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ABSTRACT 

INVESTIGATING THE PROTEOMIC RESPONSES OF GRAM-NEGATIVE AND GRAM-
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Carlie Goodall 

University of Guelph, 2022

 

Advisor(s): 

Dr. Cezar M. Khursigara

 

 Recently, the World Health Organization (WHO) has declared a global shortage of 

innovative antimicrobials that address antimicrobial resistance and emphasized the devastating 

toll antimicrobial resistance is taking on our healthcare systems. Due to their proposed multi-

targeted mechanisms and lower incidence of resistance, silver-based compounds are ideal 

candidates for further research and development. To investigate the utility of a newly developed 

silver-based antimicrobial, EPC-373K, against common wound pathogens we employed 

antimicrobial susceptibility and LFQ proteomic techniques. Exploration of the global proteomic 

shifts and identification of several pathways and processes disrupted in Pseudomonas 

aeruginosa PAO1 and Staphylococcus aureus TCH959 has furthered our understanding of the 

mechanism(s) employed by EPC-373K. Distinct profiles characterized by unique physiological 

changes were observed for each strain highlighting differences in the responses of Gram-negative 

and Gram-positive species to EPC-373K. Characterization of the impact of EPC-373K on wound 

pathogens assists in defining the utility of this novel antimicrobial within the current field of 

therapies targeting topical infections.  
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Chapter 1: Introduction 

1.1 The lack of novel antimicrobials and its effect on the healthcare system 

Often described as a “hidden pandemic”, experts worldwide are warning antimicrobial 

resistant infections could pose one of the biggest threats to humanity. The Centers for Disease 

Control and Prevention (CDC) estimates that at least 2 million people have antibiotic-resistant 

bacterial infections every year with 36,000 people dying as a result of these infections (1, 2). Since 

the introduction of antibiotics in the mid-1940s, the occurrence of antibiotic resistance has been 

increasing and is now considered one of the “greatest global public health issues of our time” (2, 

3). The first therapeutic use of penicillin in 1942 was followed rapidly by the identification of 

penicillinase, a penicillin destroying enzyme, in hospital isolates of Staphylococcus aureus in 1945 

(4). As novel antibiotics are FDA-approved and clinically prescribed, bacterial resistance emerges 

soon after (Figure 1) (4). Exposure to novel antibiotics instigates the selection and spread of 

resistance mechanisms, which is exacerbated by misuse and erroneous prescription of antibiotics 

(2).  

Between 1950 and 1970, the discovery of novel antibiotics was at its peak, with all known 

classes discovered during these two decades (5). With the decline in discovery rate after the 

seventies, modification of existing antibiotics, as well as the synthesis of novel compounds, has 

become the approach to drug development (5, 6). The slow production of novel antimicrobials 

coupled with a fast rate of resistance emergence has led to a declining pipeline of clinically-

relevant antibiotics and an urgent need to develop new options (3, 7).  
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Figure 1: Timeline of FDA-approval and mass application of new antibiotics accompanied by the 
first observed incidence of resistance. This timeline shows the introduction of well-known antibiotics into 
clinical use and the subsequent emergence of antibiotic resistance. Antibiotic resistance has been observed 
a maximum of 4 years and a minimum of a few months, after mass use of a novel antibiotic. Adapted from 
Taubes (4). Figure created with Biorender.com.  

1.2  Silver as a non-traditional antimicrobial  

With the growing need to enhance our antimicrobial arsenal in response to emergence of 

resistant pathogens, researchers have turned to non-traditional antimicrobials in hopes that 

divergence from the established classes of antibiotics that haven’t been expanded significantly 

since the ‘90s, will offer new options for individuals with life-threatening resistant infections. Silver 

is a non-traditional antimicrobial whose properties have been exploited for many centuries. Water 

was stored in silver urns to render it potable and more recently, silver is used to treat a variety of 

topical infections including in the eyes, ears and within burn wounds (7–9). Because ionically 

charged silver ions (Ag+) were identified as the active antimicrobial ingredient in silver compounds, 

silver nitrate (AgNO3) became the most prominently used compound for the exploration of the 

antimicrobial properties of silver (10, 11). The high solubility of silver nitrate not only made it an 

easy compound to work with, but it also allowed researchers to correlate their findings to the 

action of silver ions in isolation by simply including a nitrate ion (NO3
-) control alongside testing 

conditions. Monovalent silver (Ag+) has been shown to kill planktonic bacteria at micromolar 

concentrations as well as prevent biofilm formation (12).  
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1.2.1 The proposed mechanism of action of silver 

Though the use of silver as an antimicrobial has been documented throughout history, its 

mechanism of action has yet to be fully elucidated (7). Many studies have used a variety of 

methodologies to characterize the mechanism of action. Modak and colleagues explored the 

mechanism of action of silver sulfadiazine (SSD), a topical compound consisting of ionic silver 

and sulfadiazine, created for the treatment of burns (13, 14). Using radioactive isotopes 110Ag and 

35S, ionic silver was identified as the active component as it was detected both within the cell and 

externally bound, whereas sulfadiazine was not associated with the cell (14). While the lethal 

concentrations of SSD and AgNO3 are comparable, sulfadiazine individually requires 200 times 

more compound for a similar effect, further solidifying Ag+ as the active component (11, 14, 15). 

The antibacterial activity of silver is hypothesized to be due to the interactions of ionic 

silver with electron donor groups like oxygen (O), nitrogen (N), and sulfur (S) in membrane 

components, proteins, and DNA (8, 14, 16, 17). Studies have shown that silver accumulates on 

the cellular envelope and within the cell where it binds with these cellular components (18).   

Because silver broadly binds electron donor groups as opposed to targeting explicit cellular 

components like penicillin-binding proteins or ribosomal subunits like traditional antibiotics, it is 

difficult to pinpoint the specific targets and thus the definite modes of action which result in cell 

death. However, several studies (described below) provide insights into possible mechanisms for 

silver as an effective antimicrobial (Table 1). 

Firstly, many bacterial responses elicited by silver are closely related to its interaction with 

sulfur-containing cellular components such as functionally important cysteine and methionine 

residues in proteins (10, 17, 19, 20). Inactivation of enzymes, production of reactive oxygen 

species (ROS), membrane modification, and the collapse of metabolite gradients are all related 

to silver’s interaction with thiol groups (-SH) (8, 17, 19, 21, 22). Thiol groups are ubiquitous within 

bacteria and include sulfhydryl groups found in amino acids, free cysteines, coenzyme A (CoA) 
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and glutathione, among others. Silver will complex with thiol groups of enzymes thus forming 

protein aggregates that are visible by transmission electron microscopy (TEM) (7, 23). Proteins 

damaged by silver are misfolded and denatured, with impaired functionality. Addition of 

micromolar concentrations of silver to proteins containing thiol groups, eradicates protein activity 

(8, 17, 24). In contrast, the presence of glutathione, a cysteine-containing tripeptide, preserved 

protein activity, implicating thiols as a target for silver (17, 25). Denaturation of integral proteins 

initiates the breakdown of cellular processes necessary for cell survival. Silver also disrupts iron 

homeostasis via interaction with iron-sulfur clusters, releasing free iron (7). Excess free iron will 

drive the overproduction of ROS and result in subsequent cell death from oxidative stress (7, 17, 

21).  

