC and MreD: structural mediators for peptidoglycan Integrity: MreC acts as a 

bridge between the cytoskeletal elements and the cell wall synthesis enzymes. It helps 

transmit structural and environmental signals to the synthetic system, potentially 

modulating enzyme activity according to growth demands or stress responses. While less 

is directly known about MreD’s specific activities, it is believed to work closely with MreC 

to support the cell wall synthesis system, ensuring that the spatial patterning dictated by 

MreB is accurately followed50. 

1.3.3.2 Cell division 

Cell division in bacteria is a meticulously coordinated process crucial for bacteria 

reproduction and survival. This process involves the precise duplication and segregation 

of genetic material, followed by the division of the cell into two daughter cells. The division 

must be accurately timed and positioned to ensure each daughter cell inherits the 

necessary components for survival and growth. The cell division is initiated by the 

formation of a division apparatus called the divisome at mid-cell51. The divisome 

assembles at the site where the bacteria cell will divide, organizing and orchestrating the 

processes needed to form a new cell wall between the dividing cells. This complex is 

critical for ensuring that division occurs correctly and that each daughter cell is properly 

formed with all necessary cellular components52. 
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Formation of the Z-ring: Central to bacterial cell division is the protein FtsZ, a 

GTPase that polymerizes to form a ring at the future site of cytokinesis, known as the Z-

ring53. The Z-ring serves as a scaffold for the assembly of the divisome and marks the cell 

center where division will occur. The dynamic nature of FtsZ, which can rapidly assemble 

and disassemble, allows the cell to adjust the timing and location of division in response 

to cellular and environmental cues54. The placement of the Z-ring is tightly regulated by 

systems such as the Min proteins and nucleoid occlusion. These systems prevent the Z-

ring from forming over the nucleoid or at the poles of the cell, ensuring it only forms at the 

mid-cell position55. 

Assembly of the divisome: Once the Z-ring is established, it recruits a series of other 

proteins essential for cell division, including FtsA, ZipA, and a series of penicillin-binding 

proteins (PBPs) such as FtsI (PBP3). These proteins help connect the Z-ring to the cell 

membrane and begin the process of constructing the new cell wall that will eventually 

separate the two daughter cells56. FtsI is crucial for the synthesis of peptidoglycan at the 

division site, specifically involved in the transpeptidation process that cross-links the 

peptidoglycan strands. FtsW acts alongside FtsI, likely serving a role in transporting 

peptidoglycan precursors to the site of synthesis57. 

Peptidoglycan synthesis during division: The synthesis of peptidoglycan during 

cell division is highly coordinated with the overall process of cytokinesis. Enzymes 

involved in peptidoglycan synthesis are strategically positioned at the division site to 

integrate new material into the dividing cell wall. This ensures that the septum, the new 

cell wall forming between the dividing cells, is constructed robustly to maintain cell 

integrity54. Autolysins play a critical role during cell division by cleaving the old 

peptidoglycan, allowing for the insertion of new material at the division site58. This 

controlled degradation is essential for the expansion of the cell wall and the eventual 

separation of daughter cells. 

Completion of cell division: As the divisome completes the synthesis of the septal 

peptidoglycan, constriction of the Z-ring facilitates the inward growth of the septum, 

ultimately leading to the physical separation of the daughter cells. This process is finely 

tuned to ensure that each daughter cell is a viable, complete entity capable of independent 

growth and replication. 
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1.3.4 Bacteria cell wall recycling 

The peptidoglycan layer needs to be rigid enough to protect the protoplasts against 

intracellular pressures and extracellular stresses yet dynamic enough to allow bacteria to 

divide and elongate. In addition to peptidoglycan synthesis, the bacterial cell wall 

undergoes meticulous regulation to coordinate cell wall degradation, remodeling, 

turnover, and recycling59-61. These processes are essential not only for maintaining 

cellular integrity and morphology but also for ensuring effective responses to 

physiological challenges and external threats. 

 1.3.4.1 PG recycling in gram-negative organisms 

The bacteria cell wall recycling in gram-negative organisms was the most well-studied. 

This process initiates with the cleavage and release of peptidoglycan fragments62. 

Enzymes responsible for cleaving the linkage existing in peptidoglycan are generally 

called PG hydrolases. These enzymes are also known as autolysins since they are 

potentially autolytic if their activity is uncontrolled63. Autolysins include peptide-cleaving 

carboxypeptidases, endopeptidases, and N-acetylmuramyl-L-alanine amidases, and 

glycan-cleaving lytic transglycosylases. The peptide stem of peptidoglycan is hydrolyzed 

by amidases and carboxypeptidases, and the glycan strand of the peptidoglycan is 

cleaved by lytic transglycosylases at the β-(1→4) glycosidic bond between the MurNAc 

and GlcNAc residues.  

Subsequent to their release, PG fragments are transported into the cytoplasm. The 

AmpG membrane protein is identified as the main permease that transports muropeptides 

across the inner membrane into the cytoplasm in gram-negative bacteria. Previous studies 

confirmed that deletion of ampG in bacteria led to the release of over 40% of the PG per 

generation while a functional AmpG only resulted in <10% turnover 64. Once getting inside 

the cytoplasm, the PG fragments are further degraded into their constituent sugar and 

amino acids. Enzymes like NagZ will initiate the breakdown of PG fragments. NagZ is an 

N-acetylglucosaminidase that hydrolytically cleaves the β-(1→4) glycosidic bond of 

anhydrodisaccharides to generate GlcNAc and anhydrosaccharides. Other enzymes such 

as L, D-carboxypeptidase LdcA, N-acetylmuramyl-l-alanine amidase AmpD, and 

anhydroMurNAc kinase AnmK are also playing important rolel in processing 

anhydromuropeptides in the cytoplasm, yielding MurNAc-6-phosphate and other side 
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products. Finally, the breakdown products are funneled back into the peptidoglycan 

biosynthesis pathway, reducing the need for de novo synthesis of these materials and 

conserving metabolic energy. 

1.3.4.2 PG recycling in gram-positive organisms 

In many fundamental aspects, the mechanisms and purpose of peptidoglycan 

recycling are less comprehensively understood in Gram-positive bacteria than in Gram-

negative bacteria. The initial doubts regarding the significance of peptidoglycan recycling 

in Gram-positive bacteria stemmed from the distinct characteristics of their cell walls 

compared to those of Gram-negative bacteria. The cell wall of Gram-positive bacteria acts 

like an exoskeleton and is considerably thicker than that of Gram-negative bacteria. This 

structure is built through an inside-to-outside synthesis model, which likely necessitates 

the use of autolysins to "relax" the outermost layer of the cell wall, facilitating 

circumferential growth65. These features, combined with the presence of substantial 

amounts of cell-wall fragments found in the culture mediums of Gram-positive bacteria66, 

led to the early belief that peptidoglycan recycling was not a significant process in these 

organisms. 

However, this presumption is now called into question by a lot of direct experimental 

studies on cell wall recycling by gram-positives. One pivotal experiment highlighting the 

existence of peptidoglycan recycling pathways in gram-positive bacteria was conducted 

by Litzinger et al. on B. subtilis. They identified a cluster of six genes (initially annotated 

as ybbIHFEDC) where the first five gene products were found to be orthologous to the E. 

coli recycling proteins: MurQ (an etherase), MurR (a transcriptional repressor), MurP (a 

MurNAc phosphotransferase), AmiE (an N-acetylmuramyl-L-alanine-specific amidase), 

and NagZ (a glucosaminidase)67. This discovery provided strong molecular evidence for 

similar recycling mechanisms in gram-positive bacteria, analogous to those previously 

well-characterized in gram-negative bacteria. In addition, one study directly quantified and 

showed that three gram-positive model organisms, S. aureus, B. subtilis, and S. coelicolor, 

all recycle the sugar N-acetylmuramic acid (MurNAc) of their peptidoglycan during growth 

in rich medium68They also proved that the MurNAc-6P esterase (MurQ or MurQ ortholog) 

enzyme is critical in this process. Although PG recycling is not essential in gram-positive 
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bacteria, a huge set of recycling genes is maintained in almost all bacterial genomes, 

suggesting that the pathway must benefit bacterial cells. 

1.3.5 Cell wall synthesis and hydrolysis enzymes of Listeria 

The enzymes involved in cell wall synthesis are known as penicillin-binding proteins 

(PBPs). β-lactam antibiotics exert their bactericidal effects by covalently binding to and 

blocking the active site serine in the transpeptidase domain of PBPs, which are crucial for 

bacterial cell wall synthesis. This interaction can be exploited for the detection of PBPs 

using radioactively labeled penicillin. Early investigations revealed the presence of five 

PBPs in L. monocytogenes PBP1-569. Subsequent genomic analyses of the genome of L. 

monocytogenes EGD-e70 confirmed the existence of five high molecular weight (HMW) 

and five low molecular weight PBPs71-73.  

The HMW PBPs are categorized into two classes: Class A HMW PBPs, which are 

bifunctional with a cytoplasmic N-terminal, a single membrane-spanning region, followed 

by extracellular transglycosylase and transpeptidase domains. Class B HMW PBPs 

feature a noncatalytic domain replacing the transglycosylase domain. Specifically, in L. 

monocytogenes, two class A bifunctional HMW PBPs are encoded by lmo1892 (PBP A1) 

and lmo2229 (PBP A2), and three class B HMW PBPs are encoded by lmo1438 (PBP B1), 

lmo2039 (PBP B2), and lmo0441 (PBP B3). Genetic studies have further delineated the 

roles of these PBPs in bacterial viability and pathogenicity. For instance, gene disruption 

studies have shown the essentiality of lmo2039 (PBP B2)71, while others like PBP B1 and 

PBP A1 are non-essential but critical for virulence as their inactivation results in severe 

virulence defects71. Moreover, inactivation of PBP A2 and PBP B3 has been associated 

with increased susceptibility to -lactam antibiotics74. Interestingly, mutations leading to 

truncated PBPs have been identified in various L. monocytogenes strains. For instance, 

PBP A1 genes in some isolates have acquired premature stop codons resulting in 

truncated proteins, though these truncations do not affect the transpeptidase domains75, 

suggesting limited functional impact. Conversely, more severe truncations in PBP B3 

genes lead to significant loss of function due to the absence of most of the extracellular 

domain76. These findings illustrate the complexity and critical nature of PBPs in L. 

monocytogenes, affecting both the bacterium's structural integrity and its pathogenic 

potential. This underscores the importance of PBPs as targets for -lactam antibiotics and 
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highlights the need for ongoing research to fully understand their roles and regulation in 

bacterial physiology and virulence. 

On the other hand, L. monocytogenes also contains a group of seven peptidoglycan 

hydrolases. These enzymes are crucial for modifying and breaking down peptidoglycan. 

They are p60 (also known as CwhA or Iap)77, p4578, Ami79, Auto80, NamA (also referred to 

as MurA)81, lmo032782, and IspC83. The p60 (CwhA/Iap), p45, and NamA (MurA) are 

primarily involved in the remodeling of the peptidoglycan layer that is essential for bacterial 

cell wall integrity. These enzymes facilitate crucial processes such as flagellar motility, cell 

division, and elongation, which are vital for the bacterium's mobility and multiplication. 

They also play roles in the secretion of bacterial proteins that may interact with the host 

environment78,81,84. Ami, Auto, and IspC serve more specialized functions particularly 

linked to the pathogenic aspects of the bacterium. Auto is notably distinct because it is 

found in L. monocytogenes but absent in the non-pathogenic Listeria innocua. This 

hydrolase is implicated in enhancing the bacterium's capability to invade host cells by 

possibly regulating the cell wall permeability, thereby facilitating the secretion of other 

virulence factors85. Ami and IspC are key players in the bacterium’s ability to adhere to 

host cells, an initial step crucial for infection and subsequent colonization86,87. Most of 

these hydrolases possess domains that are characteristic of murein hydrolase activity and 

are associated with cell wall binding. This suggests a direct involvement in the dynamic 

restructuring of the cell wall in response to various environmental or cellular cues. 

Additionally, some of these enzymes exhibit unique features that regulate their catalytic 

activities or their anchoring to the cell wall, reflecting sophisticated mechanisms of action 

that allow precise control over their function80. While the specialized roles of Ami, Auto, 

and IspC in virulence highlight the adaptive strategies L. monocytogenes employs to thrive 

and persist within host organisms. The presence of Auto, with its unique contribution to 

invasion, underscores the pathogen's evolved mechanisms to breach host cellular barriers 

and establish infection. 

In summary, the complex function of PBPs and peptidoglycan hydrolases underscores 

a sophisticated regulatory mechanism that L. monocytogenes utilizes for cell wall 

maintenance and virulence adaptation. While PBPs are instrumental in building and 

maintaining the structural integrity of the cell wall through peptidoglycan synthesis and 



15 
 

remodeling, the peptidoglycan hydrolases concurrently modulate this structure to facilitate 

bacterial growth, division, and pathogenic interactions with the host. This balance is crucial 

for its survival and virulence, highlighting the potential of targeting these molecular 

pathways for developing antibacterial strategies. Ongoing research into the roles and 

regulation of these enzymes will further illuminate their contributions to bacterial 

physiology and open new avenues for therapeutic intervention, particularly in combating 

antibiotic-resistant strains. 

1.4. The mechanism of action for -lactam antibiotics 

-lactam antibiotics represent a pivotal class of antimicrobial agents, which are among 

the most extensively utilized in medical practice, addressing infections from mild 

community-acquired conditions to severe, life-threatening hospital-acquired infections. 

The hallmark of beta-lactam antibiotics is the -lactam ring, which is essential for their 

antimicrobial activity. This ring mimics the D-Ala-D-Ala dipeptide of peptidoglycan 

precursors, allowing beta-lactams to interfere effectively with cell wall synthesis. The 

integrity of this ring is crucial; alterations or breakage within the ring can deactivate the 

antibiotic's effect, which underscores the targeted nature of these compounds against 

bacterial cells. 

The history of beta-lactam antibiotics began with the serendipitous discovery of 

penicillin by Alexander Fleming in 1928. This discovery is marked as a revolution in 

antimicrobial therapy and led to the development of a plethora of beta-lactam antibiotics. 

Over the decades, chemists and microbiologists have refined the beta-lactam structure to 

enhance its bacterial killing efficacy, broaden its spectrum of activity, and overcome 

resistance mechanisms developed by bacteria. These modifications have resulted in the 

creation of several subclasses of beta-lactam antibiotics, each tailored for specific types 

of bacterial infections and resistance profiles. 

1.4.1 -Lactam-mediated inhibition of PG transpeptidase 

-lactam antibiotics inhibit bacterial cell wall synthesis primarily through their action on 

penicillin-binding proteins (PBPs). The PBPs are a group of enzymes involved in the 

formation of peptidoglycan, an essential component of the bacterial cell wall. Among their 
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various roles, the transpeptidase (TP) domain of PBPs is critical for forming cross-links 

between peptidoglycan chains, which provide structural integrity to the cell wall. The 

mechanism by which -lactams inhibit this process is both sophisticated and highly 

specific.  

The TP domains of PBPs contain three highly conserved active site sequence motifs 

essential for their catalytic function: (i) SXXK Motif: includes a catalytic serine nucleophile 

(S70) and a general base lysine (K73). The serine performs a nucleophilic attack on the 

-lactam ring, crucial for the next steps in the inhibition mechanism. (ii)  SXN Triad: plays 

a role in stabilizing intermediates during the reaction. (iii) KTG(T/S) Motif: involved in the 

overall structural configuration of the active site and potentially in substrate recognition41. 

The mechanism of TP inhibition is initiated by deprotonation of the catalytic S70 by K73. 

This action facilitates the nucleophilic attack by S70 on the -lactam amide carbonyl 

carbon of the antibiotic, leading to the formation of a tetrahedral intermediate. This 

intermediate is transient but critical, stabilized by hydrogen bonding to conserved residues 

located in the oxyanion hole, which consists of main chain hydrogens from motifs (i) SXXK 

and (iii) KTG(T/S). Subsequently, the tetrahedral intermediate collapses, expelling the 

negatively charged nitrogen leaving the group. This group is likely stabilized by protonation 

from a nearby serine (S120 from the SXN triad), resulting in the formation of an acyl-

enzyme intermediate. The formed acyl-enzyme intermediate is highly stable and resistant 

to hydrolysis. This resistance is presumably due to steric hindrance that blocks a requisite 

deacylating water molecule, which would normally cleave the acyl-enzyme bond to release 

the enzyme for further catalytic cycles41,88. 

1.4.2 Major classes of -Lactams 

Since the initial discovery of benzylpenicillin, a variety of other -lactam classes have 

been developed, significantly enhancing our arsenal of antibiotics to counteract resistance. 

-lactams are categorized into four distinct structural classes, all of them have the four-

membered lactam core moiety. These classes include penicillins, cephalosporins, 

carbapenems, and monobactams. Collectively, these -lactams represent a 

comprehensive and structurally diverse group of compounds. Each class exhibits unique 
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pharmacological properties and is tailored for specific clinical indications, allowing for 

targeted therapeutic strategies against a broad spectrum of bacterial infections. 

1.4.2.1 Penicillins 

The penicillins, initially derived from Penicillium fungi, represent the earliest form of 

“pure” antibiotic used in medical treatment. The transformative clinical testing of Fleming's 

purified penicillin extract in the early 1940s encountered unparalleled success, marking a 

pivotal advancement in the annals of medical history 89. Structurally, the penicillin molecule 

is characterized by a five-membered thiazolidine ring fused at the 2′ and 3′ positions to the 

β-lactam ring. Presently, penicillins are classified into four major subclasses: (i) natural 

penicillins, (ii) penicillinase-resistant penicillins, (iii) aminopenicillins, and (iv) extended-

spectrum penicillins90 

The rise of bacterial resistance to natural penicillins promoted a period of intense 

innovation, leading to the development of novel semisynthetic derivatives of penicillins. 

These derivatives are synthesized using the 6-aminopenicillanic acid (6-APA) precursor 

molecule, a strategy that has broadened the antibacterial efficacy of this drug class91. 

Despite their long-standing importance in modern medicine, the increasing prevalence of 

bacterial resistance has diminished the efficacy of penicillins, necessitating the 

development of alternative β-lactam antibiotics. This situation underscores the dynamic 

nature of antibiotic development and the constant need for newer, more effective 

antimicrobial therapies to stay ahead of pathogen evolution. 

1.4.2.2 Cephalosporins 

Cephalosporins, a vital class of -lactam antibiotics, were first discovered from cultures 

of the fungus Cephalosporium acremonium, isolated from a sewage outlet on the Italian 

island of Sardinia in 1948 by Giuseppe Brotzu92. He discovered this compound during his 

studies on the sewage of the Sardinian coast, noting its efficacy against bacteria like 

Salmonella typhi, which is responsible for typhoid fever. The discovery of cephalosporin C 

marked a significant advancement, particularly because of its activity against penicillin-

resistant strains and its unique chemical structure that includes a D--aminoadipic acid 

side chain. 
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The core structure of cephalosporins is a six-membered dihydrothiazine ring fused to 

the β-lactam ring, which differs from the five-membered thiazolidine ring in penicillins. This 

dihydrothiazine ring attachment to the lactam core not only provides cephalosporins with 

distinct hydrophilic characteristics but also introduces less ring tension, making the β-

lactam ring of cephalosporins less susceptible to nucleophilic attacks or hydrolysis by β-

lactamase enzymes. Furthermore, the cephalosporin core allows for additional chemical 

modifications at the C3 position, a feature not present in penicillins. This site of variation 

has been exploited extensively in the development of semisynthetic derivatives, 

incorporating various side chains that enhance antimicrobial activity and pharmacokinetic 

properties93.  

1.4.2.3 Carbapenems 

Carbapenems, derived from thienamycin—a product of Streptomyces cattleya—were 

discovered in the mid-1980s and represent a vital class of -lactam antibiotics94. These 

antibiotics are structurally characterized by a five-membered unsaturated ring with a C1 

carbon instead of the usual sulfur found in the lactam core of penicillins and 

cephalosporins. A distinctive feature is their hydroxyethyl side chain at the R1 position, 

which significantly enhances their resistance to β-lactamase-mediated hydrolysis95. 

Carbapenems are known for their broad-spectrum antimicrobial activity, superior to 

that of penicillins, cephalosporins, and -lactam/-lactamase inhibitor combinations. They 

can bind to multiple PBPs and resist or inhibit many -lactamases, making them highly 

effective against resistant bacterial strains96-98. Due to their low oral bioavailability, 

carbapenems are primarily administered intravenously, limiting their use in hospital 

settings, especially for treating severe infections resistant to other antibiotics. Today, they 

are considered a last-resort option against multidrug-resistant Gram-negative pathogens, 

underscoring their crucial role in contemporary antimicrobial therapy. 

1.4.2.4 Monobactams 

Monobactams are synthetic, monocyclic -lactam antibiotics distinguished by their 

unique structure, featuring variable organic groups at positions C2 and C4, and a crucial 

sulfonic acid moiety at N1. This configuration helps activate the -lactam ring, enhancing 

the acylation of transpeptidases crucial for antibacterial activity99. Aztreonam, the only 
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clinically approved monobactam, was first introduced in 1984 and has since played a 

significant role in treating bacterial infections. Its structure includes a -lactam ring bonded 

to a sulfonic acid group, making it highly resistant to -lactamases and effective specifically 

against aerobic Gram-negative bacteria. Aztreonam binds with high affinity to PBP3 of 

susceptible Gram-negative pathogens but shows very poor acylation of Gram-positive 

PBPs, rendering it ineffective against Gram-positive infections100. Due to its targeted 

spectrum of activity, aztreonam is often used in combination with other antibiotics, such 

as in aztreonam-vancomycin therapy, to cover a broader range of pathogens. However, 

its relative stability against the increasingly prevalent metallo- -lactamase (MBL) 

enzymes makes it a valuable asset in the fight against resistant bacterial strains101. 

1.4.3 Molecular pathways to cell death induced by -lactams 

When -lactams were initially discovered, the prevailing theory for their bactericidal 

action posited that cell death resulted primarily from the inhibition of critical and conserved 

functions of key enzymes like FtsI or HMW PBPs. These enzymes are vital for the cross-

linking in bacterial cell wall synthesis102-104. The inhibition of these enzymes was believed 

to compromise the cell wall's mechanical stability, making it unable to withstand the 

internal turgor pressure, ultimately leading to the cell's violent rupture105.  

However, subsequent research conducted in various laboratories has revealed that 

the relationship between -lactam exposure, the inhibition of cross-linking enzymes, and 

the resulting cell death is far more complex than initially understood. While inhibiting these 

cross-linking functions leads to a loss of mechanical stability in the cell wall, this alone 

does not fully explain the mechanisms leading to cell death. This suggests that additional 

cellular processes and responses to -lactam antibiotics contribute to bacterial lethality, 

indicating a multifaceted interaction between the drug and the bacterial cell beyond mere 

mechanical destabilization106. 

1.4.3.1 Autolysis and induced autolysis 

One of the early insights into the complex effects of -lactams on bacterial viability 

came from observations made in S. pneumoniae. This bacterium possesses an autolytic 

system that triggers a significant loss of viability when it reaches the stationary phase107. 
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A critical component of this system is LytA, a peptidoglycan amidase that functions as an 

autolysin during the stationary phase. Intriguingly, when ethanolamine substitutes for 

choline in the cell wall, there is an observed tolerance to penicillin due to the inhibition of 

LytA's activity108. This discovery hinted at the significant role of autolysins in -lactam-

mediated bacteriolysis and was further supported by similar findings in other bacteria: 

genetic inactivation of amidases in E. coli109 and endopeptidases in B. subtilis 110 confirmed 

the necessity of these enzymes for -lactam efficacy. Despite the inhibition of these 

autolysins, -lactam tolerance in these bacteria is not complete. The antibiotics still exert 

bacteriostatic effects, and in some cases, there is a gradual decline in bacterial viability, 

indicating that other autolysins or alternative cell death pathways may be in play. 

These observations have led to the development of the balanced growth model of 

killing by -lactams111. According to this model, the maintenance of the peptidoglycan layer 

requires a delicate balance between synthetic activities, primarily carried out by HMW 

PBPs, and lytic activities from autolytic peptidoglycan hydrolases such as LytA. -lactam 

antibiotics disrupt this balance by inhibiting the synthetic activities of PBPs, tipping the 

scale towards lytic degradation by autolysins. Over time, the peptidoglycan structure 

weakens to the point where it can no longer sustain the turgor pressure of the cell, leading 

to the release of cytoplasmic contents and resultant cell death112. 

The model of cell death by autolysis continues to be a significant explanation for the 

bactericidal action of -lactams, though it has been refined considerably over time113. 

Autolysins, the enzymes responsible for this process, are tightly regulated and reliant on 

specific cellular signals to trigger -lactam-mediated bacteriolysis, which have been shown 

in various bacteria, including E. coli, B. subtilis, S. pneumoniae, S. aureus, and E. faecium. 

The connection between PBP inhibition and cell lysis could be decoupled by manipulating 

culture conditions. For instance, incubating these bacteria with -lactams at acidic pH 

does not induce lysis, but transferring them to a neutral pH environment without -lactams 

can trigger cell lysis114. This indicates that neutral pH conditions either activate autolysins 

directly or stimulate a signaling mechanism that leads to their activation. 

In firmicutes, a detailed model explains how the local acidity within cell wall regions 

can control hydrolase activity, which includes autolysins. This local acidity is influenced by 

several factors, such as the buffering capacity and pH of the external environment, the 
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proton motive force, and the D-alanylation of cell wall teichoic acids. These elements 

interact to produce finely tuned variations in acidity across the cell wall, affecting the 

activity of cell wall-modifying enzymes115. However, this model presents challenges when 

applied to proteobacteria like E. coli, which lack the teichoic acids and the thick 

peptidoglycan layer that are pivotal to the firmicute model.  Further research is still needed 

to unravel the complex relationships between -lactam-induced cell lysis, autolysins, and 

their external conditions. 

1.4.3.2 Futile cycle of cell wall synthesis induced by -lactams 

-lactam antibiotics are renowned for their mechanism of action that involves the 

inhibition of PBPs. Recent insights have elucidated a complex phenomenon known as the 

"futile cycle" of PG synthesis and degradation, which significantly contributes to the 

bactericidal efficacy of these antibiotics116. The initiation of this cycle begins when -

lactams, such as mecillinam, bind to and inhibit the transpeptidase active sites of PBPs. 

These enzymes are vital for forming the cross-links between peptidoglycan molecules that 

provide structural stability and rigidity to the bacterial cell wall. When TP activities are 

inhibited, it not only prevents the formation of new cross-links but also triggers 

malfunctions within the cell wall synthesis machinery. Instead of a stable and continuously 

expanding cell wall, the bacteria start producing incomplete and mechanically weak PG 

structures that are unable to support the cell's structural needs. Compounding the effect 

of TP inhibition, the cellular mechanisms responsible for PG synthesis, particularly the 

Rod system, become dysregulated. The Rod system, integral for inserting new PG 

material into the existing wall, enters a state of overdrive under the influence of -lactam 

antibiotics. In the presence of active -lactams like mecillinam, which targets PBP2, the 

system engages in both the synthesis of new PG and its immediate degradation. This 

response results in a high turnover rate of PG material, where substantial energy and 

resources are expended to synthesize peptidoglycan that is simultaneously broken down 

before it can be utilized effectively in the cell wall. This cycle of non-productive expenditure 

not only depletes the bacterial cell of vital precursors but also drains its energy reserves, 

leading to cell death. 
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1.4.3.3 Killing by oxidative damage 

The concept of oxidative damage as a mechanism of bacterial cell death induced by 

-lactam antibiotics has been significantly developed since Kohanski et al.'s (2007) 

research regarding the stimulation of NADH oxidation via the electron transport chain in 

E. coli117. This hyperactivation of the electron transport chain leads to increased production 

of reactive oxygen species (ROS), such as superoxide and hydrogen peroxide. These 

ROS can damage iron-sulfur clusters in proteins, destabilizing ferrous iron, which then 

reacts with hydrogen peroxide in the Fenton reaction to produce hydroxyl radicals. These 

radicals are capable of directly damaging DNA, lipids, and proteins, thereby leading to cell 

death. 