Notably, a condensed DNA morphology is also produced in response to silver treatment 

as visualized by TEM of silver-treated Escherichia coli (23). Silver ions preferentially interact with 

the nucleosides rather than the phosphate backbone, binding to the bases to form homo-base 

pairs particularly pyrimidine dimers (10, 26–28). Once condensed, DNA has delayed replication, 

indicating that the inhibitory properties of silver may come, in part, from its interaction with DNA 

(10, 17, 23). Interestingly, the binding of silver to DNA was found to be reversible as growth and 

replication could resume after silver had dissociated from the DNA complex (14).  

Treatment with silver is also suggested to disrupt cell wall morphology. TEM images show 

a distinctively increased distance between the cytoplasmic and outer membrane of E. coli after 

exposure to sublethal concentrations of AgNO3 (23, 29). Additionally, Morones-Ramirez were able 

to visualize the movement of a membrane-impermeable fluorescent dye, propidium iodide, 

through the membrane of silver-treated E. coli (7). Therefore, silver is proposed to increase 

membrane permeability to allow for more silver to enter the cell in a positive-feedback manner, 

similar to the action of the antibiotic gentamicin (30). Silver is also observed to inhibit cellular 

respiration by targeting the respiratory chain proteins resulting in the uncoupling of the proton 
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motive force from ATP production (12, 20, 25). Silver targets the respiratory chain at two sites: 

between cytochromes b and d and within a substrate entry site in the succinate dehydrogenase 

region (8, 24, 31). By targeting the respiratory chain, silver causes an uncoupling effect whereby 

the rate of respiration is no longer dependent on the concentration of ADP (32).  Interestingly, 

bacteria treated with silver show an initial increase in respiration before decoupling, which is 

considered to be an attempt to regain the proton gradient (17, 32). Interactions of silver with 

membrane-bound proteins, specifically respiratory chain proteins, results in increased membrane 

permeability, leakage of protons and subsequent collapse of proton motive force (21, 22, 26, 32). 

Taken together, silver’s interaction with the cellular membrane and disruption of cellular 

respiration is likely integral to its mechanism of action.  

Increased membrane permeabilization and loss of the proton gradient impact the 

maintenance of many integral metabolite gradients. Notably, inorganic phosphate (Pi) exchange 

is disrupted in E. coli, upon exposure to silver (20). Ionic silver affects the function of two key Pi 

transport systems, Pit and Pst by inhibiting phosphate uptake and promoting the efflux of 

phosphate (20). Lower concentrations of ionic silver inhibit the Pit system as it is coupled with the 

proton motive force which silver is known to destroy. It is important to note that the efflux of 

phosphate was attributed to the non-functional Pit system and not to a freely permeable 

membrane or cell lysis (20). The Pst system requires a higher concentration of silver to inhibit 

compared to the Pit system as it is not sensitive to the membrane potential and will recover 

function once silver is removed from the system. The Pst system utilizes protein carriers which 

are inactivated when complexed with silver. A non-linear relationship between the concentration 

of silver and phosphate efflux indicates that the antimicrobial effects of silver are not solely due 

to interference in metabolite transport (20). This furthers the notion that silver has a multi-faceted 

mechanism of action. The multi-targeted mechanism employed by silver may explain its broad 

spectrum activity and its lower incidence of resistance (7, 22, 26, 33). The evidence that silver 
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provides broad spectrum antimicrobial activity justifies an increased research effort to understand 

the utility of silver in the fight against microbial resistance. 

Table 1: Cellular components that silver (Ag+) interact with, the produced phenotype and 
mechanism(s) of action. 

Figure 2: Antimicrobial effects of Ag+. Interaction with thiol groups in proteins leads to protein misfolding, 
binding to DNA results in a condensed DNA phenotype which prevents replication, ROS are produced via 
disruption of iron homeostasis and interactions with the membrane and membrane proteins leads to 
respiratory uncoupling and loss of critical metabolite gradients. 

 

Cellular Component Phenotype Mechanism(s) of Action 

Thiol (-SH) groups of proteins Protein aggregation Inactivation of enzymes 

Denaturation of proteins 

e.g. Disruption of protein carriers of the Pst system 
involved in phosphate exchange 

Iron-sulfur clusters Increased reactive oxygen 
species production 

Oxidative stress, protein, and cell damage 

DNA Condensed DNA Delayed replication 

Respiratory chain proteins Increased membrane 
permeability 

Collapse of proton motive 
force 

Uncoupling respiration  

Loss of metabolic gradients 

Proton leakage 

e.g. phosphate exchange (Pit and Pst systems) 
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1.2.2 Silver resistance 

Silver displays broad spectrum antimicrobial activity which can be attributed to its non-

specific binding to many molecules, thereby disrupting numerous physiological processes (7, 9). 

As silver ions have multiple intracellular targets it may make it more challenging for bacteria to 

develop mechanisms to produce and maintain resistance. Concerns for silver resistance arose 

as the use of silver in medical devices and topical infection became more widespread over the 

past 45 years (34). Although documented incidences of resistance have been relatively low, 

resistance can occur (33). 

One suggested mechanism of resistance has been the reduction of ionic silver (Ag+) to 

metallic silver (Ag0) (35, 36). The loss of electrophilicity results in the silver being unable to interact 

with the electron donor groups within the plethora of suggest targets. Despite the capability of 

certain dissimilatory metal-reducing bacteria to reduce metals by using them as terminal electron 

acceptors in anerobic conditions, sensitivity to high micromolar concentrations of silver indicates 

that even these resistance mechanisms can be bypassed at critical concentrations. Treatment of 

the dissimilatory metal-reducing bacterium, Shewanella oneidensis, with 100µM AgNO3, resulted 

in the penetration of silver into the cytoplasm which interfered with metabolic processes causing 

killing like with susceptible strains. Therefore, the reduction of ionic silver is not sufficient to 

overcome sensitivity at high concentrations (≥ 100 µM  Ag+) (36). The silver reduction mechanism 

promotes tolerance at low concentrations (≤ 10 µM Ag+), but once saturated, exposure to silver 

results in cell death.  

Another mechanism of silver resistance, like heavy metal and antibiotic resistance (16, 

37), can be attributed to the exclusion of silver from the cell (8, 36). Sub-lethal passages of 

bacteria can select for intrinsically encoded resistance mechanisms (38). Silver resistant E. coli 

were produced by continual sub-lethal exposure to AgNO3 and SSD (16). When characterized, 

these resistant strains lacked outer membrane (OM) porins, OmpF and OmpC. Porins are well-
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documented complexes in the OM which promote permeability and porin loss could reduce the 

influx of silver ions into the cytoplasm (37, 39, 40). However, deletion mutants of OmpF and OmpC 

do not have a similar level of silver resistance, indicating OM permeability cannot be the sole 

mechanism of resistance (16). This suggests that the efflux of silver and lowered OM permeability 

work synergistically to confer resistance in mutant strains (16).  

Efflux pumps are present in all organisms and often export internally produced toxic 

molecules (37). Notably, the accumulation of silver within the cell was lower in resistant compared 

to susceptible strains, with little difference at high concentrations due to saturation and the rate of 

influx overwhelming efflux activity (16). Two-dimensional gel electrophoresis and mass 

spectrometry analysis revealed that resistant strains expressed components of the 

chromosomally encoded CusCFBA copper/silver chemiosmotic efflux system, where expression 

of this efflux system was not seen in the susceptible strains (33). Therefore, the overexpression 

of the copper efflux system coupled with decreased expression of outer membrane porins results 

in limited silver accumulation (16, 33). The Cus system is present in other Gram-negative 

organisms that do not display silver resistance, indicating that the presence of the system alone 

is not enough to confer resistance (38).  

Plasmid-encoded resistance mechanisms have been isolated from silver resistant 

bacteria from both clinical and environmental sources (8, 16, 22, 35). Although these plasmids 

confer resistance, they have been shown to be difficult to transfer and levels of resistance in the 

recipient are lower than in the donor (9, 31). This could be due to the large amount of energy 

required to maintain such large plasmids.  

One silver resistance plasmid, pKK1, was isolated from Pseudomonas stutzeri which was 

collected from sewage runoff (41). pKK1 was successfully transformed into Pseudomonas putida 

and conferred resistance to AgNO3, although the mechanism of this resistance is yet unknown 
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(8). Similarly, another plasmid, pMG101, isolated from another Gram-negative Salmonella 

typhimurium codes for resistance to multiple antibiotics and metals including silver (34, 38, 42). 

The plasmid harbors a gene cassette carrying silver resistant sil genes that have been identified 

in a variety of Gram-negative bacteria (12, 26, 34, 38). Similar to the Cus efflux system, the Sil 

protein complex confers resistance via Ag+ sequestering and efflux (8, 36, 38, 42). The complex 

consists of nine genes coding for a periplasmic silver binding protein, two efflux pumps, and six 

genes homologous to proteins in the copper resistance system described above. Of these genes, 

silA, silB, silC, and silE, are essential for silver resistance (38, 42, 43). silE encodes a periplasmic 

Ag(I)-binding protein, and the silCBA genes determine a three polypeptide membrane potential-

dependent cation/proton antiporter (26, 43). Though homologous to the Cus system, the Sil efflux 

system is not dependent on the loss of outer membrane porins to confer resistance (38). 

Importantly, both endogenous and exogenous mechanisms utilize efflux systems to prevent the 

accumulation of silver to mediate resistance suggesting that silver enacts its antimicrobial action 

intracellularly. 

1.2.3 Silver compounds show utility in wound care 

The antimicrobial properties are best suited for topical applications, as the risk of argyria, 

the purpling of the skin linked to high oral consumption of silver, increases with ingestion (9, 44). 

Skin injuries such as burn wounds and skin lesions are at great risk of infection due to their 

exposure to the outer environment. Wound dressings containing antimicrobials and therapeutics 

are used to assist with infection prevention and to accelerate wound healing. Despite the 

numerous antibiotics available to combat infection only a select few are present in dressings 

including quinolones, tetracyclines, aminoglycosides, and cephalosporins (45). Antimicrobial 

resistance linked to repeated and improper use has created a demand for innovative substitutes. 

The challenge with the treatment of topical infections is the need for agents that show substantial 

activity against microbes, while maintaining a wound environment conducive to healing. Although 
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intravenous administration of a cocktail of antibiotics is the primary treatment option, a physical 

barrier on the wound is still required for infection prevention. Non-traditional antimicrobial agents, 

including higher oxidation states of silver, have shown promise for the management of topical 

infection; however, their specific effect on bacterial cell function has not been investigated in 

depth. With the incidence of silver resistance reportedly low, cytotoxicity of silver poses a 

challenge in the exploration of the viability of silver compounds in the wound care field. Recent 

studies exploring higher oxidation states of silver have shown low doses elicit a substantial 

antimicrobial effect without disrupting wound healing (46, 47).  

1.3 Wound care: Pseudomonas aeruginosa and Staphylococcus aureus as 
pathogens of concern 

The skin is the largest organ of the body and plays a crucial role as a barrier to protect 

against mechanical, chemical, and biohazardous threats. Alongside the functional role of this 

tissue in protecting our bodies from the outer environment, the aesthetic role of the skin in our 

society further emphasizes the importance of wound care research (45). Although bacteria are 

essential to the microbiota and protective function of our skin, when damaged, the exposed wound 

can become a breeding ground for microorganisms native and foreign. When these 

microorganisms proliferate uncontrollably in the wound, an infection is installed that prevents 

proper healing and can lead to chronic wounds. Pseudomonas aeruginosa and Staphylococcus 

aureus are the most prevalent bacterial species present in the complex microbial profiles of 

chronic wounds (48, 49). These pathogens possess complex resistance mechanisms allowing 

them to evade lethal antibiotic treatments, thus prolonging infection, and the wound healing 

process. Additionally, chronic wounds co-infected by P. aeruginosa and S. aureus pose an even 

greater threat as co-habitation of these two pathogens increases their collective resistance (50).   
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1.3.1 Pseudomonas aeruginosa: a wound pathogen 

P. aeruginosa is a Gram-negative, opportunistic pathogen and a prolific antimicrobial 

resistant threat (2). Infections caused by P. aeruginosa have become increasingly difficult to treat 

due to its variety of resistance mechanisms combined with a dwindling pipeline of viable 

antimicrobial therapies. Though commonly associated with nosocomial lung infections in 

individuals with cystic fibrosis, P. aeruginosa is also responsible for topical infections of the eyes, 

ears, and burn wounds (51, 52). The multitude of resistance mechanisms employed by P. 

aeruginosa allow it to persist in chronic wounds where it typically populates the deepest regions 

of the wound bed resulting in a characteristically prolonged healing process (48, 50). Along with 

intrinsic mechanisms such as low outer membrane permeability, expression of efflux pumps, and 

production of antibiotic-inactivating enzymes, P. aeruginosa has the ability to acquire resistance 

factors through horizontal gene transfer or mutational changes (53). The adaptive resistance 

involving the formation of robust biofilms within the wound environment is the main contributor to 

P. aeruginosa inhabited chronic wounds and the biggest adversary to available treatment options 

(53, 54). Most interestingly, the redundant genome of P. aeruginosa allows for vast metabolic 

versatility and enhanced adaptability to environmental changes (53). Taken together, these 

mechanisms aid in the evasion of many antibiotics.  

As a monoculture, P. aeruginosa can be effectively treated by aminoglycosides such as 

gentamicin, but within the wound environment the occurrence of single-species infections is 

virtually non-existent (49, 55). Most chronic wounds are polymicrobial and thus antimicrobial 

therapies need to have broad spectrum activity targeting both Gram-negative and Gram-positive 

species. A combination of intravenous and topical antibiotics is used to combat such infections, 

although development of antimicrobial resistance limits clinical use of topical therapies. 