Subsequent studies have expanded on this model, showing that different bactericidal 

antibiotics can induce the TCA cycle and further hyperactivate the electron transport chain, 

culminating in increased ROS production. For instance, L-serine was found to enhance 

the susceptibility of E. coli to gentamicin by increasing NADH production, thereby 

stimulating endogenous ROS production118. Similarly, studies involving S. epidermidis 

demonstrated that ROS generation induced by the TCA cycle contributed significantly to 

the susceptibility of the bacteria to -lactam antibiotics119. Therefore, efforts to detoxify 

ROS have also been shown to reduce susceptibility to antibiotics. For example, Fravega 

et al. reported that in fluoroquinolone-resistant S. enterica serovar Typhimurium mutants, 

the accumulation of H2S stimulated the expression of catalase and superoxide 

dismutases, helping the bacteria counteract oxidative stress120. Additionally, in E. coli, the 

adverse effects of protein aggregation caused by streptomycin were mitigated by 

overexpressing a hydrogen peroxide scavenger121. 

However, the role of ROS in antibiotic-mediated killing remains controversial. Some 

studies have indicated that certain bacterial species, like L. monocytogenes, do not 

produce ROS in response to antibiotic treatment122. Moreover, S. pneumoniae, which 

lacks an electron transport chain, the proposed primary source of ROS, still exhibits high 

susceptibility to bactericidal antibiotics123. Additionally, experiments showed no difference 

in survival of E. coli treated with various antibiotics under aerobic versus anaerobic 

conditions, suggesting that metabolic shifts induced by the antibiotics, rather than ROS 

production, might play a more critical role in the observed bactericidal effects123. 
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Taken together, these analyses underscore that while oxidative damage can contribute 

to the bactericidal effects of -lactams and other antibiotics, its role is complex and varies 

significantly depending on the bacterial species and environmental conditions. 

Understanding these dynamics is crucial for optimizing antibiotic use and potentially 

enhancing their efficacy through the targeted manipulation of bacterial metabolism and 

oxidative stress responses. 

1.5 C-di-AMP regulations in bacterial physiology 

Cyclic di-AMP (c-di-AMP) is a nucleotide-derived second messenger that has emerged 

as a crucial signaling molecule in a wide variety of bacteria. Since its discovery in B. 

subtilis during studies on DNA integrity and cellular stress responses, c-di-AMP has been 

recognized for its broad roles in bacterial physiology and pathogenesis124. This 

dinucleotide regulates essential processes such as osmoregulation, central metabolism, 

cell wall integrity, and ion transport, emphasizing its significance in bacteria physiology. 

The c-di-AMP consists of two adenosine molecules connected by two phosphodiester 

bonds, forming a cyclic structure. This unique structure allows it to interact with a diverse 

array of protein targets within bacterial cells. These interactions can modulate a variety of 

cellular functions, making c-di-AMP a pivotal component of the bacterial intracellular 

signaling network. C-di-AMP's role as a second messenger was first elucidated through 

its effects on cell wall stress and osmotic pressure regulation in B. subtilis125. Subsequent 

research has expanded our understanding of other bacterial species, including pathogens 

like L. monocytogenes and Staphylococcus aureus, where c-di-AMP influences not only 

basic physiological processes but also interactions with host organisms. The widespread 

presence of c-di-AMP across both Gram-positive and Gram-negative bacteria, as well as 

its involvement in crucial cellular processes, highlights its evolutionary significance and 

underscores its potential as a target for novel antimicrobial strategies. 

1.5.1 Homeostasis of c-di-AMP in bacteria 

Cyclic di-AMP (c-di-AMP) is a crucial signaling molecule that is essential for the normal 

growth of many bacteria and archaea. An insufficient level of c-di-AMP is detrimental to 

bacteria and can result in bacteria lysis126. Conversely, unregulated accumulation of c-di-
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AMP is also toxic, which impairs bacteria growth, causing abnormal cell formation127. 

Therefore, maintaining the intracellular balance of c-di-AMP is crucial, and the 

homeostasis of c-di-AMP in bacteria is primarily managed through the precise 

coordination of its synthesis, degradation, and potentially, secretion128. 

1.5.1.1 c-di-AMP synthesis via DACs 

C-di-AMP is synthesized from two molecules of ATP catalyzed by diadenylate cyclase 

(DAC). This is arguably the principal mechanism that maintains intracellular levels of c-di-

AMP129. To date, five primary types of diadenylate cyclases have been identified: DisA, 

DacA (also known as CdaA), CdaS, CdaM, and CdaZ126. All these enzymes share a 

common DAC domain. DisA contains an N-terminal DAC domain, a domain linker, and a 

C-terminal DNA-binding helix-hairpin-helix (HhH1) domain, which primarily functions to 

detect DNA damage. DacA is the most widespread class of DACs. It contains a DAC 

domain and three N-terminal transmembrane helices. The DacA activity can be inhibited 

through protein-protein interactions with the regulatory protein CdaR, which is co-encoded 

in the dacA-cdaR-glmM operon, which is prevalent in Firmicutes. In addition to the DAC 

domain, the sporulation-specific CdaS includes a YojJ domain, which likely acts as an 

autoinhibitory domain to limit c-di-AMP synthesis, thereby controlling sporulation 

processes130,131. CdaM is composed of a DAC domain paired with a single N-terminal 

transmembrane helix, reflecting the specialized lifestyle of host-dependent Mycoplasma 

cells132. Lastly, CdaZ combines a DAC domain with an N-terminal α/β domain (PK_C, 

PF02887 in the Pfam database)133. This structure is involved in the allosteric regulation of 

pyruvate kinase, although its specific ligand-binding functions in archaea require further 

investigation. 

Initially, to identify the active site of DAC, Witte et al. (2008) successfully obtained and 

analyzed the crystal structure of tmDisA/3-deoxy ATP (cordycepin triphosphate) complex 

from Thermotoga maritima129. He modified the native ATP ligand to its 3-deoxy form to 

inhibit the enzymatic reaction by removing the 3-OH group necessary for reaction 

progression. As a result, the 3-deoxy ATP molecules, though inert, are observed in the 

active site of DisA, aligned in a face-to-tail configuration, allowing the two 3-OH groups of 

the two ATPs to mutually attack the corresponding -phosphoryl groups to form a cyclic 

12-member ring product of c-di-AMP. Further interest is drawn from the structure of the 
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DisA/c-di-AMP complex (PDB: 3C21). The crystals of this complex were formed without 

adding external c-di-AMP during the crystallization process, suggesting that the DisA 

enzyme was biochemically active during overexpression and purification, and capable of 

synthesizing c-di-AMP that subsequently bound within its active site with high affinity. 

1.5.1.2 C-di-AMP degradation via c-di-AMP-specific PDEs 

C-di-AMP-specific phosphodiesterases (PDEs) are crucial in hydrolyzing c-di-AMP to 

maintain its appropriate intracellular levels. They belong to two main classes, 

characterized by either a DHH/DHHA1 or an HD domain. These domains facilitate the 

hydrolysis of a single phosphodiester bond in c-di-AMP, converting it into the linear 

dinucleotide 5-pApA. Many enzymes containing the DHH/DHHA1 domains possess 

additional capabilities, allowing them to further cleave the pApA intermediate into the final 

hydrolysis product, adenosine monophosphate (AMP). This multi-step degradation 

process is crucial for regulating the intracellular levels of c-di-AMP, ensuring cellular 

functions are not disrupted by its overaccumulation134-136. 

To date, researchers have identified three main families of c-di-AMP-specific PDEs, 

each utilizing either a DHH/DHHA1 or HD domain to hydrolyze c-di-AMP. The first 

described PDE was GdpP137,  which is composed of two N-terminal transmembrane 

helices, a Per-Arnt-Sim (PAS) domain, a degenerated GGDEF domain, and a 

DHH/DHHA1 domain combination138. The DHH/DHHA1 domains are crucial for cleaving 

c-di-AMP, while the PAS domain acts as a sensor, responding to environmental signals 

such as oxygen, carbon monoxide, or nitric oxide through its tightly bound heme molecule. 

Additionally, the stringent response factor (p)ppGpp has been identified as a competitive 

inhibitor of GdpP's PDE activity139. DhhP represents another PDE type, consisting solely 

of the DHH/DHHA1 domain combination. It can hydrolyze c-di-AMP to pApA, which can 

subsequently be broken down to AMP by other RNases. Through bioinformatic analysis, 

it has been discovered that NrnA, a homolog of DhhP, does not directly degrade c-di-AMP. 

Instead, it functions as a nano-RNase, hydrolyzing short RNA oligonucleotides, including 

pApA, into AMP. The third identified c-di-AMP-specific PDE is PgpH, which features a 

unique structure comprising a membrane-anchored extracellular 7TMR-HDED domain 

followed by an integral membrane domain consisting of seven transmembrane helices 

(7TM) and a cytosolic HD-type PDE domain. The N-terminal transmembrane helix and the 
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7TM domain support the stability of the extracellular 7TMR-HDED domain, which senses 

external signals. The 7TM domain helps transmit these signals across the membrane to 

regulate the HD domain's PDE activity, which hydrolyzes c-di-AMP to pApA. Intriguingly, 

like GdpP, PgpH's activity is also inhibited by (p)ppGpp, indicating a potential crosstalk 

between the pathways mediated by these two nucleotide second messengers. This 

interconnected regulation highlights the complex network of signaling pathways that 

influence bacterial responses and survival strategies136. It is worth noting that GdpP is 

found only in Firmicutes and Mollicutes, while the pgpH-type PDEs are present in most 

bacteria phyla except for Acidobacteria, Actinobacteria, and Mollicutes. Among the 

Firmicutes, PgpH often coexists with GdpP, while in other bacteria and archaea, PgpH is 

usually found alongside DhhP-type enzymes. 

1.5.1.3 Regulation via c-di-AMP export channels and regulatory proteins 

In addition to metabolic enzymes that regulate c-di-AMP synthesis and hydrolysis, 

certain transporter and regulatory proteins also appear to be crucial in managing the levels 

of this important signaling molecule within cells. These proteins contribute to a more 

dynamic and responsive system for controlling c-di-AMP, ensuring that its concentration 

remains within a range conducive to optimal cellular function and adaptation to 

environmental changes. 

Multidrug efflux pumps (MDRs) are transport systems located on the membranes of 

bacterial cells. Although it is reported that certain drugs can induce higher expression of 

MDR genes, their functions are not necessarily involved in the active efflux of drugs and 

antibiotics. Interestingly, some MDRs are involved in transferring signaling molecules 

across the cellular membrane. For instance, in L. monocytogenes, MDRs like MdrM and 

MdrT are known to export c-di-AMP from bacterial cells into infected macrophages during 

intracellular growth, as discussed in studies by Woodward et al.140 and Yamamoto et al.141. 

Previous research indicated that antibiotics such as lincomycin and rhodamine 6G could 

induce the expression of MDRs in L. monocytogenes142. Further investigations revealed 

that the presence of these two antibiotics leads to an increase in MDR expression, which 

in turn promotes the secretion of c-di-AMP, thereby reducing its intracellular concentration 

in L. monocytogenes143. However, studies on S. aureus involving mutations in all three 

homologs of MdrM and MdrT, showed only a negligible change in extracellular c-di-AMP 
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levels, suggesting that the secretion of c-di-AMP by MDRs may vary significantly among 

bacteria144. 

In addition, In Group B Streptococcus, the degradation of extracellular c-di-AMP is 

facilitated by ectonucleotidases such as CdnP and NudP145. Both of these enzymes share 

a similar domain architecture, which includes a signal peptide, a metallo-

phosphodiesterase (PDE) domain, a 5-nucleotidase domain, and a canonical LPxTG cell 

surface-localization motif. These structures allow CdnP to hydrolyze extracellular c-di-

AMP into AMP. Subsequently, NudP further degrades AMP into adenosine. This sequential 

breakdown of c-di-AMP by CdnP and NudP is crucial for modulating the levels of 

extracellular nucleotides, impacting various cellular functions and interactions within the 

microbial community. 

1.5.2 C-di-AMP binding targets 

As a small nucleotide second messenger, the function of c-di-AMP in bacteria is 

achieved through binding with specific targets. These receptors typically include 

riboswitches, specialized binding proteins, and regulatory proteins that can directly 

recognize and respond to changes in the levels of c-di-AMP, thereby regulating various 

physiological processes within the cell. (Table 1.1-1.2) shows the list of currently identified 

c-di-AMP binding targets. 

1.5.2.1 Protein receptors 

To date, numerous proteins have been identified as receptors c-di-AMP, most of which 

are already characterized in bacterial species. These include the potassium transport 

protein KtrA146, the Histidine kinase protein KdpD147, the tetR-Family transcription factor 

DarR126, The PII-like signal transduction protein PstA/DarA126,148, and several others. In 

addition, c-di-AMP receptors are also present in eukaryotic host cells, for example, the 

stimulator of interferon genes (STING)145,149, the DEAD-box RNA helicase 41 (DDX41)150, 

the short-chain oxidoreductase RECON151, and the endoplasmic reticulum membrane 

adaptor (ERAdP)152. 

The protein receptors of c-di-AMP tend to have diverse structures, yet they are 

relatively easier to purify for binding analysis due to the availability of various fused-tag 

sequences. Most of these receptors have been identified through high-affinity pull-down 
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assays and the comprehensive whole-genome Differential Radial Capillary Action of 

Ligand Assay (DRaCALA) technique153. Corrigan et al. (2013) first utilized c-di-AMP-

coupled magnetic beads in an affinity pull-down assay to isolate a potential c-di-AMP 

receptor, KtrA, from S. aureus146. Subsequently, an identical chemical proteomics 

approach was performed in L. monocytogenes and identified 12 proteins that were 

statistically significant among replicates 154. Similarly, Kampf et al. (2017) used biotinylated 

c-di-AMP to capture receptor proteins from cell lysates, employing streptavidin-coated 

beads for binding. The receptors bound to the biotinylated c-di-AMP were then eluted and 

identified using mass spectrometry155. This approach led to the identification of KtrC as a 

new c-di-AMP receptor in Mycoplasma pneumoniae132. Other receptors such as ERAdP152, 

STING152, and DDX41156 in host cells were identified through precipitation assays, which 

function similarly to pull-down assays.  

Another key method is the whole-genome DRaCALA technique, which tests the 

binding affinity of each protein candidate using radioactively labeled c-di-AMP. This 

technique successfully identified KdpD, the oligopeptide transporter OpuCA, and KtrA in 

S. aureus as c-di-AMP receptors146. As for protein receptor verification, three methods are 

typically used: 1) The Surface Plasmon Resonance (SPR) was used to confirm DarR157 in 

Mycobacterium smegmatis and PstA158 in S. aureus as new c-di-AMP-binding protein 

receptors. 2) The Isothermal Titration Calorimetry (ITC) was performed to verify Dar159 in 

B. subtilis and CpaA160 in S. aureus as c-di-AMP receptors, providing a quantitative 

measure of the binding affinity and thermodynamics of the interaction. 3) The 

Electrophoretic Mobility Shift Assay (EMSA) was used to confirm CabP from 

Streptococcus pneumoniae as a c-di-AMP binding receptor by demonstrating a shift in the 

mobility of a c-di-AMP-protein complex during gel electrophoresis161. 

1.5.2.2 c-di-AMP riboswitch 

Riboswitches are RNA structures that regulate gene expression by altering their 

conformation in response to binding specific ligands, and they are categorized into 

different classes based on their ligands162. One such example is the ydaO/yuaA RNA 

element of B. subtilis. Although initially identified in 2004 as a potential riboswitch 

candidate, its specific ligand remained unknown for several years163. Subsequent 

research revealed that this RNA element was involved in controlling numerous genes 



29 
 

within the genomes of B. subtilis and other Gram-positive bacteria, indicating its 

significance in bacterial regulatory networks164. It was not until 2013 that Nelson et al. 

definitively identified ydaO as a c-di-AMP-responsive riboswitch, demonstrating its high 

affinity for this dinucleotide with a dissociation constant (KD) in the nanomolar range. This 

discovery highlighted the specificity and critical role of ydaO in responding to cellular levels 

of c-di-AMP, a key signaling molecule in bacteria165. 

A comprehensive analysis of the distribution of c-di-AMP-specific riboswitches across 

all sequenced bacterial genomes available in the Rfam database166 showed that c-di-AMP 

riboswitches are particularly prevalent within the Actinobacteria phylum, with a notable 

presence also in Firmicutes. Interestingly, this study also uncovered the presence of c-di-

AMP riboswitches in some Gram-negative bacteria, specifically within the phyla 

Cyanobacteria, Chloroflexi, and Armatimonadetes.  

Previous research has shown that the genes downstream of c-di-AMP riboswitches 

are predominantly involved in cell wall metabolism and osmolyte transport163,164. To gain 

deeper insights into the c-di-AMP regulatory mechanism, an analysis was conducted on 

the gene sequences downstream of the c-di-AMP riboswitch. These sequences were 

annotated using the Clusters of Orthologous Groups of proteins (COGs) database167. The 

analysis revealed that 45.7% of the downstream genes linked to various c-di-AMP 

riboswitches are involved in cell wall, membrane, or envelope biogenesis. Additionally, 

19.3% participate in amino acid transport and metabolism, and 12.7% in inorganic ion 

transport and metabolism. For instance, c-di-AMP riboswitches were identified in the 5'-

UTR regions of genes encoding specific proteins, such as a peptidoglycan binding 

domain-containing protein (Franean1 2508) in Frankia sp. EAN1pec, an ectoine-binding 

protein GYMC10 5669 in Paenibacillus sp. Y412MC10, and a sulfate transporter (Rcas 

2371) in Roseiflexus castenholzii DSM 13941. These genes respectively regulate cell wall, 

membrane, or envelope biogenesis, amino acid transport and metabolism, and inorganic 

ion transport and metabolism. 
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1.5.3 Physiology functions regulated by c-di-AMP 

1.5.3.1 Osmotic stress 

Due to the semi-permeable nature of the cytoplasmic membrane, bacteria require 

various osmolytes to maintain osmotic balance, which is crucial for their growth and 

survival168. Osmotic balance is fundamental for sustaining cellular integrity and function, 

and any disturbance in osmotic pressure can result in significant changes in bacterial 

phenotypes, such as cell lysis, cellular shrinking, and increased sensitivity to β-lactam 

antibiotics169. One of the key roles of c-di-AMP in bacterial physiology is to regulate this 

osmotic pressure. By influencing the transport and retention of ions and other molecules, 

c-di-AMP helps to stabilize the internal environment of bacterial cells against external 

osmotic challenges. This function is vital for enabling bacteria to adapt to varying 

environmental conditions and maintain cellular homeostasis. 

1) Control of potassium homeostasis 

Recent studies have extensively documented the critical role of c-di-AMP in bacterial 

response to osmotic stress by regulating the homeostasis of potassium (K+) and other 

osmolytes170. C-di-AMP influences K+ transport by inhibiting the import systems such as 

Ktr/Trk, KimA, Kup, and Kdp, while facilitating K+ export through transporters like CpaA 

and KhtT. The Ktr system from the Trk/Ktr/HKT family contains both high-affinity 

transporters like KtrA-KtrB and low-affinity transporters like KtrC-KtrD171. C-di-AMP 

interacts with the RCK_C (regulator of conductance of K+) domains of regulatory proteins 

such as KtrA and KtrC through hydrogen bonds and hydrophobic interactions146,172. In 

bacteria such as B. subtilis, S. aureus, and S. pneumoniae, KtrA functions as a peripheral 

protein that assists the KtrB transporter in facilitating K+ uptake, a process that is hindered 

when c-di-AMP binds to KtrA161. Similarly, in B. subtilis and L. monocytogenes, c-di-AMP 

binding to KtrC also obstructs K+ uptake via the KtrC-KtrD system173,174. Moreover, other 

bacteria like Mycoplasma pneumoniae and S. agalactiae also encode homologs of these 

Ktr systems that interact with c-di-AMP175. 

In the case of HAK/KUP/KT family proteins, which are prevalent in bacteria, fungi, and 

plants, K+ uptake is also modulated by c-di-AMP176. For instance, in Lactococcus lactis, 

the KupA and KupB transporters from this family bind c-di-AMP, leading to the inhibition 
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of their high-affinity transport activities177. Furthermore, KimA (formerly YdaO), another 

HAK/KUP/KT family member recently recognized for c-di-AMP binding, is involved in K+ 

transport178. The expression of KimA N-terminal extracellular and transmembrane domain 

facilitates K+ uptake in an E. coli model, while its C-terminal domain is necessary for c-di-

AMP-dependent inhibition. The regulation of these transport systems is further controlled 

by the c-di-AMP-responsive ydaO riboswitch, which influences the expression of genes 

like kimA and ktrAB. The riboswitch can refold upon binding to c-di-AMP, thereby 

obstructing the transcription of kimA179. This complex regulatory mechanism involving c-

di-AMP stresses its pivotal role in managing cellular osmotic balance through modulation 

of potassium transport pathways. 

The Kdp complex serves as a crucial backup system to scavenge K+ from the 

environment when external K+ concentrations are low. This system is well-studied in E. 

coli, where it comprises the proteins KdpA, KdpB, KdpC, and KdpF, all encoded by the 

single kdpFABC operon. The expression of this operon is regulated by the two-component 

system KdpDE, which includes a sensor kinase (KdpD) and a response regulator 

(KdpE)180. In S. aureus, the regulation of the kdpFABC operon is similar in E. coli, with its 

expression also being controlled by the two-component system KdpDE. However, the 

regulation is further complicated by the interaction of c-di-AMP with the sensor kinase 

KdpD. Specifically, c-di-AMP binds to the universal stress protein (USP) domain of KdpD, 

inhibiting the kinase's activity, which in turn affects the regulation of potassium uptake147. 

Interestingly, some strains of S. aureus possess a second form of KdpD, named KdpD2, 

which similarly binds c-di-AMP at its USP domain, though the functional role of KdpD2 in 

K+ homeostasis remains unclear147. In contrast, in B. thuringiensis, the control of the 

kdpFABC operon diverges from the two-component system and instead involves a c-di-

AMP-responsive riboswitch. This riboswitch negatively regulates the operon under normal 

conditions. However, during potassium limitation, bacterial production of c-di-AMP 

decreases, which lifts the repression by the riboswitch, thereby enhancing the transcription 

of the kdpFABC operon and facilitating increased potassium uptake181. 

In addition to influencing K+ uptake systems, c-di-AMP also plays a significant role in 

regulating K+ homeostasis by modulating K+ export mechanisms. In B. subtilis, the KhtT 

subunit of the KhtTU K/H antiporter (also known as YhaTU) interacts with c-di-AMP, which 
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subsequently induces the export of K+ from the cell182,183. Additionally, CpaA (cation/proton 

antiporter A) found in both B. subtilis, and S. aureus is activated by binding with c-di-AMP, 

enhancing its antiport activity. One thing worth noting is that mutations in the monovalent 

cation exporter, NhaK, were identified during a suppressor screen for the c-di-AMP null 

mutant of B. subtilis in a medium containing 5 mM K+. Unlike KhtT and CpaA, which include 

RCK_C domains and can bind c-di-AMP, NhaK does not have this capability160,184. 

The regulation of K+ homeostasis by c-di-AMP involves multiple transporters and is 

intricately linked to the availability of K+ in the environment. In B. subtilis and S. 

pneumoniae, the expression of the DacA, which synthesizes c-di-AMP, is notably reduced 

in low extracellular K+ conditions, leading to lower intracellular c-di-AMP levels. Conversely, 

in environments rich in K+, c-di-AMP levels rise markedly185. In S. pneumoniae, alterations 

in CabP, a KtrA homolog, result in decreased c-di-AMP accumulation, though the precise 

mechanisms remain to be fully understood. This complex network of interactions highlights 

a sophisticated regulatory system where environmental K+ concentrations, K+ transport 

mechanisms, and c-di-AMP levels are tightly coordinated. This coordination ensures that 

bacterial cells maintain optimal ionic balance and cellular function under varying 

environmental conditions. 

2) Control of the uptake of compatible solutes 

In response to hyperosmotic stress, many bacteria, including B. subtilis, rapidly 

accumulate large amounts of potassium as an immediate protective measure186. This 

initial response helps to counteract the osmotic imbalance caused by high external solute 

concentrations. However, for more sustainable long-term adaptation under such stress 

conditions, bacteria also accumulate compatible solutes, which are crucial for maintaining 

cell integrity and function. Compatible solutes are water-soluble organic molecules that 

are osmotically active but do not disrupt cellular processes, even when present at high 

intracellular concentrations. These molecules can either be directly uptaken from the 

environment or synthesized by the bacteria themselves. Among the commonly used 

compatible solutes in bacteria are proline, glycine betaine, carnitine, proline betaine, and 

trehalose. These solutes help stabilize proteins and cellular structures, protect against 

dehydration, and contribute to the maintenance of enzyme activity and cell volume under 

osmotic stress168. 
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Numerous studies involving bacterial strains that either lack or accumulate c-di-AMP 

have underscored its critical role in osmotic adaptation. Strains with elevated levels of c-

di-AMP, such as those in L. lactis and L. monocytogenes, exhibit increased sensitivity to 

salt stress187-189. For instance, in Listeria. monocytogenes, mutant strains that accumulate 

c-di-AMP due to the inactivation of the gene encoding a c-di-AMP degrading 

phosphodiesterase showed significantly increased salt sensitivity. Therefore, suppressor 

mutants capable of coping with this increased salt stress have been isolated. These 

suppressor mutants typically exhibit mutations in the single diadenylate cyclase gene, 

effectively reducing c-di-AMP synthesis188. Additionally, gain-of-function mutations in the 

KupB potassium transporter were identified, which likely serve to bypass the inhibitory 

effects of c-di-AMP binding to KupB177. Furthermore, mutations that inactivate the BusR 

repressor protein were also discovered170. BusR, part of the GntR family, contains an N-

terminal GntR-type DNA-binding domain and a C-terminal RCK_C domain, and it 

functions to repress the expression of the glycine betaine uptake system BusAB in L. lactis 

and other lactic acid bacteria190. C-di-AMP binds to BusR and acts as a corepressor, 

thereby preventing the expression of the busAB operon in L. lactis and S. agalactiae170,191. 

The accumulation of c-di-AMP leads to the constitutive repression of this operon, hindering 

the bacteria's ability to manage osmotic stress by impairing the uptake of vital 

osmoprotectants like glycine betaine. Therefore, the inactivation of the busR gene in 

mutants allows for the uptake of osmoprotectants, enabling growth under osmotically 

challenging conditions despite high concentrations of c-di-AMP. 