Intravenous administration of cell wall synthesis-, protein synthesis-, and DNA synthesis- 

inhibiting antibiotics offer effective therapy of these polymicrobial infections (48–50, 52).  
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1.3.2 Staphylococcus aureus: a wound pathogen 

S. aureus is a Gram-positive, pathogen touted as the most important human pathogen due 

to its significant morbidity and mortality globally. Infections caused by S. aureus pose a significant 

challenge due to its ability to develop and acquire antibiotic resistance. S. aureus is characterized 

by virulence and antimicrobial evasion mechanisms including biofilm formation capabilities, 

antibiotic-inactivating enzymes such as penicillinases and multi-component sensing systems 

(MCS) for sensing, and responding to their environment (56, 57). Horizontal gene transfer of multi-

drug resistant plasmids confers the most historical and worrisome resistance mechanisms in S. 

aureus, with synthesis and regulation of penicillinase being located extrachromosomally (58).  

Bacterial profiling of chronic venous leg ulcers found that S. aureus is the most commonly 

found isolate, having been identified in 93.5% of sampled ulcers (48). Penicillin antibiotics are 

commonly used to treat S. aureus infections, but resistant strains such as methicillin-resistant S. 

aureus (MRSA), that are responsible for thousands of difficult to treat infections, require more 

extraordinary measures to combat (2, 59, 60). Instead of using a single class of antibiotics to 

combat MRSA, a combination of glycopeptides, oxazolidinones, glycylcyclines, cephalosporins, 

fluoroquinolones and quinolones which all target an assortment of cellular processes are 

employed (50). 

As homogeneity within chronic wounds is unlikely, treatments must include antibiotics 

targeted towards a spectrum of bacteria. P. aeruginosa and S. aureus are the most common 

microbes within topical infections (48). The ease and frequency at which these microbes acquire 

resistance leaves little room for error in selecting the appropriate treatment. The necessity of 

innovative broad-spectrum antimicrobials with a low propensity for conferring resistance is 

growing each year as these bacterial species outwit our current options (7, 53).  
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1.4 Proteomics to study viability and characterize new antimicrobials 

A wide variety of proteomic techniques have been adopted to investigate the impact of 

antimicrobial agents on microbial functions. The rapid advancements in mass spectrometry (MS) 

have provided the foundation for large-scale analysis of microbial responses to environmental 

stressors. Bottom-up proteomics is a common MS technique whereby samples are digested with 

sequence specific enzymes, separated using liquid chromatography, and analyzed by MS to 

identify and quantify the peptides (61). Samples can be labeled using chemical or metabolic 

labels, but the popular label-free quantitative (LFQ) proteomics method used in this study allows 

for the identification and quantification of relative changes in two or more biological samples while 

reducing sample processing steps (61). MS techniques have been applied to observe the 

physiological response of bacterial cells to environmental stressors including antibacterial agents 

(62–64). Furthermore, proteomic analyses have allowed for the identification and validation of 

antimicrobial targets within the cell. Distinct proteome profiles provide a broad view of the cell’s 

physiological changes in response to a stressor. Studying these cellular responses in parallel with 

compounds that have defined mechanisms, allows for the comparison and prediction of the 

activities of novel undefined agents (62–64). However, the proteomic response of hypervalent 

silvers in comparison to traditional antibiotics have yet to be studied.  

1.5 Research rationale 

A recent report from the World Health Organization (WHO) declared a global shortage of 

innovative antimicrobials that address antimicrobial resistance and emphasized the devastating 

toll antimicrobial resistance is taking on our healthcare systems. Silver compounds are ideal 

candidates for further antimicrobial research and development due to the proposed multi-targeted 

mechanism of action and lower prevalence of resistance (7, 8, 34, 65, 9, 10, 16, 17, 21, 22, 26, 

29). Studies exploring the utility of compounds containing higher oxidation states of silver 

demonstrate enhanced efficacy against planktonic and biofilm models at lower equimolar 
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concentrations of silver than monovalent silver compounds (47, 66, 67). The presence of higher 

oxidation state silver allows for low doses to elicit a substantial antimicrobial effect without 

disrupting wound healing (46, 47). Enhanced efficacy of higher oxidation state silver is attributed 

to increased electrophilicity and reactivity. Not surprisingly, trivalent silver ions (Ag3+) are shown 

to elicit rapid antimicrobial activities against Gram-negative and Gram-positive bacteria (47). 

Recently, Exciton Technologies Inc., has developed EPC-373K, a non-traditional antimicrobial 

which exclusively harbours trivalent silver ions for maximum efficacy at low concentrations (68, 

69). To characterize the utility of this novel antimicrobial against bacterial pathogens of interest, 

we employed conventional antimicrobial susceptibility testing techniques alongside label-free 

quantitative proteomic analysis. To compare the antimicrobial action of the newly developed non-

traditional antimicrobial to current antimicrobial therapies, parallel studies with conventional 

antibiotics were performed. By exploring the altered pathways and processes, with a focus on 

known antimicrobial resistance and response pathways, this thesis seeks to characterize potential 

targets and cellular processes modified by treatment with the newly developed non-traditional 

antimicrobial. 

1.6 Hypothesis and objectives 

This work seeks to test the hypothesis that a newly developed silver-based antimicrobial will 

elicit a significantly different proteomic response than conventional antibiotics in susceptible 

Gram-positive and Gram-negative bacteria. To investigate the impact of EPC-373K on the 

planktonic growth of P. aeruginosa PAO1 and S. aureus USA300 strain TCH9559 (MSSA), we 

started by evaluating its efficacy using conventional antimicrobial susceptibility techniques.  

The first objective was to compare the susceptibilities of laboratory strain P. aeruginosa 

PAO1 and clinical isolate S. aureus USA300 strain TCH959 (MSSA) to the novel silver-based 

antimicrobial and respective conventional antibiotic controls using minimum inhibitory 

concentration (MIC) assays. Gentamicin and oxacillin were chosen as the antibiotic controls for 
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PAO1 and MSSA, respectively, as they represent antibiotic classes canonically selected to target 

these stains.  

In the second objective, time kill assays were used to further explore the lethal action of the 

antimicrobials over a 24-hour period. The growth profiles of the bacteria under the stress of one 

and two times the lethal concentrations allowed for further exploration of the temporal- and dose-

dependent actions of the antimicrobials. Additionally, the time kill graphs informed the selection 

of conditions for proteomic analysis in the third objective.  

To further explore and compare the utility of the novel silver-based antimicrobial, in the third 

objective we characterized the proteomic profiles of PAO1 and MSSA exposed to lethal 

concentrations of the antimicrobials for 2 hours. The proteome profiles of the antibiotic controls 

performed in parallel for each strain provided a useful comparison as these antibiotics have 

targeted, known mechanisms of actions that have been described previously. Briefly, β-lactams 

like oxacillin target cell wall synthesis by binding and sequestering penicillin binding proteins 

(PBPs) to inhibit cross linking of the glycan strands in peptidoglycan resulting in bacterial lysis. 

Aminoglycosides like gentamicin target protein synthesis by targeting the 30S ribosomal subunit 

to cause misreading and premature termination of translation of mRNA. These known 

mechanisms of action allowed us to correlate protein abundance changes seen in this dataset to 

findings in previous studies which identified protein abundance changes associated with 

treatment with these antibiotics. Additionally, we compared the magnitude of the proteomic 

response elicited by a targeted antibiotic to a multi-targeted non-traditional antimicrobial and 

highlighted notable similarities in the pathways and proteins that were impacted by the treatments.  

This work seeks to define the utility of the newly developed non-traditional antimicrobial, EPC-

373K, within the framework of the current field of available antimicrobial therapies targeting topical 
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infections. Characterization of this novel antimicrobial furthers our understanding of its 

mechanism of action to guide future product development.   
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Chapter 2: Materials and Methods 

 Bacterial strains and growth conditions 

The strains used in this study are listed in Table 2. Pseudomonas aeruginosa PAO1 and 

Staphylococcus aureus USA300 isolate TCH959 (MSSA) were cultured in Cation-adjusted 

Mueller Hinton Broth (CAMHB) (BBL BD) at 37°C in a shaking incubator at 200 rpm. To determine 

the MIC for oxacillin and S. aureus USA300 isolate TCH959 (MSSA), the CAMHB was 

supplemented with 2% NaCl, as indicated by Clinical Laboratory Standards Institute (CLSI) 

guidelines.  

Table 2: Bacterial strains used in this study. 

Strain Description 

Pseudomonas aeruginosa PAO1 Laboratory strain 

Staphylococcus aureus USA300 Isolate TCH959 Clinical isolate obtained from buttock abscess 
(70) 

2.2 Chemical preparation 

The antimicrobials used in this study are shown in Table 3 along with their respective 

molecular weights, formulas, and structures. All antimicrobial solutions were made fresh in sterile 

falcon tubes prior to each experiment. EPC-373K was added to sterile Milli-Q water to a final 

concentration of 5 mM of silver (Ag). The silver stock and subsequent 2-fold dilutions in the 96-

well plates (discussed below) were prepared in Milli-Q and utilized within 24-hours of preparation. 

Gentamicin stocks were made to a concentration of 19.36 mM in sterile water and diluted to a 

final concentration of 991 µM for minimum inhibitory concentration assays and a final 

concentration of 7.74 µM for time kill assays and proteomic sample preparation. Oxacillin stocks 

were made to a concentration of 23.45 mM in sterile water and diluted to a final concentration of 

200 µM for use in the minimum inhibitory concentration assays and a final concentration of 9.38 

µM for the time kill assays and proteomic sample preparation. 
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Table 3: Antimicrobial compounds used in this study. Compound names, short forms, formulas, 
molecular weight (MW) and structures are included. Structures adapted from Pang et al 2019 (53), 
ThermoFisher.ca and Spina et al 2021 (69). 

Antimicrobial 
Compound Name 

Short form Formula MW 
(g/mol) 

Structure 

Gentamicin sulfate salt Gent C19H40N4O10S 516.60   

Oxacillin sodium salt Oxa C19H21N3NaO5S 426.44  

Tripotassium silver (III) 
bisperiodate 

EPC-373K K3Ag(IO4(OH)2)2•4H2O 373.53  

2.3 Minimum inhibitory concentration (MIC) assay 

MIC assays were performed following the CLSI microdilution guidelines (71). Assays were 

performed with four technical replicates and three biological replicates. CAMHB inoculated with 

single colonies from a fresh Tryptic Soy Agar (TSA) plate, were incubated at 37 °C, 200 rpm 

overnight (~16hrs). The MIC for S. aureus TCH959 and oxacillin was determined in CAHMB 

supplemented with 2% NaCl as suggested in CLSI guidelines. After incubation, cultures were 

washed once with sterile media and the optical density at 600 nm (OD600) was measured. Each 

culture was normalized to an OD600 of 1.0 in fresh media and subsequently diluted to an OD600 of 

0.001 in 2x CAMHB. A gradient of concentrations of each antimicrobial was established in 96-

well plates, in 2-fold dilutions from 1250 µM to 2.44 µM for the non-traditional antimicrobial, from 

496 µM to 0.97 µM for gentamicin and from 150 µM to 0.29 µM for oxacillin. Each well was 

subsequently inoculated with the adjusted subculture to a final cell count of 106 CFU/mL in each 

well to a final volume of 200 µL. Sterile media was used as the negative control and 0 µM 
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antimicrobial wells were inoculated as the growth control. An additional antimicrobial gradient 

inoculated with sterile media was set up alongside the biological replicates to provide appropriate 

blank absorbances that account for potential interferences in OD600 readings caused by the silver-

based antimicrobial. Plates were incubated at 37 °C, static for ~20 hours. Final OD600 values were 

obtained using a microplate reader (BioRad xMark plate reader) and MIC values were determined 

as the lowest concentration which prevented > 90% growth (MIC90).  

2.4 Time kill assay 

Assays were performed in eight technical replicates and three biological replicates for 

PAO1 and eight technical replicates and two biological replicates for MSSA. Overnight cultures 

of bacteria were washed and normalized to 2-8x106 CFU/mL in 2x CAMHB. Antimicrobial stock 

solutions were made fresh in sterile deionized water and aliquoted into 96-well plates to a 

concentration of 2x and 4x MIC. Wells were inoculated with normalized bacterial culture to a final 

antimicrobial concentration of 1x and 2x MIC and a media concentration of 1x CAMHB. Plates 

were incubated statically at 37 °C and growth was monitored over 24 hours by removing aliquots 

at 0, 1, 2, 3, 4, 5, 6 and 24 hours, serial diluting in CAMHB, and spot plating on TSA plates. 

Aliquots were removed at the 6-hour time point for MSSA only. Spot plates were incubated at 37 

°C overnight and colonies were enumerated. Averaged technical and biological replicates were 

plotted against time for each of the treatments.  

2.5 Bacterial growth conditions for proteomic sample preparation 

This project aims to compare the proteomes of the Gram-negative P. aeruginosa laboratory 

strain PAO1 and the Gram-positive S. aureus USA300 isolate TCH959 exposed to lethal 

concentrations of the novel non-traditional antimicrobial, EPC-373K, and conventional antibiotics 

gentamicin and oxacillin including an untreated control. Overnight cultures of bacteria were grown 

in CAMHB. Antimicrobial solutions were prepared in sterile deionized water to a final 

concentration of 2x MIC for PAO1 treatments and 4x MIC for MSSA treatments. Antimicrobial 



 

 

20 

 

solution (20 mL) and 2x CAMHB (20 mL) were added to a flask which was inoculated with 

overnight culture to a final cell concentration of 2.5x107 CFU/mL, a final media concentration of 

1x CAMHB and a final antimicrobial concentration of 1x MIC and 2x MIC for PAO1 and MSSA, 

respectively. Cultures were grown for 2 hours at 37 °C and 200 rpm. Cells were harvested by 

centrifugation at 5000 rpm for 7 minutes and washed twice in sterile phosphate-buffered saline 

(PBS). Pellets were flash frozen with liquid nitrogen and stored at -80 °C until sample processing.  

2.6 Proteomic sample processing 

Samples were prepared for mass spectrometry as described in previous protocols (61). 