Just like potassium, c-di-AMP plays a crucial role in maintaining the proper 

homeostasis of osmolytes in bacteria. For bacteria mutants that accumulate c-di-AMP, the 

uptake of osmolytes becomes a growth-limiting factor, whereas their uncontrolled uptake 

in the absence of c-di-AMP can be detrimental to cell viability. For example, in S. 

agalactiae, mutant strains lacking c-di-AMP cannot survive in complex media unless they 

acquire suppressor mutations that inactivate the BusAB transporter, responsible for the 

uptake of compatible solutes. Similar phenotypes have also been reported in Listeria 

monocytogenes and Staphylococcus aureus, where mutations that inactivate the glycine 

betaine transporters GbuABC and OpuD, respectively, allow c-di-AMP deficient mutants 

to survive in rich media185,192,193. 
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The necessity to inactivate genes involved in osmolyte transport in c-di-AMP-free 

strains indicates that c-di-AMP is integral to controlling osmolyte uptake. C-di-AMP not 

only binds to and inhibits proteins involved in transporting compatible solutes such as 

BusR. Moreover, it directly interacts with the ATPase subunit of the OpuC osmoprotectant 

ABC transporter in L. monocytogenes, S. aureus, S. agalactiae, and B. subtilis136,182,194. 

This interaction inhibits the uptake of compatible solutes by binding to the CBS domains 

of the OpuCA subunit of the transporter. Interestingly, bacteria like B. subtilis often possess 

multiple paralogous ABC transporters for the uptake of osmoprotectants. Although all 

three paralogous transporters OpuA, OpuB, and OpuC have been tested for c-di-AMP 

binding, only the OpuCA subunit has shown the capability to interact with this second 

messenger136. OpuC has the broadest substrate spectrum among the osmolyte 

transporters in B. subtilis195, indicating that its regulation by c-di-AMP, particularly under 

conditions without osmotic stress, is critical for cellular efficiency and survival. This 

regulation highlights the sophisticated mechanisms bacteria employ to adapt to varying 

environmental osmotic conditions, utilizing c-di-AMP as a key regulatory molecule. 

1.5.3.2 Central metabolism 

Previous studies regarding the characterization of suppressor mutations that allow L. 

monocytogenes to grow in rich media in the absence of c-di-AMP as well as the 

identification of c-di-AMP-binding proteins through chemical proteomics indicate that 

pyruvate carboxylase (PycA) is a crucial target of c-di-AMP154,192. These results suggest 

that c-di-AMP plays a significant role in regulating central carbon and nitrogen metabolism. 

In L. monocytogenes, where the tricarboxylic acid (TCA) cycle is incomplete, the PycA is 

the sole enzyme producing oxaloacetate, a precursor necessary for citrate synthesis196. 

When c-di-AMP binds to PycA, it allosterically inhibits its activity, disrupting the normal 

flow of carbon into the TCA cycle. 

Within its incomplete TCA cycle, L. monocytogenes convert citrate to 2-oxoglutarate, 

which is then used as a precursor for synthesizing glutamate and the osmoprotectant 

proline. However, in the absence of c-di-AMP, unrestricted activity of pyruvate carboxylase 

can lead to excessive accumulation of citrate. This accumulation is problematic as citrate 

can chelate iron, inhibiting bacterial growth197. This phenomenon was observed in a L. 

monocytogenes strain lacking c-di-AMP, which accumulated citrate to detrimental levels. 



35 
 

Remarkably, inactivating citrate synthase in this strain mitigated the issue, indicating that 

the overaccumulation of citrate was the limiting factor for growth192. Similarly, in L. lactis, 

c-di-AMP's inhibition of pyruvate carboxylase is thought to regulate aspartate biosynthesis, 

further illustrating its broad regulatory role in bacterial metabolism198. 

Studies involving a strain of S. aureus that lacks c-di-AMP have shown that this 

bacterium develops mutations affecting AlsT, the primary glutamine transporter. Glutamine 

is a precursor that can be readily converted into glutamate and the compatible solute 

proline. Therefore, the uptake of glutamine in this context could lead to toxic 

accumulations of osmolytes. Additionally, c-di-AMP appears to be non-essential under 

anaerobic conditions or when S. aureus undergoes mutations that disrupt respiration199. 

This suggests a link between respiration and the necessity for c-di-AMP, possibly due to 

its role in facilitating efficient potassium transport. The major potassium transporter KimA, 

which has a high proton demand, may not function effectively without respiratory activity178, 

leading to compromised potassium transport crucial in the absence of c-di-AMP. 

1.5.3.3 Interaction in signal networks of c-di-AMP and (p)ppGpp 

To cope with nutrient deprivation, bacteria produce the alarmone (p)ppGpp, which 

triggers stringent responses to manage starvation. These responses crucially regulate 

various cellular processes including growth, DNA replication, RNA polymerase activity, 

and protein synthesis200. The synthesis and degradation of (p)ppGpp are mediated by Rel 

Spo homolog (RSH) proteins. The synthase domain of these proteins transfers two 

phosphates from ATP to either GTP or GDP, thus generating pppGpp or ppGpp, 

respectively (collectively referred to as (p)ppGpp). Interestingly, numerous studies have 

shown that (p)ppGpp and c-di-AMP signaling networks converge to coordinate bacteria 

physiology and stress response. 

The connection between c-di-AMP and the alarmone (p)ppGpp was first identified in 

a study showing that deleting the gene encoding phosphodiesterase GdpP in L. lactis led 

to enhanced resistance to glucose starvation in acidic conditions. This result suggested 

that c-di-AMP accumulation might influence bacterial levels of (p)ppGpp201. Subsequent 

in vitro studies provided further insight, confirming that ppGpp inhibits the hydrolysis of c-

di-AMP by two specific c-di-AMP phosphodiesterases, GdpP and PgpH137. Notably, while 

GdpP does not directly hydrolyze (p)ppGpp202, (p)ppGpp can regulate the activity of PgpH 
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at an allosteric site. Further exploration in bacterial cells revealed that a mutant deficient 

in (p)ppGpp synthesis exhibited reduced levels of c-di-AMP, supporting the hypothesis 

that (p)ppGpp inhibits c-di-AMP phosphodiesterase activity in vivo. This dynamic between 

(p)ppGpp and c-di-AMP underscores a complex regulatory interaction where (p)ppGpp 

can modulate c-di-AMP levels, thereby influencing bacterial stress responses and viability 

under nutrient-limited conditions. 

C-di-AMP is crucial for many bacteria when cultivated in nutrient-rich media203. In L. 

monocytogenes mutants lacking c-di-AMP, extensive sequencing of nearly 300 

suppressor strains that can survive in rich media revealed that approximately 1.76% had 

mutations in the synthase domain of the relA gene, which disrupts (p)ppGpp production193. 

In the Firmicute, (p)ppGpp is synthesized by three synthases: RelA, RelP, and RelQ. The 

RelA serves a dual function, acting both as a synthase and a hydrolase for (p)ppGpp, 

whereas RelP and RelQ function solely as synthases193.  This research proved that c-di-

AMP becomes non-essential when the genes encoding (p)ppGpp synthases are deleted 

in L. monocytogenes, suggesting that the essentiality of c-di-AMP under rich medium 

conditions is to prevent the toxic accumulation of (p)ppGpp. Consistently, the homeostasis 

of (p)ppGpp is influenced by c-di-AMP; for example, deletion of gdpP in S. aureus 

significantly raises (p)ppGpp levels. This increase can be abolished by mutating the 

synthesis domain of RelA, but not by deleting relP or relQ, pointing to a particular 

dependence on RelA for the activation of (p)ppGpp synthesis by c-di-AMP204. However, c-

di-AMP does not directly bind to RelA in vitro, suggesting that its activation occurs via an 

indirect mechanism. In 2020, a study in L. monocytogenes identified that CbpB, a c-di-

AMP binding protein, binds and activates RelA synthetase domain. L. monocytogenes 

strains lacking c-di-AMP cannot grow due to elevated levels of (p)ppGpp. Since both PgpH 

and PdeA/GdpP function are inhibited by (p)ppGpp136, the c-di-AMP and (p)ppGpp formed 

a homeostatic signaling loop within the cell: As c-di-AMP levels drop and cbpB is 

expressed, CbpB becomes free to bind RelA and activate its (p)ppGpp synthetase domain. 

Increased (p)ppGpp results in the inhibition of phosphodiesterases PgpH and PdeA/GdpP, 

leading to a buildup in c-di-AMP. c-di-AMP binds to free CbpB and prevents stringent 

activation124. This interplay underscores the complex regulatory networks controlling 

stress responses and growth in bacterial cells under varying environmental conditions.  
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CodY is a global transcriptional regulator responsive to GTP and branched-chain 

amino acids, known to repress genes involved in nutrient uptake and amino acid 

biosynthesis. During nutrient starvation, the accumulation of (p)ppGpp leads to a decrease 

in GTP levels, which disrupts CodY's ability to bind to DNA205. Interestingly, the lack of 

necessity for DACs in the ΔrelAPQ mutant grown in rich media could be reversed by 

deleting codY 193. Additionally, in minimal media, where CodY activity is likely reduced, 

DACs is no longer essential. And one study on urinary tract infections (UTIs) caused by E. 

faecalis showed that the expression of gdpP was significantly increased in a CodY-

dependent manner after the bacteria transferred from culture medium to urine206. This 

indicates a connection between the CodY regulon and the c-di-AMP network that is 

independent of (p)ppGpp. Together, these findings suggest that c-di-AMP is crucial for 

bacterial growth in nutrient-rich conditions due to its role in preventing the toxic 

accumulation of (p)ppGpp, which can lead to detrimental changes in the expression 

governed by the CodY regulon. Further investigation is needed to fully understand the 

interplay between these regulatory networks and their implications for bacterial physiology. 

1.5.3.4 Host immune response 

Many pathogenic bacteria, including S. aureus, L. monocytogenes, and Group B 

Streptococcus, possess active intracellular enzymes that metabolize c-di-AMP. When 

these pathogens are engulfed by host phagocytes, they can release c-di-AMP which can 

be detected by specific receptors in the host cells, triggering a robust immune response207. 

To date, four proteins in eukaryotic host cells have been firmly identified as c-di-AMP 

receptors: STING, DDX41, RECON, and ERAdP150,152. 

STING (Stimulator of Interferon Genes) is a membrane protein located in the 

endoplasmic reticulum of phagocytes and can be activated by various cyclic dinucleotides 

(c-di-NMPs) such as c-di-AMP, c-di-GMP, and 3,3’-cGAMP released by pathogens, as well 

as 2',3'-cGAMP synthesized by the host's cyclic GMP-AMP synthetase (cGAS) in 

response to foreign DNA208. When activated by any of these cyclic dinucleotides, STING 

initiates a signaling cascade that activates downstream immunity-associated kinases. This 

signaling ultimately leads to the production of type I interferons (INFs) and pro-

inflammatory cytokines, which are crucial components of the host immune response209. In 

the case of L. monocytogenes, which synthesize c-di-AMP by DacA, studies have shown 
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that when a dacA-overexpressing strain of L. monocytogenes is introduced into host cells, 

there is an increased production of the cytokine INF-β140. This result suggests that 

elevated levels of c-di-AMP can effectively activate STING, triggering a strong immune 

response in the host. 

The helicase DDX41 plays a crucial role in activating a type I interferon (INF) immune 

response during the infection process. Functioning as a pattern-recognition receptor, 

DDX41 is capable of detecting specific signaling molecules and forming a complex with 

STING. The binding of either c-di-AMP or c-di-GMP to DDX41 enhances the formation of 

the DDX41-STING complex, which leads to a stronger INF response, strengthening the 

host's immune defense against pathogens156. 

Additionally, the host oxidoreductase RECON serves as a c-di-AMP receptor and plays 

a significant role in modulating the immune response. RECON is a negative regulator of 

NF-κB, a central mediator of the inflammatory process and a crucial component of various 

innate and adaptive immune responses210. When c-di-AMP binds to RECON during 

bacterial infection, it inhibits RECON's enzymatic activity. This inhibition leads to increased 

activity of NF-κB, promoting a pro-inflammatory state which enhances pathogen clearance. 

This mechanism provides an alternative to the STING-dependent signaling pathway in 

bolstering host defenses. 

ERAdP is the last receptor for c-di-AMP that influences immune responses. Upon 

binding c-di-AMP, ERAdP activates TAK1 kinase, which in turn activates NF-κB. This 

activation leads to the production of pro-inflammatory cytokines in innate immune cells, 

culminating in the death of pathogenic bacteria. Both ERAdP and RECON appear to play 

similar roles in activating NF-κB when bound to c-di-AMP, thus forming a significant part 

of the host's immune response to bacterial infections152. 

1.5.3.5 -lactam antibiotics resistance 

Infections caused by antibiotic-resistant organisms represent a growing threat due to 

the increasing number of pathogens developing resistance to last-line antibiotics. Coupled 

with a slowdown in the development of new antibiotics, this presents a significant 

challenge for healthcare systems worldwide. 
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The -Lactam antibiotics, such as penicillin and cephalosporins, target and inhibit 

penicillin-binding proteins (PBPs) that are crucial for the synthesis and maintenance of 

bacterial cell wall. Numerous studies have reported that c-di-AMP plays a role in -lactam 

antibiotic resistance in different bacteria such as L. monocytogenes, B. subtilis, and S. 

aureus189,192,211. In general, mutations that decrease diadenylate cyclase activity has 

increased sensitivity to -lactams. Notably, unregulated accumulation of c-di-AMP will also 

result in susceptibility to -lactams, highlighting the delicate balance required in c-di-AMP 

levels for optimal bacterial cell wall maintenance and antibiotic resistance. However, the 

specific interactions and pathways between c-di-AMP signaling and β-lactam antibiotics 

remain to be fully clarified.  

To date, many studies have indicated that disruptions in the metabolism of c-di-AMP 

impact the structural integrity of bacterial cell wall. This could be due to the direct 

regulatory effects of c-di-AMP or because fluctuations of this second messenger can 

render bacteria more susceptible or resistant to agents that indirectly compromise cell wall 

integrity (Table 1.3). Indeed, the synthesis of a cell wall lytic enzyme, which likely 

influences the stability of the cell envelope, is regulated in Streptomyces coelicolor via a 

riboswitch-mediated transcription-attenuation mechanism, affected by levels of c-di-

AMP212. Furthermore, one S. aureus mutant strain deficient in the GdpP 

phosphodiesterase, which consequently accumulates c-di-AMP, shows increased 

amounts of cross-linked peptidoglycan211. In this bacterium, the rate of peptidoglycan 

crosslinking is significantly impacted by autolysins, such as AtlA and LytM213,214, which 

break down the crosslinked peptide stems during peptidoglycan turnover. Notably, 

autolysin secretion is even increased in the absence of the GdpP enzyme211. Therefore, it 

appears that the enzymes involved in peptidoglycan synthesis are more likely to be 

influenced by c-di-AMP levels in S. aureus than those involved in its turnover or cleavage 

of crosslinks. However, the exact relationship between intracellular c-di-AMP levels and 

the activity of penicillin-binding proteins (PBPs) or carboxypeptidases, which operate in 

cell wall homeostasis, remains unclear. In addition, although the connection between c-di-

AMP and cell wall metabolism has been established in Actinobacteria, the scenario in 

Firmicutes is less defined. The cell-wall-related phenotypes linked to c-di-AMP metabolism 

perturbations in Firmicutes might be interpreted differently. 
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Currently, the most popular theory explaining the relationship between c-di-AMP signal 

and bacterial cell wall integrity is the turgor model. Since c-di-AMP regulates the influx of 

inorganic ions, such as potassium, as well as low-molecular-weight compatible solutes in 

many bacteria, it's logical to assume that significant alterations in the levels of this second 

messenger nucleotide can lead to drastic changes in cellular turgor. Such disruptions in 

cellular turgor can affect the mechanical properties of the cell wall, potentially 

compromising the cell’s ability to maintain its shape and withstand external stresses, 

thereby influencing its overall homeostasis and survival. Actually, the absence of c-di-AMP 

in B. subtilis and L. monocytogenes likely increases the cellular turgor to levels where the 

cell wall is no longer capable of withstanding the internal pressure, leading to cell 

lysis127,173,192,215,216. This hypothesis is strongly supported by observations that lysis does 

not occur when osmoprotectants (such as sucrose) are present, or when the concentration 

of extracellular osmolytes, like potassium ions, is reduced. These conditions help to 

stabilize the cellular turgor, reinforcing the cell wall integrity and preventing the 

catastrophic outcome of lysis, thus aligning well with the proposed impact of c-di-AMP on 

cell stability.  

Based on the turgor model, increasing c-di-AMP level will reduce the turgor effect and 

therefore be more resistant to cell wall-targeting antibiotics. However, studies in L. 

monocytogenes showed that PDE mutants are still highly sensitive to a lot of stress 

conditions, including the cell wall targeting antibiotics, β-lactams, and greatly attenuated 

for virulence136. In addition, similar phenotypes affecting growth, stress response, or 

virulence have been reported in c-di-AMP-accumulating mutants across a diverse range 

of bacteria, including Bacillus subtilis, Bacillus anthracis, Mycobacterium tuberculosis, 

Streptococcus pneumoniae, and Streptomyces venezuelae127,135,217. Notably, mutations in 

osmolyte transporters such as OppB or GbuABC only restored the viability of c-di-AMP 

depleting mutants (dacA)192, but not its susceptibility to cefuroxime, a -lactam antibiotics. 

These results suggest that the regulation of c-di-AMP on bacteria cell wall integrity is more 

complicated than just cell turgor. Interestingly, Whiteley et al. also found that mutations of 

PycA, which reduced its activity, or citZ in dacA mutant, rescued its sensitivity to -

lactams, indicating that c-di-AMP may affect bacteria cell wall-targeting antibiotics by 

mediating the central metabolism. The deregulation of bacterial metabolism may either 
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directly impair cell-wall synthesis, or result in the production of ROS, which is detrimental 

to bacteria, and can also be induced by antibiotics treatment. 

To conclude, the regulation of c-di-AMP in bacteria is systematic; more than one 

pathway contributes to cell wall integrity. This small nucleotide messenger plays a critical 

role in managing essential cellular functions such as ion transport, turgor pressure, central 

metabolism, and probably the synthesis of peptidoglycan. The relationship between c-di-

AMP and bacteria cell wall homeostasis warrants further investigation. 
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1.5 Figures and tables 

 

Fig 1.1 Peptidoglycan synthesis, cleavage and modification218. Shown are the 

necessary reactions and enzymes responsible for the synthesis and hydrolysis of 

peptidoglycan within the cell envelopes of Gram-negative (left) and Gram-positive (right) 

bacteria. 
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Table 1.1 Protein targets of c-di-AMP 

Targets Description Species Effect Domaina References 

Transport proteins 
KimA High-affinity potassium tranporter B. subtilis, L. 

monocytogenes, S. 
aureus, L. lactis 

Inhibition 
 

(179,182) 

KupA Potassium transporter L. lactis Inhibition 
 

(177) 

KupB Potassium transporter L. lactis Inhibition 
 

(177) 

KtrA Gating subunit of potassium 
transporter 

B. subtilis, S. agalactiae Inhibition RCK_C (172,174,18
2,191) 

KtrC Gating subunit of potassium 
transporter 

B. subtilis, L. 
monocytogenes, S. 
aureus, M. pneumoniae 

Inhibition RCK_C (146,174,17
9,182,219) 

CabP (TrKH) Gating subunit of potassium 
transporter 

S. pneumoniae, S. 
agalactiae 

Inhibition RCK_C (161,191) 

CpaA Potassium exporter B. subtilis, S. aureus Activation RCK_C (146,160) 
KhtT Gating subunit of potassium 

exporter 
B. subtilis, S. aureus n.d. RCK_C (182) 

CpeA Cation proton exchange 
component 

S. venezuelae n.d. RCK_C (220) 

OpuCA ATPase subunit of osmoprotectant 
ABC transporter 

B. subtilis, L. 
monocytogenes, S. 
aureus, S. agalactiae 

Inhibition CBS (182,191,19
4,221) 

MgtE Magnesium transporter B. subtilis, L. 
monocytogenes, S. 
aureus 

n.d. CBS (182) 

Signal transduction proteins 
PstA (DarA) PII-like signal transduction protein B. subtilis, L. 

monocytogenes, S. 
aureus 

n.d. 
 

(146,148,15
4,158,159,2
22) 

CbpB (DarB) Signal transduction protein, binding 
with RelA synthetase domain 

B. subtilis, L. 
monocytogenes 

Inhibition CBS (124,182,22
3) 43 
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CbpA 
 

 L. monocytogenes n.d. CBS (223) 
Enzyme 

     

PycA Pyruvate carboxylase B. subtilis, L. 
monocytogenes, S. 
aureus, L. lactis 

Inhibition 
 

(198,223) 

Regulatory proteins 
KdpD Two-component sensor kinase, for 

high-affnity potassium transporter 
L. monocytogenes, S. 
aureus, S. elongatus 

Inhibition USP (146,147,17
9,224) 

NrdR Repressor of the ribonucleotide 
reductase operon 

B. subtilis, L. 
monocytogenes, S. 
aureus 

n.d.  (154) 

BusR Repressor of the busAB 
osmoprotectant transporter genes 

L. lactis, S. agalactiae Corepressor RCK_C (170,191) 

DarR Transcription repressor M. tuberculosis Corepressor  (157) 
      
The c-di-AMP riboswitch 
kimA Regulation of kimA expression B. subtilis, B. 

thuringiensis 
Negative 
effector 

 (147,225) 

ktrAB Regulation of ktrAB expression B. subtilis, B. 
thuringiensis 

Negative 
effector 

 (165,181,18
4) 

kdpFABC Regulation of kdpFABC expression B. thuringiensis Negative 
effector 

 (165,181) 

rpfA Regulation of rpfA expression S. coelicolor Negative 
effector 

 (212) 

ydaO Regulates ion channels, responds 
to osmotic stress, facilitates cell 
wall metabolism and sporulation 

B. subtilis Negative 
effector 

 (134) 

aCells are blank where proteins do not possess a conserved c-di-AMP binding domain. 
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Table 1.3 Phenotypes associated with perturbation of c-di-AMP metabolism 

Organism Genotype Phenotypes C-di-AMP 
level 

Suppression 
physiologically 

Suppression 
genetically 

References 

L. 
monocytogenes 

dacA depletion Cell lysis, b-lactams 
sensitive, elongated 
cells 

Decreased Osmoprotective 
conditions 

dacA expression (216,226) 

 dacA Cell lysis No c-di-AMP  Inactivaton of opp 
and gbu genes 
(and many other 
genes, e.g., pstA) 

(193) 

 pdeA (gdpP) Acid resistant, -
lactam resistant 

Increased   (226) 

 pdeA (gdpP) 

pgpH 

Salt hypersensitive, 

-lactam resistant 

Increased   (189) 

 cdaR Increased lysozyme 
resistance 

Increased   (216) 

B. subtilis dacA depletion Cell lysis Decreased Osmoprotective 
conditions 

dacA expression (215) 

 dacA disA 

cdaS 

Cell lysis during 
growth with 
potassium 

No c-di-AMP Low amounts of 
extracellular 
potassium 

Mutations in the 
nhaK gene that 
probably enhance 
potassium ion 
export 

(184) 

 gdpP over-
expression 

-lactams sensitive Decreased   (215) 

 gdpP pgpH -lactams sensitive Increased   (189) 

 gdpP cdaS 
over-expression 

Growth defect, curli 
formation 

Increased   (127) 

E. faecalis gdpP and other 
mutations 

-lactams resistant Increased   (227,228) 

L. lactis gdpP 
inactivation 

Salt hypersensitive, 
temperature 

Increased Normal salt 
concentration 

Mutations in dacA 
or glmM 

(187,188) 

45 
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resistant, -lactams 
resistant 

S. aureus dacA G206S Fast growth, -
lactams sensitive, 
salt tolerant 

Decreased   (229) 

 ltaS Cell lysis, increased 
cell size 

Unknown Osmoprotective 
conditions 

 (211) 

 gdpP 
inactivation 

-lactams resistant, 
salt sensitive 

Increased Addition of 250 
mM KCl 

 (146,230) 

 gdpP -lactams resistant, 
salt sensitive 

Increased   (231) 

S. mutans dacA -lactams sensitive Decreased  dacAWT (232) 

S. pneumoniae gdpP -lactams resistant Increased  gdpP inactivation 
(and other 
mutations) 

(233) 

 gdpP (pde1) 

pde2 

Shorter cells Increased   (135) 

S. suis dacA R215S 
and other 
mutations 

Lysozyme resistant, 
cell shape diversity 

Unknown   (234) 

46 
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2.  THE ROLE OF LISTERIA MONOCYTOGENES PSTA IN -

LACTAM RESISTANCE REQUIRES THE CYTOCHROME BD 

OXIDASE ACTIVITY 

 

2.1 Abstract 

C-di-AMP is an essential second messenger that binds and regulates several proteins 

of different functions within bacterial cells. Among those, PstA is a structurally conserved 

c-di-AMP-binding protein, but its function is largely unknown. PstA is structurally similar to 

PII signal transduction proteins, although it specifically binds c-di-AMP rather than other 

PII ligands such as ATP and -ketoglutarate. In Listeria monocytogenes, we found that 

PstA increases -lactam susceptibility at normal and low c-di-AMP levels, but increases 

-lactam resistance upon c-di-AMP accumulation. Examining a PstA mutant defective for 

c-di-AMP binding, we found the apo- form of PstA to be toxic for -lactam resistance, and 

the c-di-AMP-bound form to be beneficial. Intriguingly, a role for PstA in -lactam 

resistance is only prominent in aerobic cultures, and largely diminished under hypoxic 

conditions, suggesting that PstA function is linked to aerobic metabolism. However, PstA 

does not control aerobic growth rate, and has a modest influence on the tricarboxylic acid 

cycle and membrane potential – an indicator of cellular respiration. The regulatory role of 

PstA in -lactam resistance is unrelated to reactive oxygen species or oxidative stress. 

Interestingly, during aerobic growth, PstA function requires the cytochrome bd oxidase 

(CydAB), a component of the respiratory electron transport chain. The requirement for 

CydAB might be related to its function in maintaining a membrane potential, or redox 

stress response activities. Altogether, we propose a model in which apo-PstA diminishes 

-lactam resistance by interacting with an effector protein, and this activity can be 

countered by c-di-AMP binding or a by-product of redox stress.  
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2.2 Introduction 

The small nucleotide c-di-AMP is an essential second messenger produced by 

thousands of bacterial species representative of most phyla235,236. Many bacteria, 

especially those in the Firmicutes phylum, require c-di-AMP for growth in rich laboratory 

media, although c-di-AMP levels must be regulated to avoid toxic accumulation138,237. 

Phenotypic characterization of bacterial mutants locked at low and high c-di-AMP revealed 

the multiple roles of c-di-AMP in many cellular processes, such as potassium homeostasis, 

central metabolism, stringent response, DNA integrity scanning, and cell wall 

metabolism235. Understanding of how c-di-AMP regulates these processes requires 

knowledge of its molecular targets and the function of those targets in bacterial cells. PstA, 

also called DarA (COG3870), is a conserved c-di-AMP-binding protein widespread among 

Firmicutes, and also present in several species of Chloroflexota, Deinococcota, and other 

minor phyla235,238. Of note, the nomenclature PstA also refers to a phosphate transport 

permease protein that is distinct from c-di-AMP-binding PstA. PstA binds c-di-AMP with a 

high affinity in the low micro-molar range, well within the physiological levels of c-di-

AMP146,148. Furthermore, c-di-AMP binding is specific, as ATP, c-di-GMP and other related 

nucleotides do not bind to PstA146,148. However, the function of PstA remains obscure. 