Briefly, pellets were resuspended in lysis buffer, which was prepared by adding one cOmplete, 

Mini, EDTA-free Protease Inhibitor Cocktail tablet (Roche) to 10 mL 0.1 M Tris-HCl, pH 8.5. Cell 

pellets were lysed by three rounds of sonication, 30s on, 30s off, 30% power for Gram-negative 

bacteria and five rounds of sonication, 30s on, 30s off, 30% power for Gram-positive bacteria 

(Fisher Scientific, Sonic dismembrator). SDS and DTT were added to each sample to a final 

concentration of 2% and 0.01M, respectively, and samples were incubated for 10 min at 95 °C 

and 800 rpm to denature and reduce the proteins. Iodoacetamide was added to a final 

concentration of 0.055 M and samples were incubated for 20 min at room temperature protected 

from light. Ice cold acetone (-20 °C) was added to a final concentration of 80% to precipitate the 

proteins and samples were stored overnight at -20 °C. Precipitated proteins were pelleted by 

centrifugation at 14000 rpm for 10 min at 4 °C and washed twice with 80% ice cold acetone (-20 

°C) and subsequently air dried. Pellets were dissolved in 8 M Urea/40 mM HEPES by 5-15 rounds 

(1 min on, 1 min on ice) of sonication (~40%, 50-Watt, 20 kHz) in a 4 °C ultrasonic water bath 

(Fisherbrand). Samples were diluted with 50 mM ammonium bicarbonate to a final concentration 

of 2 M urea and the protein concentration of each sample was determined using a BSA assay 

(Pierce). Proteins (100 µg per sample) were aliquoted into a fresh tube and digested at room 

temperature overnight with LysC/Trypsin (Promega). Trifluoracetic acid was added to a final 
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concentration of 0.6% to stop digestion and then peptides (50 µg per sample) were purified on 

STAGE-tips containing three layers of C18 filter paper. Samples were eluted in 50 µL of 80% 

acetonitrile/0.5% acetic acid and dried using a speed-vacuum concentrator. Dried samples were 

shipped to Bioinformatics Solutions Inc. in Waterloo for resuspension and subsequent mass 

spectrometry analysis as previously described (61, 72). 

2.7 Protein identification 

The MaxQuant software (v1.6.7.0) was used to identify the proteins in each sample. Raw 

data files were uploaded and processed with the group specific and global parameters described 

here. Group specific parameters: digestion was set to Trypsin/P, modifications were left as default 

(variable modifications: methionine oxidation and protein N-term acetylation; fixed modification: 

carbamidomethylation of cysteine), label-free quantification (LFQ) was selected and the LFQ 

minimum ratio count set to one. Under global parameters the minimum number of peptides for 

identification was set to two and ‘match between runs’ was selected. The proteome FASTA file 

for P. aeruginosa PAO1 was retrieved from Uniprot (https://www.uniprot.org/proteomes/, retrieved 

14 October 2020) and had 5564 sequences. The proteome FASTA files for S. aureus subsp. 

aureus USA300_TCH959 and reference proteome S. aureus strain NCTC 8325 / PS 47 were 

retrieved from Uniprot (https://www.uniprot.org/proteomes/, retrieved 09 Dec 2021) and had 2925 

and 2889 sequences, respectively.  

2.8 Data processing and statistical analysis 

 The Perseus software (v1.6.14.0 [PAO1 Dataset] / v1.6.15.0 [TCH959 Dataset]) was used 

to complete further data processing and statistical analysis. The output file from MaxQuant 

“proteingroups.txt” was uploaded to Perseus and the LFQ intensities for each sample were used 

for analysis going forward. Data was first filtered to remove potential contaminants, proteins 

identified only by site, and reverse hits. LFQ intensities for the remaining proteins were log2 

transformed. A column correlation was completed using a Pearson correlation and visualized by 
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hierarchical clustering using Euclidian distance. Data was filtered to only keep proteins for 

statistical analysis that had valid values in a minimum of three biological replicates in at least one 

group (Untreated, Antibiotic treated, or EPC-373K treated). Missing values were imputed from a 

normal distribution (width=0.3, downshift=1.8) to allow for statistical analysis of the data. A 

principal component analysis was completed to visualize clustering of the biological replicates for 

each of the conditions. Two-sided Student’s t-tests (p≤0.05, permutation-based FDR=0.05, S0=1) 

were used to identify proteins with significantly different abundances in two comparisons in PAO1 

(Gentamicin vs Untreated and EPC-373K vs Untreated), and two comparisons in TCH959 

(Oxacillin vs Untreated and EPC-373K vs Untreated). Volcano plots were used to visualize the 

results of the t-tests. Based on the t-test differences for each comparison 1D annotation 

enrichments (Benjamini-Hochberg FDR=0.05) were completed for the PAO1 dataset alone. The 

1D annotation enrichment identified Gene Ontology (GO) terms (biological process, cellular 

component, and molecular function) and pathway terms (KEGG and PseudoCyc) that were 

enriched for proteins that were either increased or decreased in abundance in one of the t-test 

comparisons. All GO, KEGG and PseudoCyc terms were retrieved from the Pseudomonas 

Genome Database. The results of the 1D annotation enrichment were visualized via heat plots 

made using GraphPad Prism (v9.1.0). The Search Tool for the Retrieval of Interacting 

Genes/Proteins (STRING) (v11.5) was used to map protein-protein interaction networks using all 

interaction sources except text-mining.  
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Chapter 3: Results 

 The goal of this study was to define changes in protein abundances across commonly 

used laboratory strain PAO1 and clinical USA300 isolate TCH959 (MSSA) treated with 

conventional antibiotics gentamicin and oxacillin, and newly developed silver-based non-

traditional antimicrobial, EPC-373K. A workflow outlining growth conditions, protein extraction, 

purification, and detection is provided (Figure A1). Our approach allowed us to identify protein-

level changes in key biological processes involved in antibiotic resistance and virulence in PAO1 

and MSSA.   

3.1 PAO1 and MSSA show susceptibility to EPC-373K 

Minimum inhibitory concentration (MIC) assays were completed for each of the bacterial 

strains to determine the respective MICs for the silver-based antimicrobial, EPC-373K, and a 

conventional antibiotic. The MIC is defined as the lowest concentration to prevent ≥90% visible 

growth with data representative of three biological replicates and four technical replicates. Gram-

negative PAO1 was tested against the aminoglycoside antibiotic, gentamicin and Gram-positive 

MSSA was tested against the β-lactam antibiotic, oxacillin. These antibiotics are typically 

employed to treat P. aeruginosa and S. aureus infections clinically. The MIC values for EPC-373K 

are expressed as the molar concentration of Ag in parallel with the antibiotic controls expressed 

as the molar concentration of antibiotic. The MIC values for PAO1 were determined to be 1.94 

µM (StDev: ± 0.00), and 9.77 µM (StDev: ± 5.63) for gentamicin and EPC-373K, respectively 

(Figure 3A). The MIC values for MSSA were determined to be 2.34 µM (StDev: ± 0.00), and 

19.53 µM (StDev: ± 11.28) for oxacillin and EPC-373K, respectively (Figure 3B). MIC assays 

show that PAO1 and MSSA are more susceptible to the conventional antibiotic than the silver-

based antimicrobial (Gent: CI: 95.00%, p-value: 0.0138 / Oxa: CI: 95.00%, p-value: 0.0451).
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Figure 3: Minimum inhibitory concentration (MIC) line graphs. A) Planktonic growth of PAO1 
challenged with a gradient of concentrations of EPC-373K and gentamicin. B) Planktonic growth of MSSA 
challenged with a gradient of concentrations of EPC-373K and oxacillin. Endpoint optical density reads 
taken after a 22-hour static incubation at 37 °C were normalized to untreated growth controls to determine 
percent growth. MICs expressed as the molar concentration of Ag for EPC-373K and expressed as the 
molar concentration of antibiotic for gentamicin and oxacillin. MIC values were determined as the 
concentration to prevent visible growth resulting in <10% growth (indicated by dotted line). Date is 
representative of three biological replicates.  