Early predictions of PstA function were made based on its structural similarity to PII signal 

transduction proteins, such as GlnB and GlnK, which interact with and regulate effector 

proteins148,158,159,222. However, PstA structure is distinct from PII proteins in two loop 

regions, termed the T- and B- loops. Whereas PII proteins often harbor a large T loop that 

mediates protein-protein interactions, the PstA T loop is much shorter. Conversely, the B 

loop, which mediates ATP binding in PII proteins, is much enlarged in PstA and does not 

have signature residues for ATP binding148,158,159,222. Therefore, PstA likely engages in 

distinct cellular processes than PII proteins, although it is still predicted to interact with 

effector proteins. However, no interaction partners for PstA have been identified. 

The Gram-positive bacterial pathogen Listeria monocytogenes requires c-di-AMP for 

growth in rich laboratory media and during infection. L. monocytogenes synthesizes c-di-

AMP by a single diadenylate cyclase, DacA, and hydrolyzes it by the phosphodiesterases 

PdeA and PgpH136,226. In rich media, the dacA mutant accumulates a toxic level of ppGpp 

that inhibits its growth, and also confers bacterial cell lysis and -lactam susceptibility193,226.  
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A deletion of pstA modestly rescues bacterial lysis in a dacA-depleted strain148, as well as 

the growth of dacA strain in rich media192. Interestingly, in minimal media that are 

permissive to dacA growth with minimal lysis, dacA is still highly sensitive to -lactams, 

and this phenotype is largely suppressed by pstA deletion192. Together, these observations 

suggest that PstA is involved in cell wall homeostasis in L. monocytogenes, but the 

mechanisms for this regulation are unclear. 

In this work, we explored the function of PstA in -lactam resistance at normal, low, 

and high c-di-AMP levels in L. monocytogenes. We found that the apo form of PstA 

diminishes -lactam resistance in the WT and dacA strains, and that c-di-AMP-bound 

PstA promotes -lactam resistance in the PDE mutant that lacks both c-di-AMP 

phosphodiesterases. Strikingly, PstA plays a negligible role in -lactam resistance during 

hypoxic growth. In hypoxic cultures, we found that the function of PstA requires the 

cytochrome bd oxidase (CydAB) of the respiratory electron transport chain, but 

independent from menaquinone regeneration. Our findings provide important 

physiological conditions for the identification of PstA molecular targets under cell wall 

stress. 
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2.3 Results 

2.3.1 PstA diminishes -lactam resistance at low and normal CDA 

levels, but promotes -lactam resistance upon CDA accumulation 

Both the depletion and accumulation of c-di-AMP sensitizes L. monocytogenes to -

lactams189,192,226 (Fig. 2.1A) Since c-di-AMP binds PstA, we exploited a dacA mutant and 

a phosphodiesterase-deficient mutant (hereafter called PDE), locked at low and high c-

di-AMP levels respectively, to examine PstA function at different c-di-AMP availabilities in 

bacterial cells. Deletion of dacA is lethal for L. monocytogenes in the rich medium BHI, but 

dacA can be genetically depleted upon ectopic expression of an IPTG-inducible allele226. 

The conditionally depleted dacA (c-dacA) strain can still grow, albeit poorly, in BHI226. 

Because the WT, PDE, and c-dacA strains exhibit different growth rates in BHI, we 

examined -lactam susceptibility by normalizing the growth of each strain in the presence 

of antibiotics to that of the same strain in media only. The c-dacA pstA strain was 

moderately improved for growth in BHI, consistent with previous studies148,193 However, in 

the WT, c-dacA, and PDE genetic backgrounds, neither pstA deletion nor over-

expression exhibited appreciable effects on cefuroxime resistance (Fig. 2.2).  

Because the lysis phenotype of c-dacA mutant in BHI can confound data interpretation 

on -lactam resistance, we alternatively examined L. monocytogenes mutants in Listeria 

Synthetic Medium (LSM), a defined minimal medium that is permissive for the growth of a 

dacA null strain (dacA::kan, hereafter denoted as dacA)193. In LSM, we found an 

apparent role for PstA in cefuroxime resistance at all c-di-AMP levels in bacterial cells. 

Deletion of pstA significantly rescued cefuroxime susceptibility in the dacA strain, 

consistent with a previous study192; and we also found pstA over-expression to exacerbate 

dacA susceptibility (Fig. 2.1). The effects of pstA deletion and over-expression in WT 

were similar, but less pronounced than in dacA (Fig. 2.1 and Fig. 2.3). Interestingly, pstA 

mutations conferred the opposite effects in the PDE strain, in which pstA deletion 

exacerbated the susceptibility of PDE and pstA over-expression increased resistance 

(Fig. 2.1). Therefore, PstA promotes cefuroxime resistance in PDE, and increases 

susceptibility in the WT and dacA strains. Altogether, these data indicate that PstA is 
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important for cell wall integrity in LSM, but its function depends on c-di-AMP levels in 

bacterial cells.  

2.3.2 C-di-AMP binding switches PstA function in -lactam resistance 

To determine if the differential effects of pstA mutations in the WT, dacA, and PDE 

strains is due to c-di-AMP binding, we sought to create a PstA variant that is defective for 

c-di-AMP binding. C-di-AMP binds PstA by interacting with multiple amino acid residues, 

for example the R/G-V/A-T tripeptide that coordinates the adenine bases238. Among those 

residues, single F36A and N41A mutations have been experimentally found to largely 

reduce c-di-AMP binding affinity, although neither mutation abolishes binding148. Therefore, 

we generated an F36A N41A double mutant variant (PstAFN) to further diminish c-di-AMP 

binding. Western blot confirmed that PstAFN was expressed at a similar level to PstAWT in 

L. monocytogenes (Fig. 2.4A). The purified PstAWT and PstAFN proteins from E. coli 

exhibited similar circular dichroism spectra, indicating similar secondary structures (Fig. 

2.4B). We next employed a thermal shift assay to interrogate c-di-AMP binding affinity by 

PstAWT and PstAFN.  As controls, we found that PstAWT binds c-di-AMP, but not ATP or 

NAD+ (Fig. 2.4C). By varying c-di-AMP concentrations, we found that PstAFN is largely 

abolished for c-di-AMP binding (Fig. 2.5). 

We introduced PstAFN to L. monocytogenes either by over-expressing PstAFN in the 

presence of the pstAWT allele, or by ectopically expressing PstAFN in the pstA strains (Fig. 

2.5B-D). In WT and dacA, PstAFN appeared functionally equivalent to PstAWT in both 

ways of expression (Fig. 2.5B-C). By contrast, in the PDE strain, PstAFN did not promote 

-lactam resistance like PstAWT (Fig. 2.5D). Together, these data suggest that PstA largely 

functions in the apo form in WT and dacA, and in the c-di-AMP-bound form in PDE. The 

results also suggest that apo-PstA increases -lactam susceptibility, and the c-di-AMP-

bound form promotes -lactam resistance. 

2.3.3 A role for PstA in cefuroxime sensitivity is most prominent during 

aerobic growth and largely diminished in hypoxic cultures 

We found PstA to be important for -lactam resistance only in the defined medium 

LSM, but not in BHI. C-di-AMP is dispensable for Staphylococcus aureus growth in 
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anaerobic conditions, even in rich media199. Furthermore, some aerobic respiratory 

mutants of L. monocytogenes can grow in BHI but not in LSM239. These observations 

prompted us to examine if PstA phenotypic differences in these media were due to aerobic 

respiration. To test this, we re-examined pstA mutant strains in LSM under hypoxic 

conditions (Fig. 2.6). Strikingly, the phenotypes conferred by pstA deletion and over-

expression were largely diminished in hypoxic cultures, regardless of c-di-AMP levels in 

bacterial cells. We noticed that PstA was still detrimental in hypoxic dacA cultures at a 

low cefuroxime concentration, but its role was much reduced compared to aerobic cultures 

(compare Fig. 2.1 and Fig. 2.6). These data suggest that the function of PstA in -lactam 

resistance is related to aerobic metabolism.  

Because the dacA and PDE strains both have multiple cellular defects that can 

confound PstA function, we chose to focus on understanding PstA function in the WT 

background for the following analyses. We found that the pstA and WT + Pspac-pstA 

strains grew at similar rates to WT in aerobic LSM (Fig. 2.3A), so the role of PstA in -

lactam resistance is unrelated to growth rates but likely linked to other aerobic respiratory 

outputs. 

2.3.4 The role of PstA in -lactam resistance requires the cytochrome 

bd oxidase activity 

The rates of bacterial respiration can affect antibiotic efficacy240. Both under normal 

growth and cefuroxime stress, pstA deletion and over-expression conferred negligible or 

modest effects on L. monocytogenes membrane potential, an output of the respiratory 

electron transport chain (ETC) (Fig. 2.7). Therefore, PstA does not appear to regulate 

aerobic respiration in L. monocytogenes.  

Conversely, we examined whether respiratory ETC activity is required for PstA function 

in -lactam resistance. The respiratory ETC in L. monocytogenes is comprised of a type 

II NADH dehydrogenase (Ndh1), terminal cytochrome oxidases (QoxABCD and CydAB), 

and an ATP synthetase241,242. To determine if ETC components are required for PstA 

function, we systematically disrupted each component and queried the resulting strains 

for cefuroxime susceptibilities. In almost all genetic backgrounds, pstA mutations did not 

significantly impact growth (Fig. 2.8). However, we noticed that PstA over-expression 
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reduced bacterial growth in the absence of the ATP synthase. In the WT strain, pstA 

increased cefuroxime resistance and pstA over-expression increased susceptibility, as 

found above. We observed these phenotypes also in the absence of Ndh1, Qox, and the 

ATP synthase. Strikingly, PstA played no role in cefuroxime resistance in the cydA or 

cydA qoxA strains (Fig. 2.9B-C).  

2.3.5 PstA function is unrelated to potassium transport 

As a component of the respiratory ETC, a function of CydAB is to maintain a proton 

motive force (PMF). Indeed, compared to WT L. monocytogenes, a cydA::Tn mutant has 

a severely reduced membrane potential, the main component of the PMF243,244. To 

determine if membrane potential correlates with PstA function, we compared the 

membrane potential of cydA and cydA qoxA mutants with that of the ∆ndh1, qoxA::Tn, 

and atpH::Tn strains (Fig. 2.10). As expected, membrane potential was modestly reduced 

in atpH::Tn and significantly diminished in other mutants compared to WT. Interestingly, 

cydA::Tn and qoxA cydA::Tn were the most affected strains, both exhibiting just ~25% 

of the WT membrane potential. Combined with our observation that a role of PstA is 

diminished in hypoxic conditions, these data raises the possibility that PstA function is 

dependent on a membrane potential.   

A well-established function of c-di-AMP is to regulate osmolyte transport. Indeed, -

lactam susceptibility upon c-di-AMP depletion is proposed to be due to unregulated 

osmolyte influx that increases cell turgor169. Based on this model, a role for PstA in -

lactam resistance might be due to a PMF-driven osmolyte transporter. We focused on 

potassium, because many potassium transporters require a PMF and are regulated by c-

di-AMP169,235. If apo-PstA increases cefuroxime susceptibility because it promotes 

potassium uptake or inhibits potassium export, then this toxic effect should be suppressed 

by potassium limitation. However, in both WT and ∆dacA, we found pstA deletion and 

over-expression to confer similar phenotypes at normal (4.8mM in LSM recipe193) and low 

(1mM and 0.1mM) potassium levels (Fig. 2.11). Therefore, the function of PstA in 

cefuroxime resistance is independent of potassium uptake.  
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2.3.6 Reactive oxygen species are not associated with PstA function in 

-lactam resistance 

Aerobic metabolism generates reactive oxygen species (ROS), which contribute to 

antibiotic lethality in E. coli245. If the function of PstA in -lactam resistance is related to 

ROS formation, we would expect the pstA strain to be reduced in ROS, and the WT + 

Pspac-pstA strain to accumulate ROS. Using the fluorescent dye H2DCFDA as a ROS 

reporter, we found a modest increase of ROS in the pstA strain, although ROS 

accumulation was more pronounced in this mutant during growth with 0.5XMIC cefuroxime 

(Fig. 2.12). It is unclear whether the increased ROS levels in pstA are physiologically 

impactful. The WT + Pspac-pstA strain exhibited similar ROS levels to WT under both 

normal growth and cell wall stress. Overall, ROS levels did not correlate with cefuroxime 

resistance conferred by pstA deletion and over-expression. Furthermore, the pstA and 

WT + Pspac-pstA strains were similar to WT for H2O2 sensitivity, suggesting that PstA is not 

involved in oxidative stress response (Fig. 2.13). Together, these data indicate that the 

role of PstA in -lactam resistance is unrelated to ROS or oxidative stress.  

2.3.7 PstA has a modest role in the tricarboxylic acid activity of L. 

monocytogenes 

The tricarboxylic acid (TCA) cycle is a major component of aerobic metabolism, and 

altered TCA activities have been shown to diminish -lactam resistance in other bacteria246. 

L. monocytogenes has an incomplete TCA cycle that ends with the generation of -

ketoglutarate (Fig. 2.14A)192. Among TCA metabolites, we were able to detect pyruvate, 

citrate/isocitrate, and -ketoglutarate at reliably quantifiable abundances in all strains (Fig. 

2.14B). In the WT strain, cefuroxime treatment did not impact pyruvate and citrate levels, 

but modestly reduced -ketoglutarate. Interestingly, the pstA strain exhibited an 

approximately 2-fold increase in citrate/isocitrate levels compared to WT, although there 

was no change in -ketoglutarate. Finally, over-expression of pstA resulted in a modest 

reduction in -ketoglutarate, especially under cefuroxime stress (Fig. 2.14B). Neither pstA 

deletion nor over-expression altered NAD/NADH ratio, an indicator of redox balance and 

aerobic metabolism (Fig. 2.15). Overall, our analysis suggested a modest reduction of 
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TCA metabolites upon pstA over-expression, as well as increased citrate/isocitrate levels 

in the pstA strain that do not globally impact TCA activity.  

Given the interesting but rather inconsistent alterations in TCA metabolites, we 

independently queried the regulatory relationship between TCA activity and PstA by 

examining the effects of pstA mutations in the citZ::Tn strain, which does not synthesize 

citrate and is therefore disrupted for the TCA cycle. In the citZ::Tn genetic background, all 

strains exhibited significant growth defects that were most pronounced in the citZ::Tn 

pstA strain, suggesting that PstA is important for another metabolic pathway in the 

absence of the TCA cycle (Fig. 2.16). The citZ::Tn strain was highly susceptible to 

cefuroxime, and this phenotype was exacerbated by either pstA deletion or over-

expression (Fig. 2.16). However, the poor growth phenotypes of these mutants might be 

confounding factor in their cefuroxime susceptibility. 
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2.4 Discussion 

Because PstA is widely present among Firmicutes, a major phylum of c-di-AMP-

producing bacteria235,236, understanding the function of PstA will provide significant 

knowledge on the function of c-di-AMP in bacterial cells. However, since its 

identification146,154, the function of PstA in bacterial cells remain elusive despite extensive 

structural information in different bacteria148,158,159,222. Findings from our study point 

towards a functional relationship between PstA and aerobic metabolism under -lactam 

stress in L. monocytogenes. Interestingly, despite a high affinity of c-di-AMP binding to 

PstA in vitro, apo-PstA appears to be a functional form and diminishes -lactam resistance.  

The structural resemblance between PstA and canonical PII proteins suggests that 

PstA functions in an analogous manner to other PII proteins, in that PstA likely interacts 

with and regulates effector proteins247. In the PstA structures that were previously solved 

for L. monocytogenes, S. aureus, and B. subtilis, apo-PstA exhibits flexible T- and B-loops 

that are stabilized upon c-di-AMP binding148,158,159,222. Because these loops mediate 

interactions between PII proteins with their partners, c-di-AMP binding is predicted to 

prevent the interactions of PstA with its effector proteins222. However, no effector proteins 

for PstA have been reported, and our own efforts at identifying PstA partners by co-

immunoprecipitation have been unsuccessful, suggesting that interactions are transient. 

Our analysis of the PstAFN mutant, defective for c-di-AMP binding, indicates that apo-PstA 

is a functional form in -lactam resistance. We propose that apo-PstA operates by binding 

partner proteins that are involved in cell wall stress response. C-di-AMP binding might 

abolish protein-protein interactions, or switch partners, as shown for PII proteins247. 

In the WT, dacA, and PDE genetic backgrounds, we observed interestingly 

differential roles of PstA in -lactam resistance. If these opposite phenotypes are solely 

due to c-di-AMP availabilities, the PstAFN mutant should confer similar effects in these 

strains. Instead, we found PstAFN to be equivalent to PstAWT in the WT and dacA strain, 

and play no role in cefuroxime resistance in PDE. A simple interpretation is that PstA 

sequesters excess c-di-AMP in the PDE cells, thereby alleviating the toxic effect of c-di-

AMP accumulation in -lactam resistance. It is also possible that c-di-AMP-bound PstA 

does not bind to partners that diminish cell wall integrity. This regulation would be 
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analogous to CbpB, another c-di-AMP-binding protein. Apo-CbpB interacts with RelA to 

activate ppGpp synthesis, and CbpB - RelA interaction is abolished by c-di-AMP124,248,249. 

We noticed also that PstA has the most pronounced role in -lactam resistance in the 

dacA strain. This is likely due to a physiological disturbance within dacA, such as 

increased expression of a PstA interaction partner or osmolytes, as discussed below. 

During aerobic growth, the function of PstA in -lactam stress response appears to 

require the cytochrome bd oxidase CydAB. It is unlikely that PstA interacts with CydAB, 

since PstA is a cytoplasmic protein and CydAB is integrated in the membrane. Therefore, 

it is most likely that PstA requires an output of CydAB activity. Consistent with a previous 

study243, we found CydAB to be the most important ETC component to maintain a 

membrane potential during aerobic growth. Therefore, PstA function might require a 

functional proton motive force (PMF). If correct, this raises the possibility that PstA 

regulates a PMF-driven transporter, analogous to the regulation of the ammonium 

transporter AmtB by the PII protein GlnK250. However, whether PstA indeed requires a 

PMF needs further validation, for instance by using different PMF inhibitors. Furthermore, 

our data exclude potassium transporters as targets of PstA regulation, but PstA might still 

regulate the uptake or biosynthesis of other osmotically active compounds. 

In addition to its role in electron transport, the cytochrome bd oxidase in other bacteria, 

especially E. coli, also have other enzymatic activities in redox balancing, including 

catalase, peroxidase, sulfide oxidase, and reactive nitrogen species degradation251. If L. 

monocytogenes CydAB has a similar function in correcting redox imbalance, this will 

suggest that a PstA partner is inhibited by redox stress. However, those enzymatic 

activities have not been examined for L. monocytogenes CydAB, and should be 

considered in future investigations of PstA function. 

Beyond cell wall homeostasis, our findings suggest that PstA contributes to specific 

components of L. monocytogenes aerobic metabolism, but not the overall metabolic 

output such as membrane potential or redox balance. Within the TCA cycle, over-

expression of PstA modestly reduces pyruvate and -ketoglutarate, and pstA deletion 

significantly elevates citrate/isocitrate. Together, these observations support a previous 

hypothesis that PstA might regulate pyruvate carboxylase or pyruvate dehydrogenase, 

although this model is yet to be biochemically validated192. Citrate accumulation was 



59 
 

previously proposed to be toxic to L. monocytogenes dacA strain under cefuroxime 

stress192. Therefore, it was curious for us to observe increased citrate/isocitrate levels in 

the pstA strain that is also increased in cefuroxime resistance. Our analyses of pstA 

mutations in the citZ::Tn strain revealed that a role for PstA in -lactam resistance is likely 

independent of citrate/isocitrate, but suggest that PstA is important in maintaining another 

metabolic pathway in the absence of the TCA. In the presence of a fully functional 

respiratory ETC, we found PstA to have minimal impacts on the membrane potential or 

aerobic growth. However, pstA over-expression diminished L. monocytogenes growth in 

the absence of the ATP synthase, perhaps due to a combination of reduced TCA activity 

and energy output from the ETC. 

Among different roles of c-di-AMP in bacterial cells, the regulation of osmolyte 

transport and turgor pressure is perhaps the mechanistically best-established function. C-

di-AMP inhibits potassium and carnitine uptake, and activates potassium export, either 

through direct binding of osmolyte transporters or transcriptional regulation169,235. An 

unregulated osmolyte influx is proposed to be the underlying mechanism for -lactam 

susceptibility at low c-di-AMP levels169. This model is supported by the observations that 

osmoprotectants suppress cell lysis conferred by c-di-AMP depletion. For L. 

monocytogenes, osmolyte transport is a likely contributor to the role of c-di-AMP in -

lactam resistance, but there is evidence for additional mechanisms by which c-di-AMP 

regulates cell wall homeostasis. First, the dacA strain is still highly -lactam sensitive in 

the chemically defined LSM medium that is permissive for its growth. Furthermore, we 

found negligible effects of potassium levels on cefuroxime susceptibility, both in the WT 

and dacA strains. A previous genetic screen also revealed that the deletions of Opp or 

glycine betaine transporters can rescue dacA growth but not cefuroxime susceptibility192. 

Finally, the PDE strain is -lactam sensitive and diminished for peptidoglycan precursors, 

despite a reduction in intracellular osmolytes189,221. Altogether, these observations 

highlight the intricate roles of c-di-AMP in cell wall metabolism that warrant further 

investigation. 

Our study also revealed interesting observations about the relationship between 

aerobic metabolism and cefuroxime resistance in L. monocytogenes246. Whereas -

lactams markedly increases cellular respiration and TCA activity in E. coli240,252, we found 
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that cefuroxime treatment of L. monocytogenes causes a modest increase in ETC and a 

modest decrease in TCA, which could lead to a redox imbalance in L. monocytogenes 

rather than a concerted metabolic upshift or downshift. Unlike E. coli in which -lactams 

induces significant oxidative stress245, L. monocytogenes exhibits modestly elevated ROS 

levels, and it is unclear whether they contribute to cefuroxime susceptibility. Interestingly, 

we found aerobic L. monocytogenes cultures to be more cefuroxime resistant than hypoxic 

cultures, contrasting with the contribution of cellular respiration to antibiotic susceptibility 

in E. coli240. More thorough investigations will be needed to dissect the contributions of 

central metabolism and respiration to cell wall-targeting antibiotic efficacy towards L. 

monocytogenes. 

Our studies proved that the Apo-form of PstA increased L. monocytogenes -lactam 

susceptibility while the c-di-AMP bound form of PstA increased L. monocytogenes -

lactam resistance. The PstA proteins are in Apo-form in WT and dacA background but in 

c-di-AMP bound form in PDE background. These results provide a perfect target point of 

inhibiting the binding between c-di-AMP and PstA to increase L. monocytogenes -lactam 

sensitivity and improve antibiotics treatment efficiency. However, all of our experiments 

are done in the LSM a nutrient limited media and the cultures were grown at 37°C. a 

specific context that might not fully replicate the complex environments encountered by 

Listeria in natural settings or within the human body. In food products, L. monocytogenes 

may encounter varying levels of nutrients depending on the food type, processing, and 

storage conditions. In soil, the bacteria might face even more extreme nutrient variability 

and competition with other microorganisms. However, within the human body, Listeria 

encounters nutrient-rich environments like the bloodstream or nutrient-limited scenarios 

within certain cellular compartments. The body’s immune responses also alter the 

availability of certain nutrients as a defense mechanism against pathogens. These 

conditions will change the intracellular c-di-AMP levels in L. monocytogenes and result in 

different binding pattern of c-di-AMP and PstA. Besides, in food and soil, temperatures 

can significantly vary, which affects bacterial metabolism, growth rates, and stress 

responses. These fluctuations can also influence how L. monocytogenes responds to 

environmental stresses as well as its survival strategies. These factors need to be 

considered when developing new treatments for L. monocytogenes. 
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2.5 Materials and methods 

2.5.1 Bacterial strains and culture conditions  

L. monocytogenes and E. coli strains in this study are listed in Table 2.1. L. 

monocytogenes cultures were grown in Brain Heart Infusion (BHI) broth at 37°C, improved 

Listeria synthetic medium (LSM, for WT, PDE, and their derivatives), or LSM (for dacA 

and its derivatives)193. The dacA conditional deletion mutant (c-dacA) mutant and its 

derivatives were maintained in BHI + 0.5mM IPTG agar, and IPTG was removed in BHI 

broth cultures, as previously described226. 

2.5.2 Antibiotic susceptibility assays 

Antibiotic susceptibility in BHI was assessed by bacterial growth in 96-well plates 

containing 200 L BHI only, or BHI plus two-fold dilutions of cefuroxime. Overnight cultures 

grown in BHI with shaking at 37°C was inoculated into each well, and bacterial growth was 

measured by OD600 at 37°C with intermittent shaking for 14 hours in a plate reader. For 

each strain, growth rates at each cefuroxime concentration were normalized to growth rate 

in BHI only of the same strain.  

Antibiotic susceptibility in LSM was assessed by bacterial growth with shaking at 37°C 

for 16 hours. These cultures were inoculated to the same initial OD600 with overnight LSM 

cultures. For each strain, final OD600 in LSM + cefuroxime was normalized to OD600 in LSM 

only of the same strain. 

2.5.3 Quantification of bacterial membrane potential 

Bacterial cultures were grown in LSM to mid-log phase (OD600 ~ 0.4 – 0.6), washed, 

and diluted to 5x108 cfu/mL in phosphate-buffered saline (PBS). Membrane potential was 

quantified using the fluorescent dye DiOC 2(3) (3,3’-diethyloxacarbocyanine iodide) based 

on published procedures with some modifications239,253. DiOC 2(3) (Thermo Fisher) was 

added to a final concentration of 4 M and incubated for 30 minutes in the dark. As a 

control, the proton ionophore CCCP (carbonyl cyanide 3-chlorophenylhydrazone) (Sigma) 

was added at a final concentration of 5 M and pre-incubated for 10 minutes prior to DiOC 

2(3) addition239,243. Fluorescence by DiOC 2(3) was measured in a Biotek Synergy H1 
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plate reader by excitation at 488 nm and emission at 622 nm (green)/530 nm (red). 

Membrane potential was quantified by red/green fluorescence ratio. 

2.5.4 Quantification of reactive oxygen species 

Bacterial cultures were grown in LSM to mid-log phase (OD600 ~ 0.4 – 0.6), washed, 

and diluted to 5x108 cfu/mL in PBS. 200 L of diluted cultures were transferred into a black 

96-well plate with 80 nM of H2DCFDA (2',7'-dichlorodihydrofluorescein diacetate) 

(Invitrogen). Fluorescence was measured in the Biotek Synergy H1 plate reader by 

excitation at 490 nm and emission at 530 nm over 30 minutes. Reactive oxygen species 

were quantified by the rates of increase in fluorescence intensity over 30 minutes.   

2.5.5 Quantification of TCA metabolites by LC-MS 

Bacterial cultures were grown in LSM or LSM + 0.5xMIC cefuroxime to mid-log phase 

(OD600 ~ 0.4 – 0.6), and rapidly filtered through a nitrocellulose membrane. Bacterial 

metabolite extraction and quantification were performed as previously described254. Total 

metabolites were extracted from bacterial cells using a cold extraction solvent (40% 

acetonitrile, 40% methanol, 20% water). Samples were analyzed on a Dionex UHPLC 

system coupled with a hybrid quadrupole–high-resolution mass spectrometer (Q Exactive 

Orbitrap; Thermo Scientific), using an Acquity UPLC BEH C18 column (Waters). Solvent 

A was composed of 97% water, 3% methanol, 10 mM tributylamine, pH 8.1-8.2. Solvent B 

was 100% methanol. Mobile phase was run on a gradient from 5 – 95% solvent B over 25 

minutes. MS data in mzXML format was used for metabolite identification with the MAVEN 

software255. 