 
Table 4: Minimum inhibitory concentrations of EPC-373K, and respective antibiotic controls for 
PAO1 and MSSA determined by CLSI broth microdilution method. MICs expressed as the molar 
concentration of Ag for EPC-373K and expressed as the molar concentration of antibiotic for gentamicin 
and oxacillin. Data is representative of 3 biological replicates with the MIC90 defined as the lowest 
concentration to prevent ≥90% visible growth.  

 MIC90 (µM) 

Antimicrobial PAO1 MSSA 

 Mean Mode Range SD Mean Mode Range SD 

Gentamicin 1.94 1.94 0 0 - - - - 

Oxacillin - - - - 2.34 2.34 0 0 

EPC-373K 13.02 9.77 9.77 5.63 26.04 19.53 19.53 11.28 

3.2 Time-kill curves depict the rate of killing by EPC-373K and conventional 
antibiotics 

To explore the rate of killing under standardized conditions and provide insight for the 

selection of growth conditions for proteomic analysis time-kill assays were performed with each 

strain. PAO1 and MSSA were challenged with EPC-373K and a respective antibiotic control, 

gentamicin/oxacillin. Assays were performed at 0x, 1x, and 2x the determined MIC for each 

antimicrobial, with aliquots removed for enumeration of the CFU/mL every hour until hour 5 for 

PAO1 and hour 6 for MSSA and then a final aliquot was taken after 24 hours. The lagging, 

seemingly “flattened exponential” growth of the untreated controls is an artifact of growth in 

CAMHB media. Growth curves of these strains in tryptic soy broth (TSB) and CAMHB were 
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performed in parallel, and a lagging exponential phase occurred only in the CAMHB while a typical 

exponential growth phase was seen for the cultures grown in TSB (Data not shown). To avoid 

altering the growth rate and thus the susceptibilities of these bacteria by using different media for 

proteomic sample preparation, CAMHB was used across all experiments.  

The resulting curves represent the growth of each strain under antimicrobial pressure 

which gives a more in-depth look at the time kill activity of each antimicrobial over a 24-hour period 

(Figure 4). PAO1 showed a drastic decline in cell count over the first 5 hours when challenged 

with 1x the inhibitory dose of EPC-373K and gentamicin, with EPC-373K treated samples falling 

below the limit of detection (LOD) (102 CFU/mL) at the 5-hour time point. Similarly, MSSA showed 

a less drastic decrease in cell count over the first 6 hours when challenged at 1x the inhibitory 

dose of EPC-373K, and oxacillin. By 24 hours, both PAO1 and MSSA recovered to their initial cell 

concentrations. A more drastic decline in cell density is seen in the bacteria when challenged with 

double the inhibitory concentrations. There was no growth recovery in either treatment of PAO1 

at 2x MIC after 24 hours, with cell counts of EPC-373K treated samples reaching less than the 

102 CFU/mL LOD by the 3-hour time point. At 2x MIC, the oxacillin treated MSSA samples did not 

recover growth by the 24-hour time point while the EPC-373K treated samples recovered with 

final cell counts that did not exceed the initial cell count.  

Time-kill curves provided an in-depth view of bacterial growth over 24 hours of treatment 

which informed the selection of conditions of interest for proteomic analysis. To explore the 

responses of these strains to lethal concentrations of the antimicrobials we investigated a 

proteome snapshot after 2 hours of exposure to 1x the MIC for the PAO1 treatments and 2x the 

MIC for the MSSA treatments. Treatment of PAO1 at the inhibitory concentration was favoured 

over the 2x MIC treatment based on concerns of insufficient amount of sample in the EPC-373K 

samples. For MSSA, treatment at 2x the MIC was selected based on the time-kill curve showing 

a greater decline in cell density to EPC-373K at 2x the inhibitory concentration compared to the 
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1x MIC curve. These conditions were selected to allow sufficient time for the bacteria to respond 

to the antimicrobial stress while ensuring enough bacterial sample remained for proteomic sample 

preparation with enough protein present to achieve proper proteome coverage.  

Figure 4: Time-kill curves for PAO1 against gentamicin (A) and EPC-373K (B) and MSSA against 
oxacillin (C) and EPC-373K (D). Overnight cultures of bacteria were normalized to a final concentration of 
2-8 x 106 CFU/mL in fresh CAMHB and challenged statically with 0x, 1x, and 2x the minimum inhibitory 
concentration of each antimicrobial at 37 °C. Growth was monitored over 24 hours by removing aliquots at 
0, 1, 2, 3, 4, 5, 6, and 22 hours, serial diluting and spot plating to enumerate surviving bacteria (CFU/mL) 
after overnight incubation at 37 °C. Hour six aliquots were only taken for MSSA. The inhibitory concentration 
selected for proteomic analysis is indicated for each treatment. Data represents 3 biological replicates and 
eight technical replicates for PAO1 and 2 biological replicates and eight technical replicates for MSSA. The 
dotted line on each graph represents the lower limit of detection. 

3.3 Proteome profiling of treated PAO1 and MSSA 

Label-free quantitative (LFQ) proteomics allowed us to i) compare the proteome responses 

of PAO1 and MSSA to two antimicrobial treatments (EPC-373K, Gent/Oxa) and ii) identify key 

differences in the global proteomic response to the newly developed non-traditional silver-based 

antimicrobial and a targeted conventional antibiotic within a strain and between Gram-negative 

and Gram-positive species. This exploration focused on the impact on antimicrobial response and 
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resistance factors within these strains. As the proteomic samples of PAO1 and MSSA were 

prepared, processed, and analyzed on the mass spectrometer separately, the LFQ intensities 

cannot be directly compared. The datasets for each strain were analyzed individually and general 

trends and protein abundance changes were compared after data processing was completed 

separately in MaxQuant and Perseus. 

3.3.1 Proteome profiling of treated PAO1 

We identified 3045 unique proteins with a minimum of two peptides across all the samples, 

which represents ~55% of the open reading frames in P. aeruginosa PAO1. Replicate 

reproducibility for each group of quadruplicate biological replicates was >96% (Untreated, 

96.60%; Gentamicin treated, 97.63%; EPC-373K treated; 97.95%) (Table A1). Column 

correlation and visualization by hierarchical clustering showed the untreated PAO1 replicates 

cluster apart from the two treatments and the treated samples cluster by conventional antibiotic 

and silver-based antimicrobial (Figure 5A). 