2.5.6 Protein purification 

pstA and pstA F36A N41A were cloned from L. monocytogenes into pET20b with NdeI 

and XhoI restriction enzymes, and transformed into E. coli Rosetta for the expression of 

PstA-6xHis and PstA F36A N41A-6xHis proteins. For protein expression, E. coli cultures 

were grown at 37°C to OD600 ~ 0.7–0.9, and induced with 0.5 mM IPTG at 16°C overnight. 

Cultures were harvested by centrifugation. Cell pellets were lysed by sonication in lysis 

buffer (40 mM Tris-HCl, pH 8, 300 mM NaCl, 1 mM phenylmethylsulfonyl fluoride) and 

centrifuged. Proteins were purified using the His-Pur NiNTA resin (Thermo Scientific) as 
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previously described189, and buffer exchanged into assay buffer (40 mM Tris-HCl pH 7.5, 

100 mM NaCl, 20 mM MgCl2). Protein concentrations were determined using the Bradford 

assay (Bio-Rad). 

2.5.7 Thermal shift assay  

Purified PstAWT-6xHis and PstAFN-6xHis proteins were tested for ligand binding using 

the thermal shift assay. Reactions were performed in PBS and included: 10 M protein, 

5xSYPRO Orange (Invitrogen), and ligand to a final volume of 25 L. Fluorescence was 

monitored in a CFX96TM Real-Time System (Bio-Rad) with FRET detection, starting with 

an initial 2-minute incubation at 10°C, followed by a step-and-hold increase of 0.5°C for 

10 seconds until 95°C. Melting temperatures were determined by the Biorad software. 

2.5.8 Western blotting 

FLAG-pstA was cloned into pPL2 for expression from the Phyper constitutive promoter. 

pPL2-Pspac-FLAG-pstA (WT or F36A N41A mutant) was integrated into the pstA strain, 

and the resulting cultures were tested for cefuroxime susceptibility to ensure that FLAG-

pstA was functional. For immunoblotting, bacterial cultures were grown in LSM to OD600 

~0.5. Cell pellets were harvested by centrifugation and lysed by sonication. Cell lysates 

were loaded onto an SDS-PAGE gel with Precision Protein ladder (Bio-Rad). Proteins 

were transferred to a nitrocellulose membrane by the wet transfer method. The membrane 

was blocked with 5% nonfat milk, incubated with the anti-FLAG M2 antibody (Sigma) at 

1:2,500 dilution. The secondary antibody was horseradish peroxidase-conjugated anti-

mouse polyclonal antibody (Promega). The protein ladder was detected with StrepTactin-

horseradish peroxidase conjugate (Bio-Rad). The membrane was visualized using a 

Clarity Western ECL substrate kit (Bio-Rad). 

2.5.9 Circular Dichroism 

CD spectra were recorded using an Aviv Model 420 Circular Dichroism 

Spectrophotometer (Aviv Biomedical, Inc, Lakewood, NJ) at 4 °C using 0.1 cm path length 

cuvettes. Data were corrected by subtraction of a buffer blank recorded in the same 

cuvette. Protein concentrations of stock solutions were based on results from a microplate 

based Bradford assay using BSA as a standard. Stock solutions were volumetrically 
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diluted as needed for the CD measurements. The PstAWT concentration was 0.40 mg/mL 

and the PstAFN was 0.33 mg/mL. The CD signal was converted to molar ellipticity using 

the above concentrations, 0.1 cm path length and a mean residue weight of 111 for both 

proteins. 

2.5.10 NAD/NADH assay 

Listeria cultures were grown in LSM at 37 °C with shaking to mid-log phase (OD600 ~ 

0.4 – 0.6), washed, and diluted to 5x108 cfu/mL in PBS. Resuspended bacteria were then 

lysed by a 1:1 addition of 1% dodecyl trimethylammonium bromide (Fisher Scientific) for 

5 minutes with agitation. Listeria lysates were then processed to measure NAD/NADH 

levels using the NAD/NADH-GloTM assay (Promega) according to the manufacturer’s 

protocol.  
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2.6 Figures and tables 

 

Figure 2.1 PstA diminishes -lactam resistance at normal and low c-di-AMP levels 

in bacterial cells, and increases resistance at high c-di-AMP levels. L. 

monocytogenes cultures were grown with shaking in LSM with varying cefuroxime 

concentrations for 16 hours. For each strain, OD600 of cultures grown in cefuroxime were 

normalized to OD600 of the same strain grown in LSM only. (A) Both the dacA and PDE 

strains are sensitive to cefuroxime compared to the WT strain. (B-D) The effects of pstA 

deletion and over-expression on cefuroxime resistance were examined in the WT, dacA, 

and PDE genetic backgrounds. Data are average of three independent experiments. 

Error bars represent standard deviations. Statistics: two-way ANOVA; ***, P<0.001; ****, 

P<0.0001. 
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Figure 2.2 PstA has a negligible role in -lactam resistance in rich media. L. 

monocytogenes cultures were grown in BHI broth, in the absence or presence of varying 

cefuroxime concentrations. For each strain, growth rates in cefuroxime were normalized 

to growth rate in BHI only. C-dacA indicates conditional deletion of the dacA gene, 

accomplished by ectopic expression of an IPTG-inducible dacA allele and deletion of the 

native dacA gene. 
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Figure 2.3 PstA does not regulate growth rates but diminishes cefuroxime 

resistance in aerobic cultures. L. monocytogenes cultures were grown in LSM (A) or 

LSM + 16 g/mL cefuroxime (B), with shaking at 37°C. Data are average of three 

experiments. 
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Figure 2.4 The PstA F36A N41A (PstAFN) mutant is defective for c-di-AMP binding. 

(A) Western blot showing the detection of FLAG-PstAWT and FLAG-PstAFN using an anti-

FLAG antibody. An isogenic strain expressing untagged pstA was examined as a control. 

(B) Circular dichroism spectra of PstAWT-6xHis and PstAFN-6xHis proteins. (C) Thermal 

shift assay for PstAWT-6xHis and PstAFN-6xHis, using 10M protein and indicated ligands. 
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Figure 2.5 The PstA F36A N41A (PstAFN) mutant, defective for c-di-AMP binding, is 

functionally equivalent to PstAWT in the WT and dacA strain, but not in the PDE 

strain. (A) Binding of c-di-AMP to PstAWT and PstAFN proteins, determined by thermal shift 

assay. Tm was calculated as melting temperatures at varying c-di-AMP concentrations 

compared to the absence of c-di-AMP in each experiment. (B-D) Cefuroxime susceptibility 

in LSM. L. monocytogenes cultures were grown with shaking in LSM with varying 

cefuroxime concentrations for 16 hours. For each strain, OD600 of cultures grown in 

cefuroxime were normalized to OD600 of the same strain grown in LSM only. In each 

genetic background, pstA was ectopically expressed from a constitutive promoter (Pspac) 

in the presence or absence of the native pstA allele. Data are average of three 

independent experiments. Error bars represent standard deviations. Statistics: two-way 

ANOVA. ns, non-significant; *, P<0.05; **, P<0.01; ****, P<0.0001.  
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Figure 2.6 A role for PstA in -lactam resistance is largely diminished under hypoxic 

conditions. L. monocytogenes cultures were grown static in LSM in a hypoxic chamber. 

For each strain, OD600 of cultures grown in cefuroxime were normalized to OD600 of the 

same strain grown in LSM only. The effects of pstA deletion and over-expression were 

examined in the WT (A), dacA (B), and PDE (C) genetic backgrounds. Data are 

average of three independent experiments. Error bars represent standard deviations. 

Statistics: one-way and two-way ANOVA. ns, non-significant; *, P<0.05; **, P<0.01; ****, 

P<0.0001.  
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Figure 2.7 PstA has a negligible role in regulating aerobic respiration. Membrane 

potentials of L. monocytogenes cultures were quantified by staining with DiOC 2(3) and 

normalized to the value of the WT culture in each experiment. As a control, the WT strain 

was treated with 5 M of the ionophore CCCP, which does not affect Listeria viability (17, 

21). The menD strain, deficient for menaquinone synthesis and diminished in membrane 

potential, was quantified as another control. Data are average of three independent 

experiments. Error bars represent standard deviations. Statistics: one-way ANOVA. *, P < 

0.05. 
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Figure 2.8 Growth of electron transport chain mutants upon pstA deletion and over-

expression. Cultures were grown with shaking in LSM for 16 hours and OD600 values 

were recorded. Data are average of three independent experiments. 
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Figure 2.9 The function of PstA in -lactam resistance requires the cytochrome bd 

oxidase. (A) Schematic of the respiratory electron transport chain (ETC) components in 

L. monocytogenes. (B-C) The effects of pstA deletion and over-expression were examined 

in the absence of each ETC component. Data are average of three independent 

experiments. Error bars represent standard deviations. Statistics: two-way ANOVA. *, 

P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. 

  



74 
 

 

Figure 2.10 CydAB is important for maintaining a membrane potential. Membrane 

potentials of L. monocytogenes cultures were quantified by staining with DiOC2(3) and 

normalized to the value of the WT culture in each experiment. The WT strain treated with 

5 M of the ionophore CCCP was quantified as a control199 Data are average of three 

independent experiments. Error bars represent standard deviations. Statistics: one-way 

ANOVA. ****, P < 0.001. 
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Figure 2.11 The function of PstA in -lactam resistance is not affected by potassium 

availability.  L. monocytogenes cultures were grown with shaking in LSM with 4.8mM 

(normal recipe), 1mM, or 0.01mM KCl for 16 hours. For each strain and at each potassium 

concentration, OD600 of cultures grown in cefuroxime were normalized to OD600 of the 

same strain grown in the absence of antibiotic. Data are average of three independent 

experiments. Error bars represent standard deviations. Statistics: two-way ANOVA; ****, 

P<0.0001. 
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Figure 2.12 The function of PstA in -lactam resistance is unrelated to reactive 

oxygen species formation. Reactive oxygen species were quantified with the fluorescent 

dye H2DFCDA, and fluorescence values were normalized to that of the WT strain grown 

in LSM only in each experiment. Cefuroxime treatment was achieved by growing L. 

monocytogenes in LSM + 0.5xMIC cefuroxime of each strain (32 g/mL for WT and pstA, 

16 g/mL for WT + Pspac-pstA). Data are average of four independent experiments. Error 

bars represent standard deviations. Statistics: two-way ANOVA. **, P<0.01. 
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Figure 2.13 PstA is not involved in H2O2 sensitivity. Disk diffusion assay on LSM agar 

with sterile disks containing 2 L of 35% H2O2.  
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Figure 2.14 PstA has a modest role in the tricarboxylic acid cycle (TCA) activity of 

L. monocytogenes. (A) Schematic of the TCA cycle in L. monocytogenes. (B) LC-MS 

quantification of pyruvate, citrate/isocitrate, and -ketoglutarate for cultures grown in LSM 

only or LSM + 0.5xMIC cefuroxime of each strain (32 g/mL for WT and pstA, 16 g/mL 

for WT + Pspac-pstA). Statistics: two-way ANOVA; *, P<0.05; ****, P<0.0001. 
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Figure 2.15 PstA does not regulate redox balance in L. monocytogenes. L. 

monocytogenes cultures were grown in LSM to OD600 ~0.5 and quantified for NAD/NADH 

ratio, which was normalized to that of WT in each experiment. Data are average of three 

experiments. Statistics: one-way ANOVA. 
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Figure 2.16 Disruption of the TCA cycle diminishes aerobic growth and -lactam 

resistance. A. Growth of pstA mutants in LSM was recorded as OD600 of shaken cultures 

after 16 hours. B. Cefuroxime susceptibility was determined by normalizing growth in 

cefuroxime against growth of each strain in LSM only. Data are average of three 

independent experiments. Error bars represent standard deviations. Statistics: two-way 

ANOVA. ** P<0.01; ****, P<0.0001. 
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Table 2.1 Strains used in this study 

Strain number Genotype Source 

L. monocytogenes (derivatives of strain 10403S) 

TNHL262 c-dacA (226) 

TNHL951 dacA::kan (dacA) (193) 

TNHL22 pdeA ΔpgpH (PDE) (136) 

TNHL349 pstA This study 

TNHL387 Pspac-pstA This study 

TNHL345 c-dacA pstA This study 

TNHL408 c-dacA Pspac-pstA This study 

TNHL354 PDE pstA This study 

TNHL388 PDE Pspac-pstA This study 

TNHL952 dacA pstA This study 

TNHL953 dacA Pspac-pstA This study 

TNHL848 Pspac-pstAFN This study 

TNHL579 pstA Pspac-pstA This study 

TNHL849 pstA Pspac-pstAFN This study 

TNHL503 ndh1 (243) 

TNHL499 cydA (243) 

TNHL496 qoxA::Tn (243) 

TNHL882 cydA qoxA::Tn (243) 

TNHL936 atpH::Tn (243) 

TNHL966 ndh1 pstA This study 

TNHL967 ndh1 Pspac-pstA This study 

TNHL891 cydA pstA This study 

TNHL893 cydA Pspac-pstA This study 

TNHL890 qoxA::Tn pstA This study 

TNHL892 qoxA::Tn Pspac-pstA This study 

TNHL883 cydA qoxA::Tn pstA This study 

TNHL884 cydA qoxA::Tn Pspac-pstA This study 

TNHL937 atpH::Tn pstA This study 

TNHL938 atpH::Tn Pspac-pstA This study 

   

E. coli  
 

TNH457 pPL2-Pspac-hly 5'UTR-pstA in XL1B This study 

TNH498 pPL1-Pspac-hly 5'UTR-pstA in XL1B This study 

TNH528 pKSV7-pstA in XL1B This study 

TNH431 pET20b-pstA in Rosetta This study 

TNHL910 pET20b-pstA F36A N41A in Rosetta This study 

TNHL870 pPL1-Pspac-hly 5'UTR-pstAFN in XL1B This study 
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3.  INVESTIGATION FOR THE FUNCTION OF PSTA IN 

BACTERIA RESPIRATION AND INFECTION 

 

3.1 Abstract 

PstA has been identified as a conserved c-di-AMP binding protein for decades in 

Bacillus subtilis, Listeria. monocytogenes, Staphylococcus aureus, and other Gram-

positive bacteria. Despite numerous attempts to determine the role of PstA, its biological 

function remains elusive. Our previous studies have demonstrated that PstA plays a 

pivotal role in modulating β-lactam resistance in L. monocytogenes. This regulation of -

lactam susceptibility varies depending on c-di-AMP levels: the apo form of PstA under 

normal or c-di-AMP depleted background increases L. monocytogenes susceptibility; 

while c-di-AMP-bound form under c-di-AMP accumulated background enhances its 

resistance, particularly under the aerobic conditions. However, the specific molecular 

mechanisms underlying PstA's regulation of -lactam susceptibility are still unclear. Here, 

several experimental findings we got have provided potential avenues for investigating 

PstA: There is a remarkable growth defect for pstA mutant when glycerol is used as the 

sole carbon source under aerobic conditions, suggesting a role of PstA in aerobic 

respiration or glycerol metabolism, Further, PstA regulates bacteria intracellular growth 

and survival of L. monocytogenes, particularly in low c-di-AMP background. Deletion of 

pstA rescued c-di-AMP depletion mutant growth defect in macrophages and plaque 

formation in fibroblasts. Additionally, we also tried to identify specific PstA-binding proteins 

through various methods, and tested the interaction between PstA and Ndh2, but the 

results were unsatisfactory. These experimental findings provide valuable insights and 

direction for future research on the role of PstA in regulating -lactam resistance. 
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3.2 Introduction 

PstA (PII-like signal transduction protein A) is one of the c-di-AMP binding proteins 

that are present in many Firmicutes. It was first identified by a genome-wide DraCALA 

screen in S. aureus146. Subsequently, different studies further verified the bindings 

between PstA and c-di-AMP in various bacterium including L. monocytogenes148 and B. 

subtilis159. In addition, the crystal structures, as well as binding patterns of PstA and c-di-

AMP, have also been reported in these three organisms. The core domain of PstA shares 

the highly conserved architecture of the GlnB/K PII proteins, which is structurally 

representative of the larger PII family of proteins148. Two loops (B-loop and T-loop) in PstA 

that connect the various β-strands and α-helices have notable differences compared to 

canonical PII proteins, allowing it to specifically recognize c-di-AMP instead of other 

nucleotides that typically bind other PII proteins. In addition, the loops on PII proteins are 

essential for them to bind with other proteins, suggesting different binding targets for PstA 

and PII proteins256. Similar to PII proteins that bind their ligands, three c-di-AMP molecules 

are bound to symmetrically equivalent locations at the inter-monomer interfaces of the 

PstA homotrimer. However, unlike the roles of PII proteins in nitrogen regulation, very 

limited information is known about the biological function of PstA. 

Previous studies identified that either clean deletion of pstA (ΔpstA) or mutations 

on PycA, which reduces its activity, concomitantly suppressed the essentiality of CDA and 

the sensitivity of the ΔdacA null mutant to -lactam antibiotics192. These results suggest 

that PstA may play a role in bacteria metabolisms. Recently, our studies further proved 

that the regulation of PstA on L. monocytogenes -lactam susceptibility varies depending 

on c-di-AMP levels: the apo form of PstA under normal or c-di-AMP depleted background 

increases L. monocytogenes susceptibility. In contrast, when c-di-AMP is accumulated 

due to the deletion of both c-di-AMP phosphodiesterases, PstA will bind with c-di-AMP 

and enhance its resistance257. Strikingly, we also found that PstA plays a negligible role in 

-lactam resistance during hypoxic growth. In addition, during aerobic growth, PstA 

function requires the cytochrome bd oxidase (CydAB), a component of the respiratory 

electron transport chain. The requirement for CydAB might be related to its function in 

maintaining a membrane potential, or redox stress response activities. The exact 

molecular mechanisms of PstA regulating L. monocytogenes remain elusive. 
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Multiple attempts have been made to characterize the function of PstA. Aaron 

Whitely's previous research has employed three distinct methodologies, including pull-

down assays, immunoprecipitation, and yeast two-hybrid assays to identify the binding 

partners of PstA. All his assays consistently reported a potential target that interacts with 

PstA: the NADH dehydrogenase Ndh2 (Lmo2638). On the other hand, one chemical 

proteomics technique has been utilized to delineate the c-di-AMP interactome within 

Listeria monocytogenes146. This investigation successfully isolated 12 proteins that 

exhibited statistically significant interactions when compared to the control group. Out of 

these, six proteins - PstA, CbpA, CbpB, PdeA, NrdR, and PycA - were definitively 

confirmed to be directly associated with c-di-AMP. Interestingly, Ndh2 also emerged as 

one of the top hits, although the direct interaction between c-di-AMP and Ndh2 was not 

substantiated. We suspect that Ndh2 could be affinity-purified by another c-di-AMP binding 

protein, with PstA emerging as a plausible candidate given its intrinsic characteristics as 

a regulatory protein. Additionally, considering the previously proposed role of PstA in 

facilitating aerobic metabolism in Listeria monocytogenes, it is reasonable to hypothesize 

that PstA interacts with Ndh2 and modulates its enzymatic activity during cell wall stress. 

Here, we reported our attempts and findings for investigating the function of PstA and 

its binding proteins: There is a remarkable growth defect for pstA mutant when glycerol 

is used as the sole carbon source under aerobic conditions, suggesting a role of PstA in 

aerobic respiration or glycerol metabolism, Further, PstA regulates bacteria intracellular 

growth and survival of L. monocytogenes, particularly in low c-di-AMP background. 

Deletion of pstA rescued c-di-AMP depletion mutant growth defect in macrophages and 

plaque formation in fibroblasts. Additionally, we also tried to identify specific PstA-binding 

proteins through various methods, and tested the interaction between PstA and Ndh2, 

although the results were unsatisfactory. These experimental findings offer valuable 

insights into PstA's role in regulating -lactam resistance, providing a clear direction for 

future research. Subsequent studies could delve deeper into the biochemical pathways 

involving PstA, exploring its interactions with proteins, to better understand their impact 

on bacterial antibiotic resistance. This research could unveil new therapeutic targets to 

combat resistant bacterial strains, enhancing the effectiveness of β-lactam antibiotics. 
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3.3 Results 

3.3.1 PstA exhibits a growth defect in LSM when glycerol is used as 

the sole carbon source.  

Differences in the regulation of L. monocytogenes susceptibility to cefuroxime by PstA 

under aerobic and hypoxic conditions suggest that PstA may play a role in regulating L. 

monocytogenes aerobic respiration. In order to characterize the function of PstA in L. 

monocytogenes aerobic metabolism, we first tested the aerobic growth of pstA mutants in 

a wild-type (WT) background. An aerobic respiration medium was prepared by replacing 

glucose with non-fermentable glycerol as the sole carbon source in LSM (LSM-glycerol)242. 

We observed that pstA mutants grew more slowly and had significantly longer doubling 

times compared to WT and pstA over-expression (Pspac-pstA) strain, despite their having 

the same growth rate in normal LSM (LSM-glucose) (Fig. 3.1A-B). These data indicate 

that PstA is crucial for either aerobic metabolism or, specifically, glycerol metabolism. We 

then investigated whether the growth defect of the ΔpstA mutant on LSM-glycerol affects 

its β-lactam resistance. Since PstA shows a stronger phenotype in low c-di-AMP 

background, we tested the cefuroxime sensitivity of c-dacA, c-dacA ΔpstA, and c-dacA 

Pspac-pstA mutants by plate spotting on LSM-glycerol with 1.25g/mL of cefuroxime (Fig. 

3.1C). Results showed that c-dacA pstA still formed smaller colonies compared to c-

dacA and c-dacA Pspac-pstA, consistent with the phenotype observed in WT background. 

Although it still exhibits a 1-log plating increase to c-dacA. And as expected, c-dacA Pspac-

pstA mutants were defective by >2-log compared to c-dacA. These data suggest that the 

growth defect of the pstA mutant on LSM-glycerol is independent of its susceptibility to 

-lactams, indicating that PstA may have different functions in L. monocytogenes. 

3.3.2 Deletion of PstA increased Listeria gentamicin resistance 

In addition to -lactam antibiotics, which specifically target bacterial cell wall, we also 

accessed the dacA and pstA mutants with other types of antibiotics such as gentamicin. 

Gentamicin is an aminoglycoside antibiotic that works primarily by binding to the bacterial 

30S ribosomal subunit, interfering with protein synthesis and ultimately causing errors in 

the genetic code translation which leads to bacterial death. Therefore, gentamicin needs 
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to cross the bacterial cell envelope and reach the ribosomes located in the cytoplasm to 

exert its antibacterial effects. In L. monocytogenes, the transport of gentamicin is not fully 

understood but is thought to involve passive diffusion or energy-dependent transport. 

Bacteria with lower osmotic stress or higher membrane potential would be more sensitive 

to gentamycin. As expected, in contrast to cefuroxime susceptibility, the c-dacA mutant 

exhibited remarkably increased gentamicin resistance (Fig. 3.2). Since c-di-AMP 

negatively regulates both potassium and osmoprotectant transport, low level of c-di-AMP 

in c-dacA mutant result in increased potassium and osmoprotectant imports and therefore 

increase the intracellular osmotic stress, restricting the diffusion of gentamicin into cells. 

Interestingly, we also found that deletion of pstA also significantly increased the 

gentamicin resistance compared to WT. When grown in LSM with 75g/mL of gentamicin, 

we still observed a modestly increased resistance in pstA mutant and increased 

susceptibility when pstA is over-expressed in both WT and c-dacA background (Fig. 3.2). 

These results suggests that pstA deletion may causes low membrane potential, 

suggesting the role of PstA in bacteria aerobic metabolism. 

3.3.3 PstA protein-protein interactions. 

PstA belongs to the PII-like protein family, known for protein-protein interactions that 

disassemble upon binding with specific metabolites like -ketoglutarate (αKG) and ATP. 

Crystallographic information indicates that binding of PstA with c-di-AMP decreases its “B-

loop” accessibility and interrupts interactions with other proteins148. Additionally, my 

previous data showed that PstA largely functions in the apo form in both the WT and dacA 

background, and the apo form of PstA is toxic for -lactam resistance. I hypothesized that 

in the absence of c-di-AMP, PstA-protein interactions were stabilized leading to 

susceptibility to cefuroxime. To completely eliminate the interference of c-di-AMP on PstA 

binding with other proteins, I performed SPINE affinity purification of PstA in a low c-di-

AMP background to identify PstA-interacting proteins. 

I first constructed PstA with an N-terminal Flag-tag fusion linked by a GGS linker (Flag-

PstA) (Fig. 3.3A) and introduced it into the c-dacA pstA L. monocytogenes mutant. The 

pstA mutation in the c-dacA background can be complemented by both over-expressing 

pstA or Flag-pstA (Fig. 3.4, Table 3.2), suggesting that Falg-PstA retained its biological 
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function. Affinity purifications from the lysates of L. monocytogenes ∆dacA ∆pstA Pspac-

Flag-pstA mutant were compared to the purifications from ∆dacA ∆pstA lysates. Western 

blot analysis showed that Flag-PstA is well expressed (Fig. 3.5). However, even after 

incubating Listeria cell lysates with Anti-Flag beads for 4 hours or overnight, we failed to 

capture any specific PstA-binding proteins, as visualized by SDS-PAGE and silver staining 

(Fig. 3.6). We hypothesized that the endogenous expression level of Flag-PstA might not 

be adequate to recruit enough binding proteins detectable by silver staining. Therefore, 

we cloned Flag-GGS-PstA into pET20b (Fig. 3.3C), and over-expressed Flag-PstA in 

Rosetta. The Anti-FLAG® M2 Magnetic Beads were mixed with sonicated lysed Rosetta 

for 2 hours, and then mixed with pstA, c-dacA pstA Listeria cell lysates. The Rosetta 

cells containing empty pET20b plasmid served as a control. However, we still did not 

observe any specific PstA-binding proteins (Fig. 3.6). We also constructed PstA with a C-

terminal StrepII-tag fusion linked by AAAS linker (Fig. 3.3B). Although over-expressing 

PstA-StrepII could complement the pstA mutation in c-dacA background in terms of 

cefuroxime resistance (Fig. 3.4), we could not purify PstA-StrepII, and most of the proteins 

are adhered to the resins (Fig 3.7). This could result from the intrinsic binding affinity of 

PstA to Strep-Tactin resins. 

3.3.4 Testing the interaction of PstA and type II-NADH dehydrogenase  

In 2015, a chemical proteomics approach was performed to identify the c-di-AMP 

interactome of L. monocytogenes154. They identified 12 proteins that were statistically 

significant compared to control group, and 6 of them (PstA, CbpA, CbpB, PdeA, NrdR and 

PycA) were confirmed to directly bind with c-di-AMP. NADH dehydrogenase Ndh2 

(Lmo2638) was also on the top hits, but the interaction between c-di-AMP and Ndh2 was 

not confirmed. Moreover, Aaron Whitely previously performed three different methods, 

including pull-down assays, immunoprecipitation, and yeast two-hybrid assays to identify 

PstA binding proteins, and Ndh2 appeared to show interactions with PstA in all three 

experiments. Furthermore, we also observed that deletion of ndh2 significantly increases 

listeria b-lactam sensitivity in WT (Table 3.2). In addition to the conclusion from our 

previous research that PstA may induce L. monocytogenes aerobic metabolism, I 

hypothesize that PstA binds Ndh2 and regulates its activity.  
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To determine whether PstA interacts directly with Ndh2, I employed a bacterial two-

hybrid analysis (BATCH). Since Ndh2 is a membrane protein, and PstA is a cytosolic 

protein, I suspected that PstA interacts with the inner part of Ndh2, specifically the NDH II 

domain. Genes encoding both full length Ndh2 and NDH II domain, as well as full length 

PstA, were cloned in fusion with T18 and T25 domains of adenylate cyclase. All 

combinations of interacting pairs were tested in assays. As a control, I also tested PstA 

binding with itself since PstA can form a homotrimer. The PstA was shown to bind to itself 

in all combinations, suggesting that the PstA protein is well expressed and folded, 

However, our experiments did not reveal a significant interaction between PstA and either 

full length Ndh2 or NDH II domain (Fig. 3.8). Additionally, I also performed a pull-down 

assay using N-terminal His-tagged PstA (His-PstA). The His-PstA protein was purified 

using pET20b, and the glutathione S-transferase tagged NDH II domain (GST-NDH II 

domain) was expressed and purified using a pGEX-6P plasmid. The GST tag was then 

cleaved off by PreScission Protease. We found that the pure NDH II domain was able to 

directly bind with Ni-NTA resin (Fig. 3.9). In conclusion, bindings between PstA and Ndh2 

or NDH II domain were still not verified. 

Next, we tested whether PstA regulates Ndh2 function, and how it contributes to L. 

monocytogenes -lactam resistance. NADH dehydrogenase functions as part of the 

respiratory processes, playing a crucial role in catalyzing electron exchange from cytosolic 

NADH to a lipid-soluble quinone derivative. In L. monocytogenes, there are two distinct 

type II NADH dehydrogenases, Ndh1 and Ndh2. Ndh1 is a smaller enzyme that is part of 

the classical respiratory chain. It plays a major role in aerobic respiration, transferring 

electrons from NADH to ubiquinone and contributing significantly to the proton motive 

force used for ATP synthesis. Ndh2 is a larger, multi-subunit enzyme that does not 

contribute to proton pumping. Ndh2 is more flexible compared to Ndh1, as it can function 

under both aerobic and anaerobic conditions. It is crucial in a specialized flavin-based 

extracellular electron transfer (EET) mechanism, which transfers electrons from NADH 

directly to quinones and then directly to extracellular acceptors, even in the absence of 

oxygen. Mutations in ndh2 will result in the impairment of extracellular electron transfer, 

and significantly reduce Ferric iron reductase activity242.  
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To test if PstA regulates EET through Ndh2, we performed ferrozine assays for pstA 

mutants in both WT and c-dacA backgrounds. In this assay, L. monocytogenes mutants 

were exposed to an iron (III) source, and any iron (II) produced as a result of bacterial EET 

was quantitatively measured using ferrozine, a compound that specifically reacts with iron 

(II) to form a purple complex. The colorimetric changes were then measured 

spectrophotometrically using a plate reader. We found that neither deletion nor over-

expression of pstA significantly changed their EET activity. However, c-dacA mutants 

showed decreased EET activity compared to WT. Interestingly, in c-dacA background, we 

found that deletion of pstA significantly restored its EET activity, while c-dacA Pspac-pstA 

abolished EET activity, almost the same as ndh2 mutant control (Fig. 3.10). All these data 

suggest that PstA has a modest effect on bacteria extracellular electron transfer, but the 

regulation of PstA on Ndh2 remains unclear. 

3.3.5 PstA reduces L. monocytogenes intracellular growth in low c-di-

AMP background. 

Previous studies have shown that the Listeria c-dacA mutant exhibits a growth defect 

in macrophages, and deletion of pstA in the c-dacA background resulted in a small but 

reproducible mitigation of the growth defect exerted by the loss of c-di-AMP production. 

The c-dacA pstA mutant was reported to have slightly higher levels of intracellular growth 

in macrophages, and increased plaque formation in fibroblasts compared to the c-dacA 

strain148. These data indicate that PstA has a negative impact on bacterial intracellular 

growth and survival.  

To further explore the function of PstA on L. monocytogenes intracellular growth, we 

tested the intracellular growth in macrophages and plaque formation in fibroblasts for both 

deletion and over-expression of pstA in WT and c-dacA background. Consistent with 

previous reports, we found that pstA and Pspac-pstA mutants exhibited the same growth 

in macrophages and same plaque size compared to WT (Fig. 3.10A&D). In the c-dacA 

background, deletion of pstA modestly restored the intracellular growth defect and plaque 

formation for c-dacA. Over-expression of pstA in the c-dacA background resulted in 

reduced levels of intracellular growth, as well as the formation of plaques (Fig. 3.10B&D). 

Interestingly, we noticed that the growth rate in macrophages between 2 to 8 hours for the 
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c-dacA Pspac-pstA mutant is comparable to c-dacA, but it has significantly lower CFU 

counts compared to c-dacA at 2 hours post-infection. When L. monocytogenes infects 

macrophages, the bacteria are initially engulfed through phagocytosis, leading to their 

containment within vacuoles, specifically phagosomes. During the first hour or two post-

infections, Listeria primarily remains within these vacuoles258. Therefore, we suspected 

that the c-dacA Pspac-pstA may have a defect in vacuole survival. To test this hypothesis, 

we deleted hly gene in WT, c-dacA, and c-dacA Pspac-pstA background. The hly gene 

encodes listeriolysin O, a pore-forming toxin that enables the bacterium to escape from 

the vacuole into the cytoplasm of host cells. When all the mutants are trapped in the 

vacuole, we expected that c-dacA Pspac-pstA mutant would have lower CFU counts 

compared to c-dacA. However, we observed that both hly c-dacA and hly c-dacA 

Pspac-pstA exhibited the same growth in macrophages, even were the same as hly 

mutants (Fig. 3.10C). These data suggest that PstA does not exacerbate the vacuole 

survival for c-dacA mutants, and the reduced growth for c-dacA Pspac-pstA in macrophage 

could result from a defect in escaping from the vacuole or survival in the cytosol. 

3.3.6 Suppressor screening of a c-dacA Pspac-pstA EMS library. 

To further identify the role of PstA in L. monocytogenes cefuroxime resistance, we 

generated an EMS library for the c-dacA Pspac-pstA and performed genetic screening. EMS 

(ethyl methanesulfonate) is a chemical mutagen that induces random point mutations by 

alkylating guanine bases in DNA, leading to G/C to A/T transitions. By treating the Listeria 

monocytogenes c-dacA Pspac-pstA mutant with EMS for 30min, we created a c-dacA Pspac-

pstA EMS library with a mutation frequency of 0.12 mutation/genome, assessed by 

rifampicin resistance test259,260. The EMS library was then plated on LSM containing 

2.5g/mL of cefuroxime to screen for suppressors. This concentration of cefuroxime 

allows c-dacA to form colonies on the plates but not c-dacA Pspac-pstA. As a result, 183 

colonies were selected from the plates. We confirmed their phenotypes by testing their 

growth in BHI with 2.5 g/mL and 5 g/mL of cefuroxime for 16 hours. At these two 

concentrations, the growth difference between c-dacA and c-dacA Pspac-pstA mutants are 

the most significant. We observed that 180 mutants have significantly higher growth 

compared to c-dacA Pspac-pstA. However, most mutants even grew better than the c-dacA 

mutant. We suspected that these mutants may either contain mutations that contribute to 



92 
 

-lactam resistance even in WT background, which is independent of PstA function, or 

contain mutations that can restore c-di-AMP to WT level. Therefore, we also tested these 

mutants the growth with cefuroxime sensitivity in the presence of IPTG, mutants that have 

increased cefuroxime resistance when treated with IPTG, suggesting that the c-di-AMP 

level of these mutants remain low and can be induced. Finally, 5 mutants were further 

verified to be resistant to cefuroxime at the c-dacA mutant level, and they were still 

maintaining low c-di-AMP levels. This suggests that these suppressor mutants specifically 

alleviated the toxicity of PstA for cefuroxime susceptibility. We selected 3 suppressors for 

whole genome sequencing. However, we found that each mutant contained more than 10 

gene mutations (Table 3.3), making it difficult to determine which gene is crucial for PstA-

induced cefuroxime sensitivity. These results indicate that 30min of EMS treatment is too 

long for c-dacA Pspac-pstA strain. A better EMS library with shorter EMS treating time is 

needed for effective suppressor screening. 
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3.4 Methods 

3.4.1 Bacterial strains and culture conditions  

L. monocytogenes and E. coli strains in this study are listed in Table 3.1. L. 

monocytogenes cultures were grown in Brain Heart Infusion (BHI) broth at 37°C and 

improved Listeria synthetic medium (LSM)193. The dacA conditional deletion mutant (c-

dacA) mutant and its derivatives were maintained in BHI + 0.5mM IPTG agar, and IPTG 

was removed in BHI broth cultures, as previously described226. 

3.4.2 Antibiotic susceptibility assays 

Antibiotic susceptibility in LSM was assessed by bacterial growth with shaking at 37°C 

for 16 hours. These cultures were inoculated to the same initial OD600 with overnight LSM 

cultures. For each strain, final OD600 in LSM + cefuroxime was normalized to OD600 in LSM 

only of the same strain. 

3.4.3 Co-immunoprecipitation for Flag-PstA and Western-blot 

Flag-PstA was over-expressed from a neutral locus in the strains indicated, and LSM 

cultures of L. monocytogenes were grown to mid-log. Bacteria cells were fixed in 0.4% 

paraformaldehyde for 20 min. The fixation was stopped with the addition of 0.5M glycine 

for 5 min. The Listeria cultures were washed twice with PBS and resuspended in TBS-T 

buffer (20mM Tris HCl, pH 7.4,150mM NaCl, 0.1% Tween-20, v/v), and then lysed by 

sonication. 20L of Anti-FLAG® M2 magnetic beads (Thermo Fisher) were added into 1mL 

of bacteria cell lysates and rotated at 4°C for indicated time. The beads were then washed 

with TBS 3x 1mL and then eluted with Laemmli sample loading buffer. The samples were 

analyzed by SDS-PAGE using 10% polyacrylamide gel and visualized via silver staining. 

For Western-blot, 10L of eluted samples were resolved by using 10% of SDS-PAGE. 

After transferring, blots of nitrocellulose membrane were blocked in 5% fat-free milk in 

TBS-T, and then incubated with anti-Falg antibody (1:2000 dilution), at 4°C overnight. After 

TBS-T washing, these blots were incubated with corresponding secondary antibody 

(1:5000 dilutions) and detected and visualized by ECL Western Blotting Substrate 

(Thermo Fisher). 
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3.4.4 Flag-PstA pull-down 

Flag-PstA was over-expressed in E. coli using pET20b-Flag-GGS-pstA. An empty 

pET20b plasmid was also introduced in E. coli as a control. The E. coli. cultures were 

grown to mid-log phase, The bacteria cells were then washed with PBS and lysed by 

sonication in TBS-T buffer. 20L of Anti-FLAG M2 magnetic beads were added into 1mL 

of E. coli lysates and incubating for 2 hours at 4°C. In the meantime, the Listeria strains 

indicated were grown in LSM to mid-log phase, washed with PBS, and then lysed by 

sonication in TBS-T buffer. The Anti-FLAG M2 magnetic beads from E. coli lysates were 

next washed with TBS 3x1mL and then mixed with Listeria cell lysates, incubating for 4 

hours. The beads were washed with TBS 3x 1mL again and eluted with Laemmli sample 

loading buffer. Samples were analyzed by SDS-PAGE and visualized via Coomassi Blue 

Staining. 

3.4.5 Pull-down assay for PstA-NDH II domain binding 

Protein Expression and Purification: 

Both Recombinant His-PstA and GST-NDH II domain were expressed in E. coli 

Rosetta cells. Cells were grown in LB medium supplemented with 100 µg/mL ampicillin at 

37°C until the OD600 reached 0.6. Protein expressions were induced with 0.5 mM isopropyl 

-D-1-thiogalactopyranoside (IPTG) at 16°C overnight. Cells were harvested, 

resuspended in PBS buffer containing 1 mM phenylmethylsulfonyl fluoride (PMSF), and 

lysed using sonication. The lysates were centrifuged at 12,000 × g for 20 minutes, and the 

supernatant was applied with Ni-NTA resins (Sigma-Aldrich) for His-PstA and glutathione 

agarose (Sigma-Aldrich) resins for GST-NDH II domain. For His-PstA, resins were washed 

three times with phosphate buffer (30mM KH2PO4/K2HPO4 pH 8.0, 300mM NaCl) + 30mM 

imidazole, and with 300 mM imidazole in phosphate buffer. For the GST-NDH II domain, 

resins were washed three times with phosphate buffer, and the PreScission Protease 

(0.05mg protease for every 1mg protein) was added to the resins in phosphate buffer and 

incubated overnight at 4°C for cutting the link between GST and NDHII. NDH II protein 

was collected by removing the resins by spinning. 

Pull-down assay: 
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The His-PstA protein was mixed with NDH II domain in phosphate buffer for 3 hours 

at 4°C with gentle rotation, then the Ni-NTA resins were applied into the protein mix for 

another 4 hours at 4°C with gentle rotation. After incubation, the resins were washed 3 

times with phosphate buffer + 30mM imidazole. The protein complexes were eluted from 

the resins with Laemmli sample loading buffer and analyzed by SDS-PAGE. 

3.4.6 Bacterial two-hybrid assay 

Clone the genes encoding PstA, Ndh2 and Ndh2 NDH II domain into the two sets of 

BACTH (Bacterial Adenylate Cyclase-Based Two-Hybrid) vectors (pKT25 or pKNT25 and 

pUT18C or pUT18) using standard molecular biology techniques261. Co-transform the 

recombinant plasmid harboring pKT25 and pUT18 indicated into E. coli BTH101 cells, and 

transformed derivatives were then grown overnight in LB with appropriate antibiotics + 0.5 

mM IPTG at 30°C, 2 L of each overnight culture were plated onto an indicator plate (LB 

+ 100g/mL Amp + 50g/mL Kan + 40g/mL X-gal + 0.5mM IPTG). Incubate plates at 

30°C check plates, and take pictures at 24 hours. 

3.4.7 Ferrozine assay 

Listeria monocytogenes cells, cultivated to mid-log phase in LSM, were washed twice 

and adjusted to an OD600 of 0.5, then suspended in fresh LSM containing 4 mM ferrozine. 

The assay commenced by introducing 100L of the cell suspension into an equal volume 

of either 50mM ferric ammonium citrate or ferric (hydr)oxide. These experiments were 

performed in triplicate at 37°C using a 96-well plate format and a plate reader. Absorbance 

at 562 nm (OD562) was recorded every 1 minute for a duration of one hour. Maximal rates 

(typically over 25 min) calculated from Fe2+ standard curves are reported.  

3.4.8 Generation of c-dacA Pspac-pstA EMS library 

The Listeria monocytogenes c-dacA Pspac-pstA culture was grown in BHI with 0.5 mM 

IPTG to OD600 of 0.9. Bacteria cells were then washed twice with PBS and resuspended 

in Tryptic soy broth (TSB) to reach the cell concentration of 2x109 CFU/mL. EMS was 

added to the suspended culture (1.5% v/v) and incubated at 37°C for 30min (The 

incubation time can be adjusted based on the mutation rate). After incubation, cells were 

washed twice with TSB to remove EMS, and stocked in BHI + 40% glycerol at -80°C. 



96 
 

3.4.9 Assess mutation frequency by rifampicin resistance 

Thaw 100L aliquot of library and make serial dilutions from 100 to 10-7 in BHI. Then 

plate dilutions onto both BHI and BHI + 5g/mL rifampicin plates. The rifampicin-resistant 

frequency is calculated by the counts of rifampicin-resistant isolates from BHI rifampicin 

plates divided by the total population from BHI plates, and the mutation rate 

(mutations/genome) can be calculated via equations from Kari et al. (2011)260.  
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3.5 Figures and tables 

 

Figure 3.1 Deletion of PstA impaired Listeria growth in LSM-glycerol. (A) L. 

monocytogenes cultures were grown in LSM containing glucose (left) or glycerol (right) as 

the sole carbon source shaking at 37°C. Data are average of three experiments. (B) 

Growth doubling time of each mutant strain grown in LSM-glucose or LSM-glycerol.  (C) 

Agar plate spotting of Listeria mutant stains in serial 10-fold dilutions on LSM-glycerol 

containing 0 g/mL (top) or 2.5 g/mL (bottom) of cefuroxime. Error bars represent 

standard deviations. Statistics: two-way ANOVA. ****, P<0.0001. 
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Figure 3.2 Deletion of PstA increased Listeria gentamicin resistance. L. 

monocytogenes cultures were grown with shaking in LSM with varying gentamicin 

concentrations for 16 hours. For each strain, OD600 of cultures grown in gentamicin were 

normalized to OD600 of the same strain grown in LSM only. Data are the average of two 

independent experiments. Error bars represent standard deviations. Statistics: two-way 

ANOVA; ****, P<0.0001. 
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Figure 3.3 Schematic of PstA constructs. (A-B) Genes encoding Flag-PstA, PstA-Strep 

II were cloned into pPL1 plasmid. The genes were driven by Pspac promoter. The Flag tag 

is at the N-terminal of PstA and 3 amino acids GGS are used to link Flag and PstA. The 

Strep II tag is at the C-terminal of PteA and 4 amino acids AAAS are used to link PstA and 

Strep II. (C) For overexpressing Flag-PstA in E. coli, the Flag tag is also at the N-terminal 

of PstA and linked by GGS. And the inserts were cloned into pET20b. Since there is a His 

tag on the backbone of pET20b, I added a stop codon at the end of His tag to prevent His 

tag linking to PstA. 
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Figure 3.4 Expression of Flag-PstA or PstA-Strep II complement deletion of pstA in 

c-dacA mutant. L. monocytogenes cultures were grown with shaking in LSM with varying 

cefuroxime concentrations for 16 hours. For each strain, OD600 of cultures grown in 

cefuroxime were normalized to OD600 of the same strain grown in LSM only. The over-

expression of Flag-PstA and PstA -Strep II have the same growth rate as over-expressing 

PstA only. Which complement deletion of pstA in c-dacA mutant. Data are the average of 

two independent experiments. Error bars represent standard deviations. Statistics: two-

way ANOVA; ns, non-significant. 
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Figure 3.5 Flag-PstA was well expressed in L. monocytogenes mutant strains. 

Western blot showing the detection of FLAG-PstA using an anti-FLAG antibody (lane 2 

and 4). An isogenic strain expressing untagged PstA was examined as a control (lane 1 

and 3).  
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Figure 3.6 Pull-down of Flag-PstA from L. monocytogenes. In 1-4, Flag-PstA was 

over-expressed from a neutral locus in the indicated Listeria strains, and LSM cultures of 

L. monocytogenes were grown to mid-log phase. Bacteria were then fixed in 0.4% 

paraformaldehyde (PFA) for 20 min. The fixation was stopped by adding 0.5M glycine for 

5 min. Bacteria were lysed by sonication in TBS-T buffer and applied to 20L of Anti-FLAG 

M2 magnetic beads, incubating for 4 hours (1 and 2) or overnight (3 and 4). The beads 

were washed with TBS 3x 1mL and then eluted with Laemmli sample loading buffer. The 

samples were analyzed by SDS-PAGE. In 5, 6 and 7, Flag-PstA was over-expressed in E. 

coli. E. coli cells were lysed by sonication in TBS-T buffer and applied to 20L of Anti-

FLAG M2 magnetic beads, incubating for 2 hours. The beads were washed with TBS 

3x1mL and then mixed with Listeria cell lysates, incubating for 4 hours. The beads were 

washed with TBS 3x 1mL again and eluted with Laemmli sample loading buffer. Samples 

were analyzed by SDS-PAGE. 
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Figure 3.7 Pull-down of PstA-StrepII from L. monocytogenes. PstA-StrepII was over-

expressed from a neutral locus in the indicated Listeria strains, and LSM cultures of L. 

monocytogenes were grown to the mid-log phase. Bacteria were then resuspended in 

PBS and fixed in 0.4% paraformaldehyde for 20 min. The fixation was stopped with adding 

0.5M glycine for 5 min. Bacteria were lysed by sonication in TBS-T buffer and applied to 

200 L Streptactin resin (IBA). The beads were washed and eluted as per manufacturer’s 

instructions. Both eluates and resins were mixed with Laemmli sample loading buffer, 

heated at 56°C for 20min. Samples were analyzed by SDS-PAGE. 
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Figure 3.8 Bacteria two-hybrid analysis of PstA - Ndh2/NDH II domain protein-

protein interactions. E. coli strain BTH101 was co-transformed with plasmids encoding 

the indicated fusions to adenylate cyclase fragments T18 and T25, 10 L of the co-

transformant cell suspensions were spotted onto the LB agar plates containing IPTG and 

X-Gal. Blue staining indicates a positive interaction between each pair of fusion proteins. 
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Figure 3.9 Pull-down assays for His-PstA-NDH II domain interaction. Hexa Histidine 

tag-based pull-down assays were carried out to demonstrate protein-protein interactions 

in vitro. The purified His-PstA and NDH II domain proteins were first incubated together 

for 30 hours; then the proteins mix was applied onto the Ni resin for pull-down assay. Both 

eluates and resins were treated with Laemmli sample loading buffer and heated at 56°C 

for 20min. Samples were analyzed by SDS-PAGE. 
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Figure 3.10 PstA regulates L. monocytogenes Extracellular electron transfer (EET) 

activity, particularly in a c-dacA background. EET was assessed by the colorimetric 

ferrozine-based assay. Bacteria cultures were grown in LSM to mid-log phase and 

normalized to OD600 =1 with LSM + 2mM ferrozine, then the bacteria suspensions were 

mixed with 50mM ferric ammonium citrate and absorbance at 562nm were observed (A-

B). The maximal rates (typically over 25 min) were calculated normalized to that of WT in 

each experiment. Data are the average of two experiments. Statistics: one-way ANOVA; 

ns, non-significant; *, P<0.05; **, P<0.01. 
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Figure 3.11 PstA reduces L. monocytogenes intracellular growth in low c-di-AMP 

background. A-C. Immortalized bone marrow-derived macrophages (iBMMs) were 

infected with indicated L. monocytogenes strains and CFU were enumerated at various 

times post-infection. D. Plaque area from mouse fibroblasts (L2 cells) infected with 

indicated strains for three days and normalized to wild type (WT). Statistics: one -way and 

two-way ANOVA; *, P<0.05; **, P<0.01. 
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Table 3.1: Strains used in this study 

Strain number Genotype Source 

L. monocytogenes (derivatives of strain 10403S) 

TNHL262 c-dacA (226) 

TNHL951 dacA::kan (dacA) (136) 

TNHL349 pstA This study 

TNHL387 Pspac-pstA This study 

TNHL345 c-dacA pstA This study 

TNHL408 c-dacA Pspac-pstA This study 

TNHL989 c-dacA pstA Pspac-pstA This study 

TNHL996 c-dacA pstA Pspac-Flag-GGS-pstA This study 

TNHL617 c-dacA pstA Pspac-pstA-AAAS-Strep II This study 

TNHL377 ndh2::Tn This study 

TNHL635 ndh2::Tn pstA This study 

TNHL636 ndh2::Tn Pspac-pstA This study 

TNHL357 ndh2::Tn c-dacA This study 

TNHL356 ndh2::Tn c-dacA pstA This study 

TNHL468 ndh2::Tn c-dacA Pspac-pstA This study 

   

E. coli  
 

TNH581 pPL1-Pspac-hly 5'UTR-Flag-GGS-pstA in XL1B This study 

TNH724 pPL1-Pspac-hly 5'UTR-pstA-AAAS-Strep II in XL1B This study 

TNH324 pET20b in XL1B This study 

TNH411 pET20b-pstA in XL1B in XL1B This study 

TNH513 pGEX-6P-ndh2, NDH II domain (aa. 1-410) in XL1B This study 

TNH839 pET20b-Flag-GGS-pstA in XL1B This study 

TNH406 pKT25-pstA in XL1B This study 

TNH407 pKNT25-pstA in XL1B This study 

TNH408 pUT18-pstA in XL1B This study 

TNH409 pUT18C-pstA in XL1B This study 

TNH450 pKT25-ndh2 in XL1B This study 

TNH449 pKNT25-ndh2 in XL1B This study 

TNH451 pUT18-ndh2 in XL1B This study 

TNH452 pUT18C-ndh2 in XL1B This study 

TNH582 pKT25-ndh2, NDH II domain (aa. 1-410) in XL1B This study 

TNH583 pKNT25-ndh2, NDH II domain (aa. 1-410) in XL1B This study 

TNH584 pUT18-ndh2, NDH II domain (aa. 1-410) in XL1B This study 

TNH585 pUT18C-ndh2, NDH II domain (aa. 1-410) in XL1B This study 

TNH637 pKT25-pstA, pUT18-pstA in BTH101 This study 

TNH638 pKTN25-pstA, pUT18-pstA in BTH101 This study 

TNH639 pKT25-pstA, pUTC18-pstA in BTH101 This study 
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Table 3.1 (Continued) 

Strain number Genotype Source 

E. coli  
 

TNH640 pKTN25-pstA, pUTC18-pstA in BTH101 This study 

TNH822 pKT25-pstA & pUT18-ndh2 in BTH101 This study 

TNH823 pKT25-pstA & pUT18C-ndh2 in BTH101 This study 

TNH824 pKT25-pstA & pUT18-NDH II domain in BTH101 This study 

TNH825 pKT25-pstA & pUT18C-NDH II domain in BTH101 This study 

TNH826 pKNT25-pstA & pUT18-ndh2 in BTH101 This study 

TNH827 pKNT25-pstA & pUT18C-ndh2 in BTH101 This study 

TNH828 pKNT25-pstA & pUT18-NDH II domain in BTH101 This study 

TNH829 pKNT25-pstA & pUT18C-NDH II domain in BTH101 This study 

TNH830 pUT18-pstA & pKT25-ndh2 in BTH101 This study 

TNH831 pUT18-pstA & pKNT-ndh2 in BTH101 This study 

TNH832 pUT18-pstA & pKT25-NDH II domain in BTH101 This study 

TNH833 pUT18-pstA & pKNT25-NDH II domain in BTH101 This study 

TNH834 pUT18C-pstA & pKT25-ndh2 in BTH101 This study 

TNH835 pUT18C-pstA & pKNT-ndh2 in BTH101 This study 

TNH836 pUT18C-pstA + pKT25-NDH II domain in BTH101 This study 

TNH837 pUT18C-pstA + pKNT25-NDH II domain in BTH101 This study 
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Table 3.2: Cefuroxime MICs for indicated listeria mutants 

Strain Cefuroxime MICas (g/mL) 

WT 128 

Ndh2::Tn 64 

c-dacA 2 

c-dacA pstA 64 

c-dacA pstA + Pspac-pstA 1 - 2  

c-dacA pstA + Pspac-Flag-pstA 1 - 2  

c-dacA pstA + Pspac-pstA-Strep II 1 - 2  

 

aThe lowest concentration of an antibiotic that inhibits the growth of a given strain of 

bacteria.
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Table 3.3: Suppressor mutations identified in c-dacA Pspac-pstA mutants that resistant to cefuroxime 

10403S 
Locus 

EGD-e 
Locus 

Description 
Ref 

base 
Pos 
base 

Ref AA. Pos AA. 

P1-G5       

lmo1496 LMRG_01474 transcription elongation factor GreA G A Ala (GCC) Val (GTC) 

lmo1024 LMRG_02373 hypothetical protein G A Thr (ACA) Ile (ATA) 

lmo0626 LMRG_00309 membrane protein C T Arg (CGG) Gln (CAG) 

lmo0689 LMRG_00377 chemotaxis protein CheV G A Ala (GCA) Thr (ACA) 

lmo0974 LMRG_02073 D-alanine--poly(phosphoribitol) ligase subunit 1 G A Ala (GCT) Val (GTT) 

lmo1029 LMRG_02129 Cof-type HAD-IIB family hydrolase C T Ser (TCG) Leu (TTG) 

lmo1153 LMRG_00596 propanediol/glycerol family dehydratase large subunit G A Glu (GAA) Lys (AAA) 

lmo1193 LMRG_00639 cobalt-precorrin-8 methylmutase G A Asp (GAT) Asn (AAT) 

lmo1575 LMRG_01392 oligoribonuclease C T Glu (GAA) Lys (AAA) 

lmo1625 LMRG_01341 
Membrane protein involved in the export of O-
antigen, teichoic acid lipoteichoic acids 

C T Gly (GGG) Arg (AGG) 

lmo2495 LMRG_01753 phosphate import ATP-binding protein PstB 1 C T Arg (AGA) Lys (AAA) 
       

P1-D10       

lmo1496 LMRG_01474 transcription elongation factor GreA G A Ala (GCC) Val (GTC) 

lmo0085 LMRG_02334 hypothetical protein G A Asp (GAC) Asn (AAC) 

lmo1055 LMRG_00517 dihydrolipoamide dehydrogenase G A Glu (GAA) Lys (AAA) 

lmo1171 LMRG_00617 Alcohol dehydrogenase C T His (CAC) Tyr (TAC) 

lmo1821 LMRG_00968 
Protein serine/threonine phosphatase PrpC, 
regulation of stationary phase 

G A Ser (TCC) Phe (TTC) 

lmo1825 LMRG_00972 
Phosphopantothenoylcysteine decarboxylase/ 
Phosphopantothenoylcysteine synthetase 

G A Arg (CGT) Cys (TGT) 

lmo1928 LMRG_01075 chorismate synthase C T Gly (GGC) Ser (AGC) 

lmo2267 LMRG_02922 ATP-dependent helicase (addA) G A Arg (CGT) Cys (TGT) 
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lmo2833 LMRG_01865 glycoside hydrolase family 65 protein G A Leu (CTT) Phe (TTT) 
       

P2-E7       

lmo0596 LMRG_00279 LPXTG cell wall anchor domain-containing protein G A Ser (TCT) Phe (TTT) 

lmo0752 LMRG_00440 alpha/beta hydrolase C T Ala (GCA) Val (GTA) 

lmo0849 LMRG_02272 amidase C T Gly (GGC) Ser (AGC) 

lmo1021 LMRG_02121 response regulator transcription factor (lias) G A Val (GTA) Ile (ATA) 

lmo1072 LMRG_00534 pyruvate carboxylase G A Val (GTT) Ile (ATT) 

lmo1349 LMRG_00799 glycine dehydrogenase subunit 1 G A Gly (GGG) Glu (GAG) 

lmo1652 LMRG_01315 ATP-binding cassette domain-containing protein C T Gly (GGC) Ser (AGC) 

lmo1804 LMRG_00951 chromosome segregation protein SMC C T Arg (AGA) Lys (AAA) 

lmo1896 LMRG_01043 asparagine--tRNA ligase C T Gly (GGA) Arg (AGA) 
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4.  UNDERSTANDING THE COORDINATION BETWEEN 

MREB AND C-DI-AMP IN LISTERIA MONOCYTOGENES -

LACTAM RESISTANCE AND PATHOGENESIS  

 

4.1 Abstract 

Bacterial adaptation relies on signal transduction pathways that facilitate changes 

in lifestyle across environmental and infectious niches. c-di-AMP is an essential signal 

nucleotide that regulates a wide variety of prokaryotic physiological functions, including -

lactam antibiotic susceptibility. In food-borne pathogen Listeria monocytogenes, either low 

or unregulated accumulation of c-di-AMP in bacteria will significantly increase its 

susceptibility to -lactams. Our lab previously demonstrated that accumulation of c-di-

AMP in L. monocytogenes exhibits less production of peptidoglycan, and reduced cell wall 

thickness, suggesting that c-di-AMP regulates L. monocytogenes -lactam resistance by 

diminishing bacterial cell wall integrity. However, the mechanism of how c-di-AMP 

regulates bacterial cell wall homeostasis is still unclear. Here in my study, we generated 

an EMS library for c-di-AMP accumulating mutant (PDE), and selected suppressor 

mutants that is resistant to b-lactams while maintaining high c-di-AMP level. We identified 

that mutations on MreB, a cytoskeletal protein that determines cell shape guiding the 

synthesis of the PG, not only restored PDE mutant -lactam susceptibility, but also its 

attenuated virulence. Further studies proved that these mutations on MreB reduced its 

activity. In addition, we also found that mutation in MreB rescues PDE mutant bacterial 

cell wall synthesis as well as induced autolysis specifically under the cell wall stress 

condition. Collectively, our work laid a foundation to further characterize the function of c-

di-AMP on bacterial cell wall integrity to unravel the regulation of c-di-AMP on bacteria -

lactam susceptibility. 
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4.2 Introduction 

Many bacteria consistently maintain specific cell shapes during their growth phase262. 

In the majority of these bacteria, the peptidoglycan (PG) layer of the cell wall provides the 

structural support necessary for maintaining these various shapes. On the other hand, the 

bacterial cytoskeleton is also crucial in determining and maintaining cell shape263. MreB is 

a bacterial cytoskeleton protein that has been widely studied and is associated with the 

determination of rod shape as well as important subcellular processes including cell 

division, chromosome segregation, cell wall morphogenesis, and cell polarity47,264. There 

are three major paralogs in various bacterial species: MreB, Mbl (MreB-like protein), and 

MreBH265. The Mbl was shown to be required for lateral wall expansion (elongation) by 

directing the helical insertion of new PG into the lateral cell wall266. And MreBH, was also 

shown to form helical filaments, and depletion of the protein led to a mild morphological 

defect267. And MreB is essential under normal growth conditions and has a role in the 

control of cell width268. Once bind with ATP, individual MreB monomers undergo a 

conformational change, and interact with each other to form a filamentous structure on 

cell membrane and moves in a direction perpendicular to the cell axis, coupling with PG 

synthesis269. During PG synthesis, MreB, MreC, MreD, RodA, PBP2, and RodZ formed a 

Rod complex, orchestrating the insertion of new glycan strands and peptide cross-links 

into the existing cell wall. Each component of the Rod complex has a specific role in this 

process, with MreB guiding the overall spatial organization of cell wall growth, MreC and 

MreD possibly linking membrane proteins to peptidoglycan synthesis enzymes50, RodA 

functioning as a glycosyltransferase46, PBP2 facilitating the cross-linking of peptidoglycan 

strands48, and RodZ aligning the activities of the Rod complex with the cell's cytoskeletal 

elements47. These proteins ensure precise and effective growth of the cell wall, which is 

crucial for the bacteria's structural integrity and ability to divide properly. 

To date, the relationship between c-di-AMP signaling and the stability of bacterial cell 

walls in Firmicutes is well-studied, particularly focusing on the context of c-di-AMP 

depletion. A prevailing theory suggests that c-di-AMP regulates bacterial turgor pressure, 

with cell wall stability being a secondary effect resulting from the maintenance of turgor 

balance169. This theory is supported by extensive experiments across multiple species. 

First, c-di-AMP inhibits osmolyte transport by binding to various potassium and osmolyte 
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transporters and controlling the gene expression of these transporters. Deleting potassium 

transporters or removing potassium from the medium can mitigate the bacterial lysis of c-

di-AMP-depleted mutants184,270. Additionally, the increased antibiotic susceptibility 

observed in these mutants can be alleviated by adding osmoprotectants like NaCl or 

sucrose to their growth media211. This turgor regulation theory suggests that c-di-AMP 

accumulation would confer resistance to β-lactams. However, many studies in L. 

monocytogenes showed that PDE mutants, which accumulates c-di-AMP within the 

bacteria, are still highly sensitive to a lot of stress conditions including β-lactams, and 

greatly attenuated for virulence136. In addition, similar phenotypes affecting growth, stress 

response, or virulence have been also reported in c-di-AMP-accumulating mutants across 

a diverse range of bacteria, including Bacillus subtilis, Bacillus anthracis, Mycobacterium 

tuberculosis, Streptococcus pneumoniae, and Streptomyces venezuelae127,135,217. Thus, 

the toxicity of c-di-AMP accumulation for bacterial physiology and pathogenesis is a 

widespread phenomenon. 

Our previous study showed that c-di-AMP accumulation diminished cell wall integrity 

in L. monocytogenes, causing reduced peptidoglycan content189. We found that PDE 

mutant was deficient for two crucial muropeptides precursors UDP-N-acetylmuramic acid 

(MurNAc) and D-Ala-D-Ala. Additionally, we found that the activity of D-Ala ligase (Ddl), 

which synthesizes D-Ala-D-Ala, was compromised in PDE mutant. This impairment was 

partly linked to a deficiency in potassium (K+) concurrent with high levels of c-di-AMP. 

However, how exactly c-di-AMP regulates bacterial cell wall integrity is still unclear. Here, 

we reported the isolations and characterization of suppressor mutations that allow L. 

monocytogenes to be resistant to cefuroxime, a -lactams, when c-di-AMP is accumulated. 

We found that mutations on MreB, a cytoskeletal protein that determines cell shape by 

guiding the synthesis of the cell wall, restored PDE mutants for cefuroxime sensitivity as 

well as virulence. Further studies demonstrated that inhibition of MreB restored PDE 

strains resistance to -lactams as well as PG synthesis. Moreover, we also found that the 

accumulation of c-di-AMP also exhibited significantly higher autolysin activity, which is 

likely independent of MreB function, suggesting another role of c-di-AMP in bacterial cell 

wall integrity. Our findings laid a foundation to further characterize the complex function of 
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c-di-AMP in regulating both bacteria wall synthesis and hydrolysis, providing insight into 

the toxic effect of c-di-AMP imbalance on bacterial cell wall integrity as well as virulence. 

4.3 Results 

4.3.1 Suppressor mutations restore -lactam resistance in PDE but 

do not increase resistance in WT 

The defect of PDE mutants for growth on Brain Heart Infusion (BHI) plates with 

cefuroxime provided a perfect condition for screening. To get more insight into the function 

of c-di-AMP on bacterial cell wall integrity. We generated an EMS library for PDE mutant 

and isolated, characterized suppressor mutants that can overcome the -lactam stress on 

the plate even with the accumulation of c-di-AMP. In addition, we also excluded the 

mutants that are still resistant to cefuroxime when intracellular c-di-AMP levels were 

reduced to WT level by complementing them with pgpH allele. Thus, the mutations that 

restored PDE cefuroxime sensitivity are specifically related to c-di-AMP regulations.   

Ten suppressor mutants, numbered S1-S10, were chosen for initial characterization. 

As expected, these mutants have a significantly higher growth rate compared to PDE 

when grew in BHI broth with cefuroxime, while have similar growth as WT (Fig. 4.1A-B). 

In addition, complementation of these suppressor mutants with pgpH allele did not 

remarkably increase their cefuroxime resistance, which have been observed in PDE 

strain (Fig. 4.1C-D). We hypothesized that high c-di-AMP level impaired bacterial cell wall 

integrity, but these PDE strains contained with suppressor mutations by passed the toxic 

effects of c-di-AMP. As a cell wall targeting antibiotics, -lactams bind with penicillin-

binding proteins (PBPs) and inhibit their function specifically in formation of cross-linking 

between glycan chains during PG synthesis. To further explore the effect of high c-di-AMP 

levels on cell wall integrity, and how these suppressor mutations contribute to it, we tested 

their susceptibility to Moenomycin, another cell wall targeting antibiotics that directly inhibit 

bacterial peptidoglycan glycosyltransferases. These enzymes are responsible for the 

extension of the glycan chain, a process that occurs before glycan chain cross-linking in 

peptidoglycan synthesis. We found that PDE strains exhibited the same growth rate as 

WT in the present of Moenomycin (Fig. 4.2), suggesting that c-di-AMP accumulation does 
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not affect the elongation of glycan chains during PG synthesis. The effect of c-di-AMP on 

cell wall synthesis may be specifically on PG cross-lining (Transpeptidation). Surprisingly, 

we noticed that most suppressor mutants except S10 are even more resistant to 

Moenomycin. Suggesting that these suppressor mutants are also involved in regulating 

bacterial cell wall synthesis. 

4.3.2 Suppressor mutations likely reduce MreB activity 

The whole genome sequencing was performed for the 10 suppressor mutants (S1-

S10) and confirmed that both pdeA and pgpH were absent. Interestingly, 8 out of 10 strains 

contain mutations in mreB gene, encoding a cell shape-determining protein MreB (Table 

4.1). It is worth noting that S3, S6 and S8 only contain mutations on MreB with amino acid 

substitution at A46V, G108E and V47I respectively, suggesting that MreB plays a critical 

role in mediating the regulation of c-di-AMP on bacteria -lactam susceptibility. The S9 

contains a sole mutation with T334A in rpoD, encoding an RNA polymerase sigma factor, 

and the S10 got mutations on walR E25G and pdhA T207C. WalR protein is a part of 

WlaRK two-component system that regulates bacterial cell wall hydrolysis271 while pdhA 

encodes the E1 subunit of the pyruvate dehydrogenase (PDH) complex that catalyzes 

the conversion of pyruvate to acetyl-CoA during glycolysis272. MreB is a bacterial actin-like 

protein that plays a crucial role in determining cell shape and supporting bacteria 

elongation. In L. monocytogenes and many other rod-shaped bacteria, MreB is essential 

for maintaining the cell cylindrical shape by directing the synthesis and placement of cell 

wall components273. One study also proved that reducing mreB expression level will 

significantly increase its bacteria cell width274. Therefore, we hypothesized that those 

suppressor mutants containing mreB mutations also have changed bacteria cell 

morphology.  

Therefore, we used wheat germ agglutinin (WGA) to stain the bacterial cell membrane 

of L. monocytogenes WT, PDE strains and the suppressor mutants, particularly S1, S3, 

S6, S7 and S8 that contain different mutation sites in mreB, and measured their cell length 

and width. The S9 and S10 mutants that possess a functional MreB is served as controls. 

As the result shows, PDE strain has significantly reduced cell width compared to WT, 

while all the suppressor mutants have increased cell width compared to PDE, except the 
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control strains which do not contain mreB mutations (Fig. 4.4A). The S9 have the same 

width as the PDE, and S10 mutant is even shorter than PDE strain. These data suggest 

that the suppressor mutants that contain mreB mutations likely have reduced MreB activity. 

Interestingly, when complemented with pgpH, which reduced the c-di-AMP to normal level, 

the cell width of PDE and suppressor mutants were significantly increased, including S9 

and S10 mutants (Fig. 4.4B), suggesting that c-di-AMP also plays a role in regulating 

bacteria cell width, and this regulation could be independent of MreB function. 

In terms of bacteria cell length, there was no remarkable difference between WT, 

PDE and S9, and S10 strain only has slightly reduced in cell length. Howvever, the 

suppressor mutants containing mreB mutations were significantly shorter than WT and 

PDE (Fig. 4.5A). We suspected that the changes in length could result from reduced 

MreB activity, which impairs bacterial cell wall elongation, and c-di-AMP does not regulate 

bacteria elongation. In addition, complementation of pgpH did not change their cell length 

in PDE and most mreB mutation suppressors (Fig. 4.5B), further supporting our 

hypothesis that c-di-AMP level is independent of regulating bacteria cell length. As for S7, 

complementation of pgpH results in an even shorter cell width, this could be related to the 

mutation of a functional unknown transcriptional factor Lmo0659. Taken together, these 

results indicate the connection of c-di-AMP level with bacteria cell morphology, specifically, 

increasing c-di-AMP level will reduce bacterial cell width, while decreased MreB activity 

restores it. 

4.3.3 MreB inhibitor compounds A22 and MP265 restore -lactam 

resistance in PDE but not in WT 

To verify our hypothesis that mutations on mreB form those suppressor mutants 

reduce MreB activity, we directly treated PDE strain with MreB inhibitors. During bacterial 

cell wall synthesis, MreB polymerizes into an antiparallel double-stranded filament. This 

polymerization is dependent on the binding of nucleotides, such as ATP and GTP275. The 

MreB inhibitor S-(3, 4-dichlorobenzyl) isothiourea (A22) and its less cytotoxic and much 

more water-soluble derivative MP265 have been used extensively since they act as an 

ATP-competitive inhibitor, and binds to the nucleotide binding site of MreB, and thus 

perturb cell morphology reminiscent of an MreB knock-out264,276. Our results showed that 
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treatment of A22 or MP265 significantly reduced WT strains cefuroxime resistance (Fig. 

4.6A-B). This is consistent with our expectation that MreB inhibitors and -lactams could 

have a synergistic effect since they both target bacterial cell wall synthesis in different 

processes. In contrast, in c-di-AMP accumulated background, adding A22 or MP265 

significantly restored PDE susceptibility to cefuroxime, consisting with the phenotypes of 

all suppressor mutants (S1-S8) (Fig. 4.6A-B). These results further confirmed that those 

suppressor mutants containing mreB mutations confer a reduced MreB activity. And 

furthermore, we hypothesize that accumulation of c-di-AMP disrupts bacterial cell wall 

homeostasis by hyperactivating MreB under cell wall stress. 

4.3.4 MreB mutation rescue PDE PG synthesis upon -lactam stress. 

During cell wall elongation, the MreB filament acts as a guide, directing the Rod 

complex to specific sites along the cell membrane and coordinating the insertion of new 

peptidoglycan fragments. To test the effect of high c-di-AMP on MreB activity, we quantified 

the PG synthesis by examining the uptake of [14C] GlcNAc, an essential component of PG, 

in PDE mutant. I also tested the strain S6 and S6 complemented by pgpH as 

representative suppressor mutant that only contains mreB mutation. The WT L. 

monocytogenes strain as well as other mutant strains were grown in BHI broth or BHI 

broth with 0.5XMIC cefuroxime. The [14C] GlcNAc uptake activities were quantified by 

calculating the increasing radioactivity rate between 15 – 30 min. As the result, we noticed 

that PDE mutant has decreased [14C] GlcNAc uptake activity compared to WT, 

suggesting that high c-di-AMP level impaired bacteria PG synthesis (Fig. 4.7). This 

observation is consistent with our previous observation that c-di-AMP accumulation led to 

a reduction in peptidoglycan (PG) content as well as decreased cell wall thickness 189. 

Furthermore, the S6 + Pspac-pgpH mutant, equivalent to mreB mutation in WT 

background, showed the same reduced [14C] GlcNAc uptake activity as PDE, indicating 

that both accumulated c-di-AMP level and reduced MreB activity have the same effect in 

diminishing bacterial cell wall synthesis. However, combining these two factors (mreB 

mutations in accumulated c-di-AMP background) did not exhibit an additive effect, as the 

[14C] GlcNAc uptake activity of S6 strain is similar to PDE and S6 + Pspac-pgpH strains. 

This data suggests that c-di-AMP may be in the same pathway of mreB in regulating [14C] 
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GlcNAc uptake and PG synthesis. On the other hand, as expected, given that -lactams 

inhibit bacterial cell wall synthesis, all strains grown with cefuroxime exhibited decreased 

peptidoglycan (PG) synthesis, with their [14C] GlcNAc uptake activities being significantly 

lower than when they were grown in BHI broth. Interestingly, in the present of cefuroxime, 

we observed that the reduction of [14C] GlcNAc uptake activity in the PDE mutant is 

significantly less than that in the WT. Furthermore, the mutation in mreB within the PDE 

strain restored this activity to WT level, whereas the mreB mutation alone (S6 + Pspac-

pgpH) did not affect PG synthesis activity. Taken together, these results suggest that c-di-

AMP in PDE strains impaired bacterial cell wall synthesis, particularly under the cell wall 

stress, and the regulation of c-di-AMP under -lactam stress can be bypassed by reducing 

MreB activity. 

4.3.5 PDE have increased autolysins activity while MreB mutations 

have modest effect on them. 

The integrity of the bacterial cell wall is maintained through a delicate balance between 

PG synthesis and PG hydrolysis. Unlike the process of PG synthesis, where enzymes are 

required to continuously add new glycan strands and peptide cross-links to the cell wall, 

PG hydrolysis involves hydrolases or autolysins, which break down old or damaged parts 

of the peptidoglycan layer277. We wonder if ci-di-AMP also affects bacterial cell wall 

hydrolysis by regulating the activity of autolysins. Therefore, we tested  bacteria induced 

autolysis activity by treating L. monocytogenes with TritonX-100278. The non-ionic 

surfactants TritonX-100 destroys bacterial membranes, and the disrupted plasma 

membrane will induce cell autolysis - the hydrolysis of PG layer by cellular autolysins. 

Here, we monitored the OD600 of each L. monocytogenes strain after treatment with 

TritonX-100. The reduction in OD600 at certain time indicates the rate of bacteria lysis, 

which reflects the activity of autolysins. Our results showed that PDE mutant exhibited 

significantly increased bacterial lysis rate compared to WT (Fig 4.8A), suggesting that 

accumulated c-di-AMP may induce bacteria autolysins activity. The suppressors that 

containing mreB mutations also exhibit the same lysis rate as PDE (Fig 4.8B). Moreover, 

complementation of pgpH in these strains reduced their autolysins activity to WT level, 

including PDE. Besides, I included another cell wall synthesis deficient mutant (pgdA 
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oatA) as a control, and autolysins activity of this mutant is still the same as WT. These 

results imply that MreB activity as well as bacterial cell wall synthesis is independent of 

bacterial autolysins activity. Next, we also tested the autolysins activity of these strains 

after growing in the presence of cefuroxime, the WT strains showed a significant increase 

in lysis rate after cefuroxime treatment (Fig 4.8A). This could be explained by either 

cefuroxime induced autolysins activity or the cefuroxime treatment already impaired 

bacterial cell wall before the assay, and therefore exhibited increased OD600 reduction. 

However, the PDE strains treated with cefuroxime exhibited a similar lysis curve to that 

of the untreated strains. This result eliminates the possibility that the increased lysis rate 

is due to the impaired cell wall integrity caused by pretreating with cefuroxime, and the 

PDE mutant may possess highly active autolysins that cannot be further induced by -

lactams. Moreover, all suppressor mutants complemented with pgpH, as well as all the 

pgdA oatA strain, exhibited the similar induced autolysins activity to WT when they are 

pretreated with cefuroxime (Fig 4.8B), consistent with our conclusion that MreB do not 

regulate the activity of autolysins. However, interestingly, in c-di-AMP accumulated 

background, all the mreB mutation suppressors and S10 have reduced lysis activity when 

they were pretreated with cefuroxime. This data provides a hypothesis, that MreB mutation 

may still be able to affect bacterial autolysins activity directly or indirectly, but only in the 

present of accumulated c-di-AMP and under the cell wall stress condition. In addition, 

since we know that S10 contains WalR mutation, and this mutation also results in an 

induced bacterial lysis since S10 + Pspapc-pgpH strain showed lower relative OD600 than 

WT at 2 hours post treatment with TritonX-100. The effect of MreB mutation on bacterial 

autolysins is the same as WalR mutation, which is inducing their activity. 

4.3.6 Suppressor mutations rescue PDE in ex-vivo infection 

The bacteria cell wall not only provides physical protection and shape to the bacterium 

but also plays a critical role in the interaction between pathogens and their hosts. 

Components of the cell wall, such asPG in L. monocytogenes, can trigger immune 

responses. Additionally, the cell wall's integrity and metabolism are essential for the 

processes of adhesion, invasion, and evasion of host immune defenses, making it a 

pivotal factor in bacterial pathogenicity. C-di-AMP has been reported to affect bacterial 

virulence; accumulation of c-di-AMP resulted in a reduced plaque formation in plaque 
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assay, an ex-vivo infection model that serves as a surrogate for virulence203. We wonder 

if c-di-AMP regulates bacteria infection through regulating the cell wall homeostasis. In the 

plaque assay, confluent mammalian fibroblasts are infected with L. monocytogenes. The 

intracellular growth and cell-to-cell spread of the bacteria result in a quantifiable zone of 

clearance (plaque), allowing for quantification279. Small plaques often correlate to 

virulence defect in vivo, and the PDE mutant strains produced remarkably smaller 

plaques that were 40% the area of WT plaques. Interestingly, we found that all suppressor 

mutants that containing mreB mutations were also restored for plaque formation, 

indicating that these mutations rescue the attenuated virulence coffered by high c-di-AMP 

(Fig. 4.9A), suggesting a potential connection between bacterial cell wall integrity and its 

virulence. 

Then, we also tested the intracellular growth of the suppressor mutants and the strains 

complemented with pgpH. The S3 and S6, which only contained mreB mutations, were 

selected for the preliminary test. Strikingly, although we observed a significant decrease 

of growth for PDE mutants compared to WT, the S3 or S6 did not restore this defect for 

PDE (Fig. 4.9B). In addition, when complemented with pgpH, which reduces the c-di-

AMP to a normal level, the growth defects conferred by PDE also have disappeared. 

There is no difference between WT, S3+Pspac-pgpH, S6+Pspac-pgph for growth in L2 cells, 

these results suggest that the rescue effect of plaque formation for suppressor mutant on 

PDE is not related to intracellular growth. 
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4.4 Discussion 

C-di-AMP has been known to regulate bacterial susceptibility to cell wall-targeting 

antibiotics, such as b-lactams, for decades. Both depletion and unregulated accumulation 

of c-di-AMP significantly reduce bacterial resistance to b-lactams. However, despite 

extensive research in various bacteria193,280, the molecular mechanisms by which c-di-

AMP influences bacteria -lactam susceptibility remain elusive. Our studies specifically 

focused on the effects of c-di-AMP accumulation on L. monocytogenes -lactams 

sensitivity. We identified that inhibition of MreB, the rod-shape determining protein, 

restored cefuroxime resistance in L. monocytogenes PDE mutants (high c-di-AMP) to 

WT level. Further, we also found that mutation in MreB rescues PDE mutant bacterial 

cell wall synthesis as well as induced autolysis specifically under the cell wall stress 

condition. Our findings highlight the role of c-di-AMP in bacterial cell wall homeostasis, a 

relationship that has not been previously reported. 

Besides cefuroxime, we also tested L. monocytogenes mutants with another cell wall 

targeting antibiotics, moenomycin. Cefuroxime binds to and inactivates penicillin-binding 

proteins (PBPs). These PBPs are responsible for the cross-linking of the peptidoglycan 

layer, which involves the final steps of peptidoglycan synthesis. However, moenomycin 

acts at an earlier step in peptidoglycan synthesis compared to -lactams, it directly inhibits 

the function of transglycosylase enzymes, which are responsible for polymerizing the 

glycan strands of peptidoglycan. Our data showed that PDE strains are susceptible to -

lactams but not to moenomycin, suggesting that initial synthesis of glycan strands may 

remain unaffected by c-di-AMP levels, PDE mutants may have defect in bacteria PG 

cross-linking. Previous studies have demonstrated that c-di-AMP bind and inhibit the 

activity of pyruvate carboxylase (PycA)192. The increased c-di-AMP level reduces the 

activity of TCA cycle, thus affecting the efficiency of generating energy (ATP) for 

biosynthesis pathways and providing precursors for amino acids like glutamate and 

aspartate. These amino acids are critical for synthesizing the peptidoglycan subunits that 

form the bacterial cell wall. It is worth noting that mutations on mreB, which decrease MreB 

activity, significantly increase PDE mutant resistance to moenomycin. It is possible that 

the inhibition of MreB results in the altered organization and localization of 

glycosyltransferase due to the lack of structural guidance provided by MreB filaments. This 
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mis-localization can result in less efficient interaction between the enzymes and 

moenomycin. On the other hand, bacteria might also trigger adaptive responses to MreB 

inhibition that fortify the cell wall against external threats, including antibiotics. This could 

involve the upregulation of alternative pathways or enzymes that compensate for the 

disrupted function of MreB.  

In addition to mutations on mreB, rpoD and walR were also identified from the 

suppressor mutants. The rpoD gene encodes the sigma factor sigma 70 in bacteria, which 

is essential for initiating the transcription of most bacterial genes during the exponential 

growth phase281. The sigma factors could bind to RNA polymerase and direct it to specific 

promoter regions of DNA to start transcription of genes encoding enzymes like 

peptidoglycan synthases, penicillin-binding proteins (PBPs), stress response proteins, 

and enzymes involved in lipid metabolism and amino acid synthesis. These enzymes are 

crucial for various cellular functions, including cell wall construction and repair, response 

to environmental stresses, and overall metabolic regulation. The mutation of RpoD can in 

some way restore the negative effect of c-di-AMP on bacterial cell wall, metabolism, stress 

response or directly on gene transcription. The WalR is a response regulator protein that 

is part of the WalRK two-component system. WalK (also referred to as YycG, VicK, or 

MicA) is a membrane-anchored sensor kinase and WalR (also called YycF, VicR, or MicB) 

is a DNA binding response regulator of the OmpR family271. Once phosphorylated, WalR 

undergoes a conformational change that enhances its DNA-binding capability, acting as a 

transcriptional activator and inducing the synthesis of several cell wall hydrolases, which 

are essential for maintaining bacterial cell wall homeostasis. Our TritonX-100 induced cell 

autolysis assay demonstrated that mutation of WalR induces bacteria autolysins activity, 

suggesting that increasing cell wall hydrolysis can also restore PDE mutant cefuroxime 

sensitivity. On the other hand, we observed that PDE strains have reduced cell width, 

although reduced MreB activity was reported to increase cell width274, there is no evidence 

showed that hyperactive MreB decreases cell width. Since S10 as well as S10 + 

Pspac+pgpH mutants also exhibit decreased cell width, and later experiments also 

demonstrated that PDE strains processes induced autolysins. I have grounds to 

hypothesize that reduced cell width in PDE strain is caused by its overactive autolysins. 

While. All these clues highlight the role of c-di-AMP in bacterial cell wall homeostasis.  
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We observed that mutations on mreB not only rescue PDE mutants -lactam 

susceptibility, but also restored the PDE infectivity.  All suppressors formed significantly 

larger plaque than PDE mutant. This data suggests that the reduced virulence of PDE 

is caused by its impaired bacterial cell wall. Although the mechanism of how bacterial cell 

wall affect its virulence remains elusive. The connection between cell wall and virulence 

is obvious. Firstly, the cell wall provides structural integrity and protection to bacteria, 

enabling them to withstand hostile conditions, including osmotic changes and immune 

defenses. In addition, bacterial cell wall contains lipoteichoic acids (LTAs) and wall teichoic 

acids (WTAs), which play roles in adhesion to host cells and in modulating immune 

responses. These molecules can bind to host cell receptors, facilitating the invasion 

process. Moreover, many virulence factors are associated with the cell wall, for example, 

in L. monocytogenes, proteins such as Internalin A (InlA) and Internalin B (InlB) are 

anchored to the cell wall, they are crucial for the entry of L. monocytogenes into non-

phagocytic cells. InlA interacts with E-cadherin on host cells, while InlB targets the 

hepatocyte growth factor receptor (c-Met), facilitating the internalization of the bacteria. 

Lastly, the cell wall components, particularly peptidoglycan and teichoic acid are 

recognized by pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) on 

host immune cells, increased cell wall lysis can induce stronger immune response, and 

result in severe clearance of bacteria. The role of c-di-AMP in regulating bacterial cell 

integrity and its impact on bacterial virulence and host interactions remains to be fully 

elucidated and warrants further investigation. 
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4.5 Materials and methods 

4.5.1 Bacterial strains and culture conditions. 

L. monocytogenes and Escherichia coli strains in this study are listed in Table 4.2. All 

L. monocytogenes strains were grown in Brain Heart Infusion (BHI) broth and E. coli 

strains in Lysogeny broth (LB) unless otherwise indicated, with appropriate antibiotics at 

37°C with agitation. For solid media 1.5% weight/volume agar was added. 

4.5.2 Antibiotic susceptibility assays 

Antibiotic susceptibility in BHI was assessed by bacterial growth in 96-well plates 

containing 200 L BHI only, or BHI plus two-fold dilutions of cefuroxime or moenomycin. 

For experiments that treated with MreB inhibitors, BHI broth was supplemented with 

100g/mL of MP265 (MedKoo) or 50g/mL A22 (Cayman) prior adding two-fold dilutions 

of cefuroxime. Overnight cultures grown in BHI with shaking at 37°C was inoculated into 

each well, and bacterial growth was measured by OD600 at 37°C with intermittent shaking 

for 14 hours in a plate reader. For each strain, growth rates at each cefuroxime 

concentration were normalized to growth rate in BHI only of the same strain. 

4.5.4 Mammalian L2 plaque assay 

L2 fibroblasts cells were grown in DMEM - high glucose (Sigma) with 1% of sodium 

pyruvate and 1% of L-glutamine in the presence of 10% fetal bovine serum (FBS). Plaque 

formation upon L. monocytogenes infection of L2 cells was quantified as previously 

described282. Briefly, 1.2x106 cells were infected with L. monocytogenes at multiplicity of 

infection (MOI) of 0.5. At 1 hour post infection, cells were washed, and fresh cell medium 

in 0.7% agarose was supplemented with 10µg/mL gentamicin to kill extracellular L. 

monocytogenes. At 5 days post infection, cells were stained with 0.3% crystal violet to 

visualize plaques. Plaque sizes were analyzed using ImageJ software. 

4.5.5 Fluorescence Microscopy 

L. monocytogenes strains were grown in BHI broth to OD600 ∼0.5, bacteria cells were 

harvested by centrifugation, and washed with PBS. Next, 100μL of cell suspension was 
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incubated with 30μg/mL WGA for 10min in dark at room temperature. After incubation, 

1.5μL of cell suspension was pipetted onto an agarose pad (1% agarose in PBS, placed 

on a microscopy slide), and sealed under a coverslip. Bacterial cells were imaged with a 

Nikon A1R Confocal (Nikon, Tokyo, Japan). The bacterial cell length and cell width were 

measured by MorphoSegger program created by Andres Florez from Github 

4.5.6 Radioactive [14C] GlcNAc Incorporation 

L. monocytogenes strains were grown in BHI or BHI with 0.5xMIC of cefuroxime to 

mid-log phase. 0.32µL of [14C] GlcNAc was added to 120µL of bacteria culture for a final 

concentration of 0.27mCi/mL. The sample was then incubated with shaking at 37°C. At 

time point 15min and 30min, the cells were collected on a 0.25M filter paper and wash 

with PBS. The filter paper as well as bacteria cells were transferred into a pony vial 

containing 3 mL of scintillation fluid and the prepared sample will be analyzed for  [14C] 

GlcNAc using liquid scintillation analyzer (Tri-Carb 4910TR) as previously described283. 

4.5.7 Triton X-100–Induced Lysis 

L. monocytogenes strains were grown to mid-log phase (OD600 ∼0.5) in BHI or BHI + 

0.5xMIC of cefuroxime, The bacteria cells were then washed by PBS, and resuspended 

in 0.1% volume/volume Triton X-100 in phosphate-buffered saline to a final OD600 of ∼1. 

200L of bacteria suspension were transferred into a 96-wells plate and the cell lysis was 

monitored by OD600 measurements in a plate reader. The OD600 at each time points were 

normalized to OD600 in time zero of each strain.   
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4.6 Figures and tables 

 

Figure 4.1 Suppressor mutations restore -lactam resistance in PDE but not in WT. 

L. monocytogenes cultures were grown in 96-well plate containing BHI only, or BHI plus 

1.25g/mL (A, C) or 0.625g/mL (B, D) of cefuroxime, and bacterial growth was measured 

by OD600 at 37°C with intermittent shaking for 14 hours in a plate reader. For each strain, 

growth rates at each cefuroxime concentration were normalized to growth rate in BHI only 

of the same strain. Data are average of three independent experiments. Error bars 

represent standard deviations. Statistics: one-way ANOVA. ns, non-significant; *, P<0.05; 

**, P<0.01; ***, P<0.001; ****, P<0.0001. 
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Figure 4.2 PDE dose not sensitivity to Moenomycin while the suppressor mutants 

are more resistance to it. L. monocytogenes cultures were grown in 96-well plate 

containing BHI only, or BHI plus 0.06g/mL of moenomycin, and bacterial growth was 

measured by OD600 at 37°C with intermittent shaking for 14 hours in a plate reader. For 

each strain, growth rates at 0.06 g/mL moenomycin were normalized to growth rate in 

BHI only of the same strain. Data are average of three independent experiments. Error 

bars represent standard deviations. Statistics: one-way ANOVA. ns, non-significant; *, 

P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. 
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Figure 4.4 Mutations on MreB increased L. monocytogenes cell width. Listeria 

cultures were grown in BHI broth to mid-log phase. Bacteria cells were washed with PBS 

and stained with 30g/mL of WGA for 10min. The Bacterial cells were imaged with a Nikon 

A1R Confocal (Nikon, Tokyo, Japan), and cell width were measured with MorphoSegger 

program. 50 representative measurements for suppressor mutants (A) and pgph 

complemented strains (B) are shown. The red dots indicate mutants that only contain 

MreB mutation. Statistics: one-way ANOVA. ns, non-significant; ***, P<0.001; ****, 

P<0.0001. 
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Figure 4.5 C-di-AMP level does not affect L. monocytogenes cell length. Listeria 

cultures were grown in BHI broth to mid-log phase. Bacteria cells were washed with PBS 

and stained with 30g/mL of WGA for 10min. The bacterial cells were imaged with a Nikon 

A1R Confocal (Nikon, Tokyo, Japan), and cell length were measured with MorphoSegger 

program. 50 representative measurements for suppressor mutants (A) and pgph 

complemented strains (B) are shown. The red dots indicate mutants that only contain 

MreB mutation.Statistics: one-way ANOVA. ns, non-significant; *, P<0.05; **, P<0.01; ****, 

P<0.0001. 
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Figure 4.6 MreB inhibitor compounds restore -lactam resistance for PDE. L. 

monocytogenes cultures were grown in 96-well plate containing BHI only, BHI plus 

1.25g/mL of cefuroxime, The MreB inhibitor compounds A22 (A) or MP265 (B) were also 

added into the BHI broth or BHI plus cefuroxime at concentration of 50g/mL, or 100g/mL 

respectively. The bacterial growth was measured by OD600 at 37°C with intermittent 

shaking for 14 hours in a plate reader. For each strain, growth rates at each cefuroxime 

concentration were normalized to growth rate in corresponding broth without cefuroxime 

of the same strain. Data are average of three independent experiments. Error bars 

represent standard deviations. Statistics: two-way ANOVA. **, P<0.01; ***, P<0.001. 
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Figure 4.7 MreB mutation rescue PDE PG synthesis upon -lactam stress. L. 

monocytogenes cultures were grown in BHI, or BHI + 2.5g/mL (WT and S6 + Pspac-pgpH) 

or 1.25g/mL (PDE and S6) of cefuroxime to mid-log phase. The [14C] GlcNAc was then 

added to the bacteria cultures. Each sample was incubated with shaking at 37°C for 15min 

and 30min, the bacteria cells were collected, washed with PBS, and prepared for analysis 

of [14C] GlcNAc using liquid scintillation analyzer (Tri-Carb 4910TR) as described283. Data 

are average of three independent experiments. Error bars represent standard deviations. 

Statistics: one-way ANOVA. ns, non-significant; *, P<0.05; **, P<0.01; ****, P<0.0001. 
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Figure 4.8 PDE has increased autolysins activity while MreB mutations have 

modest effect on them. L. monocytogenes strains were grown to mid-log phase (OD600 

∼0.5) BHI or BHI + 2.5mg/mL (WT) or 1.25mg/mL (PDE) of cefuroxime, The bacteria 

cells were washed and resuspended in 0.1% volume/volume Triton X-100 in PBS to a final 

OD600 of ∼1. 200L of bacteria suspension were transferred into a 96-wells plate and the 

cell lysis was monitored by OD600 measurements in a plate reader. The OD600 at each time 

points were normalized to OD600 in time zero of each strain. (A) Lysis curves of WT and 

PDE after grown in BHI or BHI + 2.5mg/mL (WT and S mutants + Pspac-pgpH) or 

1.25mg/mL (PDE and S mutants) of cefuroxime. (B) Relative OD600 after two hours 

treatment of TritonX-100. Data are average of three independent experiments. Error bars 

represent standard deviations. Statistics: one-way ANOVA. ns, non-significant; ***, 

P<0.001; ****, P<0.0001. 
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Figure 4.9 Suppressor mutations rescue PDE in ex-vivo infection. (A)Plaque 

area from mouse fibroblasts (L2 cells) infected with indicated L. monocytogenes strains 

for three days and normalized to wild type (WT). (B) L2 cells were infected with indicated 

L. monocytogenes strains and CFUs were enumerated at various times post infection. 

Data are the average of two independent experiments. Error bars represent standard 

deviations. Statistics: one-way and two-way ANOVA; ****, P<0.0001. 
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Table 4.1 PDE suppressor mutations. Nonsynonymous mutations resulting in amino 

acid changes are annotated from S1-S10. 

Strains Mutations Gene annotations 

S1 
mreB (mo1548) A251V rod-shape determinant 

greA (lmo1496) S46N transcription elongation factor 

S2 

mreB G108E transcriptional regulator 

lmo0639 L93F phosphoglucomutase 

lmo2253 T88M   

S3 mreB A46V   

S4 
mreB G108E   

lmo0723 A471V chemotaxis protein 

S5 
mreB G108E   

ATP synthase F(0) sector, subunit b atpF (lmo2533) E70K 

S6 mreB G108E   

S7 
mreB D8N   

lmo0659 E98K transcriptional regulator 

S8 mreB V47I   

S9 rpoD (lmo1454) T334A control of cell wall metabolism 

S10 
walR (lmo0287) E25G control of cell wall hydrolysis 

pdhA (lmo1052) T207C  riboswitch preceding  
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Table 4.2 Strains used in this study 

Strain number Genotype Source 

L. monocytogenes (derivatives of strain 10403S) 

TNHL22 pdeA ΔpgpH (PDE) (193) 

TNHL376 S1 This study 

TNHL392 S2 This study 

TNHL393 S3 This study 

TNHL394 S4 This study 

TNHL418 S5 This study 

TNHL414 S6 This study 

TNHL416 S7 This study 

TNHL417 S8 This study 

TNHL395 S9 This study 

TNHL396 S10 This study 

TNHL29 PDE + Pspac-pgpH (193) 

TNHL526 S1 + Pspac-pgpH This study 

TNHL527 S2 + Pspac-pgpH This study 

TNHL528 S3 + Pspac-pgpH This study 

TNHL529 S4 + Pspac-pgpH This study 

TNHL536 S5 + Pspac-pgpH This study 

TNHL532 S6 + Pspac-pgpH This study 

TNHL534 S7 + Pspac-pgpH This study 

TNHL535 S8 + Pspac-pgpH This study 

TNHL530 S9 + Pspac-pgpH This study 

TNHL531 S10 + Pspac-pgpH This study 

   

E. coli  
 

TNH47 pPL2-Pspac-pgpH in XL1B This study 
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5.  SUMMARY AND FUTURE RESEARCH 

 

5.1 Summary 

Bacteria have developed sophisticated systems to adapt and thrive under various 

stresses. These systems are essential for their survival, growth, and reproduction in 

different environments. Cyclic adenosine monophosphate (c-di-AMP) is a prokaryotic 

signaling molecule that plays a critical role in these processes. In the past ten years, 

significant advancements in c-di-AMP research have greatly enhanced our understanding 

of how this second messenger is involved in various signaling pathways. These include 

regulating osmotic pressure, central metabolism, DNA damage response, biofilm 

formation, sporulation, host immune responses, and adaptation to environmental changes 

in bacteria. Despite these advances, numerous aspects of c-di-AMP still require further 

investigation. 

One noteworthy area for study is the ability of c-di-AMP to regulate bacterial antibiotic 

resistance, particularly against -lactams, a cell wall-targeting antibiotic. Either low or high 

intracellular c-di-AMP levels will significantly reduce its activity to -lactam antibiotics. 

Although many experiments have been conducted to identify the molecular mechanism of 

how c-di-AMP regulates -lactam resistance, many hypotheses, such as the turgor model, 

have been proposed. The exact regulatory pathways remain unclear. Understanding the 

molecular foundations of these pathways can reveal pathways that are potential targets 

for new therapeutic interventions. Here in our study, I applied two approaches. One is to 

study the function of a c-di-AMP binding protein PstA in -lactam resistance (Chapter 2 

and 3). And another systematic way is to Characterize cell wall metabolism in the DPDE 

strain to determine how c-di-AMP regulates cell wall homeostasis under the -lactams 

stress (Chapter 4).  

PstA is a structurally conserved c-di-AMP-binding protein that is broadly present 

among Firmicutes bacteria. Furthermore, PstA binds c-di-AMP at high affinity and 

specificity, indicating an important role in the c-di-AMP signaling network. However, the 

molecular function of PstA remains elusive. Our findings reveal contrasting roles of PstA 
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in -lactam resistance depending on c-di-AMP-binding status.  In a normal or c-di-AMP-

depleted environment, the apo form of PstA increases susceptibility to L. monocytogenes. 

However, when c-di-AMP accumulates due to the deletion of both c-di-AMP 

phosphodiesterases, PstA binds with c-di-AMP, enhancing bacterial resistance. 

Interestingly, PstA's role in -lactam resistance is minimal during hypoxic growth. 

Additionally, PstA function during aerobic growth requires the cytochrome bd oxidase 

(CydAB), part of the respiratory electron transport chain. This dependency on CydAB 

might be linked to its roles in maintaining membrane potential or managing redox stress. 

Future efforts can exploit these conditions to identify PstA interaction partners under -

lactam stress. 

In addition, we isolated and characterized suppressor mutants that can overcome the 

-lactam stress on the plate even with the accumulation of c-di-AMP through a screening 

using PDE EMS library. We identified that mutations in MreB, a cytoskeletal protein that 

shapes cells by directing cell wall synthesis, reversed the sensitivity of ΔPDE mutants to 

cefuroxime and their virulence. Further research showed that inhibiting MreB restored 

ΔPDE strains resistance to -lactams and peptidoglycan (PG) synthesis. Additionally, we 

observed that the accumulation of c-di-AMP significantly increased autolysin activity, likely 

independent of MreB function, pointing to another role for c-di-AMP in maintaining 

bacterial cell wall integrity. These findings provide a foundation for further exploring the 

multifaceted role of c-di-AMP in regulating both the synthesis and breakdown of the 

bacterial wall, offering insights into how imbalances in c-di-AMP levels affect cell wall 

integrity and virulence. 

Our studies revealed that the manipulation of cyclic di-adenosine monophosphate (c-

di-AMP) on bacterial -lactam resistance is multidimensional and requires the precise 

coordination of various proteins within the bacteria (Fig. 4.1). The regulation of c-di-AMP 

impacts the function of PstA, suggesting its involvement in aerobic respiration under -

lactam stress. Additionally, c-di-AMP appears to directly influence the homeostasis of the 

bacterial cell wall through MreB, and thereby modulating β-lactam resistance. This 

indicates a novel role for c-di-AMP beyond its known functions in osmotic homeostasis 

and central metabolism. Further studies (see below) will involve testing detailed molecular 
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mechanisms of c-di-AMP regulating PstA and MreB and how they regulate bacteria -

lactam resistance.  

5.2 Future research  

In Chapters 2 and 3, we demonstrated that apo-PstA plays a role in inducing bacterial 

-lactam resistance, particularly under aerobic conditions. Given the structural similarity 

of PstA to canonical PII proteins, it is suggested that PstA functions in a manner analogous 

to these proteins, likely interacting with and regulating effector proteins, thereby playing a 

crucial role in cellular processes. Consequently, identifying PstA's binding partners is 

essential for understanding its function. However, our attempts to isolate specific proteins 

during pull-down assays in Chapter 3 were unsuccessful, suggesting that the interactions 

between PstA and its partners may be transient and occur under stress conditions. To 

improve our understanding, future pull-down assays for PstA should be performed in the 

presence of β-lactam antibiotics. Additionally, since many tagged PstA proteins are directly 

bound to beads, making elution difficult, we propose using an immunoprecipitation (IP) 

approach with a PstA-specific antibody instead of tags for cleaner and more specific 

results. 

In addition, as powerful genetic tools for microbiology, genetic screening techniques 

are indispensable for identifying key genes and pathways that govern microbial functions 

and behaviors. In a recent project, I performed ethyl methanesulfonate (EMS) 

mutagenesis on the c-dacA Pspac-pstA strain. While rifampicin resistance tests259,260 

indicated a mutation frequency of 0.12 mutations per genome, surprisingly, each isolated 

strain contained over 10 mutations. This suggests that the current EMS exposure duration 

may be too long, leading to multiple unwanted mutations that could complicate the 

analysis and interpretation of results. To isolate single mutations for more precise genetic 

screening, reducing the EMS treatment time could be an effective adjustment. 

Furthermore, to enhance our understanding of PstA function, alternative genetic screening 

approaches should be considered. Generating a transposon library or implementing 

transposon sequencing (Tn-seq) offers robust methodologies for comprehensive and 

high-throughput identification of gene functions. These techniques could potentially 
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provide more targeted insights into the specific roles of PstA in microbial physiology and 

resistance mechanisms, thereby facilitating more directed and effective interventions. 

Moreover, PstA exhibited to be critical when glycerol was used as the sole carbon 

source in the medium. Given that glycerol is non-fermentable, it is reasonable to 

hypothesize that PstA plays a role in aerobic metabolism, specifically in the metabolism of 

glycerol. This creates an ideal screening condition to identify the regulatory pathways in L. 

monocytogenes. Although subsequent experiments indicated that this phenotype of PstA 

may be unrelated to -lactam susceptibility, this observation could unveil an additional 

function for c-di-AMP, given that PstA is a binding protein for this signaling molecule. 

Exploring this new role could provide significant insights into how c-di-AMP influences not 

only antibiotic resistance but also basic bacterial metabolism and survival under nutrient-

limited conditions. This could potentially lead to the discovery of novel targets for 

antimicrobial interventions, expanding our understanding of microbial adaptation and 

resilience. 

In Chapter 4, we explored the impact of mutations in MreB, a cytoskeletal protein that 

determines cell shape by guiding cell wall synthesis. We found that mutations in MreB 

restored sensitivity to cefuroxime in ΔPDE mutants. Further investigations revealed that 

inhibition of MreB also restored peptidoglycan (PG) synthesis in these mutants. 

Additionally, we observed that the accumulation of cyclic di-adenosine monophosphate (c-

di-AMP) significantly increased autolysin activity. These findings suggest that c-di-AMP 

influences both the synthesis and hydrolysis of the bacterial cell wall. However, the precise 

regulatory pathways through which c-di-AMP acts remain elusive. While the processes 

involved in bacterial cell wall synthesis are well-documented, with many critical proteins 

involved in cell division and elongation already identified, our understanding of how c-di-

AMP modulates these proteins is still in its infancy. Our future research will focus on 

elucidating this modulation. Regarding bacterial cell wall hydrolysis, knowledge is 

particularly sparse, especially in gram-positive bacteria. Employing genetic manipulation 

on those identified bacterial autolysins could be a promising approach to further 

investigate the role of c-di-AMP in this process.  

In our studies, we observed that mutations in the MreB gene not only rescue ΔPDE 

mutants from -lactam susceptibility but also significantly restore their infectivity. Notably, 
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all suppressor mutants formed plaques that were significantly larger than those formed by 

the ΔPDE mutants, suggesting a link between cell wall integrity and bacterial virulence. 

This finding implies that the reduced virulence in ΔPDE mutants may primarily stem from 

impairments in the bacterial cell wall, although the exact mechanisms influencing this 

relationship remain elusive. 

To hypothesis can be proposed from current results: 1) Impact of c-di-AMP on Cell 

Wall Synthesis: The direct effect of c-di-AMP on bacterial cell wall synthesis may lead to 

reduced structural robustness against environmental stressors. Although ΔPDE mutants 

may retain inherent virulence capabilities, their increased sensitivity to the intracellular 

environment could lead to higher mortality rates. Investigating how modifications in c-di-

AMP levels affect cell wall composition and resistance to osmotic and oxidative stresses 

could provide deeper insights into these dynamics. 2) Role of Increased Bacterial 

Hydrolysis: Enhanced hydrolysis in ΔPDE mutants could impair the structural integrity of 

the cell wall, making it less capable of withstanding severe environmental conditions. 

Furthermore, the accelerated turnover of peptidoglycan might activate the host's immune 

response more robustly, leading to improved pathogen clearance. Studies involving 

immune profiling in response to ΔPDE infection could reveal specific immune pathways 

activated by altered peptidoglycan dynamics. 

The future research directions aim to deeply explore the complex interaction between 

bacterial cellular mechanisms and host responses: 1) Experimental validation: 

experimental designs could include constructing ΔPDE mutants with controlled c-di-AMP 

levels to observe changes in cell wall composition and subsequent effects on virulence 

and susceptibility to host immune responses. 2) Intracellular behavior studies: observing 

ΔPDE mutants within macrophage cultures to assess their survivability and interaction 

with host cellular mechanisms will provide valuable insights into the intracellular 

sensitivities of these mutants. 3) Immune response elicitation: Investigating the specific 

immune responses triggered by altered peptidoglycan turnover in host models can help 

determine the immunological aspects of increased bacterial clearance. By expanding our 

research to include these aspects, we can more comprehensively understand the 

multifaceted role of c-di-AMP in bacterial pathogenesis and resistance. This, in turn, could 
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lead to the development of targeted therapies that exploit these vulnerabilities in 

pathogenic bacteria. 

Our overarching goal is to unravel the complex responses of bacteria to -lactam 

antibiotics and to investigate the integral role of c-di-AMP in mediating these responses. 

This exploration is critical, as c-di-AMP is a pivotal signaling molecule that regulates a 

wide range of bacterial stress responses, including those activated during antibiotic 

exposure. Understanding how c-di-AMP impacts bacterial cell wall dynamics and antibiotic 

resistance mechanisms could open new avenues for therapeutic intervention. 
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5.3 Figure 

 

Figure 5.1 Schematic of c-di-AMP regulations on bacterial -lactam resistance. C-

di-AMP mediates different bacterial physiology processes to influence L. monocytogenes 

-lactam resistance: 1) binding with PycA to regulate bacterial central metabolism. 2) 

binding with PstA, which is related to aerobic respiration. 3) regulating MreB to adjust 

bacteria cell wall synthesis and hydrolysis. These regulations may also affect L. 

monocytogenes virulence.  
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