After filtering to remove proteins that did not have valid values in a minimum of three 

biological replicates in at least one group, 2998 proteins remained, and most of these proteins 

(2854) were identified in all conditions. Imputation of missing values from a normal distribution 

was performed to allow for downstream statistical analysis which requires quantifiable data. A 

principal component analysis (PCA) showed the replicates clustered based on their treatment 

with the most separation between the treatment types (Component 1, 59.1%), as well as 

separation between gentamicin treated replicates and the other conditions (Component 2, 9.8%) 

(Figure 5B). Taken together, the hierarchical clustering and PCA results show that the proteome 

profiles of the treated PAO1 are more similar to each other than to untreated PAO1. 

To identify proteins that are significantly increased or decreased in abundance in the 

comparisons of untreated PAO1, and the two treatments, changes in protein abundances were 
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identified using FDR-corrected Student’s t-tests (p≤0.05, FDR=0.05, S0=1). Volcano plots show 

the results of the two t-test comparisons (Figure 5C) and accompanying bar graphs depict the 

number of proteins that were significantly increased or decreased by two-fold or greater in each 

comparison (Figure 5D). To identify characteristics shared by the treatment profiles, we 

compared the number of proteins that showed a significant two-fold change in abundance for the 

two treatments compared to the untreated control. Gentamicin treated PAO1 had a total of 599 

differentially expressed proteins with 439 proteins significantly increased, and 160 proteins 

significantly decreased in abundance compared to untreated PAO1. EPC-373K treatment showed 

a total of 1244 differentially expressed proteins with 712 proteins significantly increased and 532 

proteins significantly decreased in abundance compared to untreated PAO1. This suggests a 

larger cellular response was elicited by treatment with the novel antimicrobial than with the 

conventional antibiotic. The t-test results show differences between the treated and untreated 

samples and highlight the larger magnitude of response elicited by the EPC-373K treatment 

compared to the gentamicin treatment. 
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3.3.2 Proteome profiling of treated MSSA 

We identified 1907 unique proteins across all the samples, which represents ~65% of the 

open reading frames in S. aureus USA300 TCH959 (MSSA). Replicate reproducibility for each 

group of quadruplicate biological replicates was >98% (Untreated, 98.67%; Oxacillin treated, 

98.19%; EPC-373K treated; 98.43%) (Table A2). Column correlation and visualization by 

hierarchical clustering showed the oxacillin treated MSSA replicates cluster apart from the 

untreated and EPC-373K treated replicates which cluster based on treated and untreated within 

their clade (Figure 6A). 

After filtering to remove proteins that did not have valid values in a minimum of three 

biological replicates in at least one group of conditions, 1818 proteins remained, and most of 

Figure 5: PAO1 proteomic profile 
A) Replicate reproducibility visualized by hierarchical clustering B) Principal component analysis plot 
C) Volcano plots of FDR-corrected t-test comparisons of i) gentamicin versus untreated PAO1 and 
ii) EPC-373K versus untreated PAO1, (p≤0.05, FDR=0.05, S0=1). D) Quantification of significantly 
increased and decreased in abundance proteins in each t-test comparison. 

A) C) 

ii) i) 

B) D) 



 

 

30 

 

these proteins (1723) were identified in all conditions. Imputation of missing values from a normal 

distribution was performed to allow for downstream statistical analysis which requires quantifiable 

data. A principal component analysis showed the replicates clustered based on their treatment 

with the most separation between the treatment types (Component 1, 59.1%), as well as 

separation between untreated replicates and the other replicates (Component 2, 9.8%) (Figure 

6B). Taken together, the hierarchical clustering and PCA results show that the proteome profile 

of the oxacillin treated MSSA is more different than the EPC-373K treated and untreated MSSA. 

Despite similarities between EPC-373K treated and untreated replicates both conditions maintain 

distinct profiles. 

To identify proteins that are significantly increased or decreased in abundance in the 

comparisons of untreated MSSA with each treatment, changes in protein abundances were 

identified using FDR-corrected Student’s t-tests (p≤0.05, FDR=0.05, S0=1). Volcano plots show 

results of the two t-test comparisons (Figure 6C) and accompanying bar graphs depict the 

number of proteins that were significantly increased or decreased by two-fold or greater in each 

comparison (Figure 6D). To identify characteristics shared by the treatment profiles, we 

compared the number of proteins that showed a significant two-fold change in abundance for the 

two treatments compared to the untreated control. Oxacillin treated MSSA had a total of 369 

differentially expressed proteins with 160 proteins significantly increased, and 209 proteins 

significantly decreased in abundance compared to untreated MSSA. EPC-373K treatment 

showed a total of 347 differentially expressed proteins with 148 proteins significantly increased 

and 199 proteins significantly decreased in abundance compared to untreated MSSA. The t-test 

results highlight the multitude of differences between the conditions and taken with the PCA and 

hierarchical clustering these results suggest the oxacillin and EPC-373K profiles differ in 

composition despite their responses being of similar magnitude. 
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3.3.3 Comparison of the proteome profiles of PAO1 and MSSA 

In both strains, the samples cluster by their treatment and t-test results indicate a 

significant difference between the proteome profiles of the treatments within each species. 

Hierarchical clustering showed that the gentamicin and EPC-373K treated PAO1 samples are in 

a separate clade from the untreated samples, while in MSSA the EPC-373K and untreated 

samples are in a clade while oxacillin samples are separate. In PAO1, the EPC-373K profile is 

more similar to that of the gentamicin treatment while in MSSA the profiles of the two treatments 

are different enough that the EPC-373K treatment is more similar to untreated than to another 

treatment. This suggests that the impact on the proteome by gentamicin and EPC-373K are more 

similar than between EPC-373K and oxacillin. Alternatively, this observation may highlight a 

Figure 6: MSSA proteomic profile. 
A) Replicate reproducibility visualized by hierarchical clustering B) Principal component analysis plot C) 
Volcano plots of FDR-corrected t-test comparisons of i) oxacillin versus untreated MSSA and ii) EPC-
373K versus untreated MSSA, (p≤0.05, FDR=0.05, S0=1). D) Quantification of significantly increased 
and decreased in abundance proteins in each t-test comparison. 

A) C) 

ii) i) 

B) D) 
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difference in the response of Gram-negative and Gram-positive strains to the novel silver-based 

antimicrobial. 

3.4 Similarities between the antibiotic and EPC-373K proteome profiles of 
PAO1 and MSSA 

To compare the proteomic responses to EPC-373K and the clinically relevant antibiotic 

control within each species we looked at the number of proteins that were significantly different in 

abundance in one or both treatments as well as explore proteins with high fold changes in both 

treatments. To quantify the similarities between the EPC-373K and traditional antibiotic treatment 

profiles within each species a comparison of the t-test results within each strain was performed.  

In PAO1, comparison of the two t-test results (Gent vs UT and EPC-373K vs UT) showed 

that 415 proteins were increased, and 130 proteins were decreased in abundance in both 

treatments compared with untreated PAO1 (Figure 7A). While these proteins represent 91% of 

the total differentially expressed proteins in the gentamicin comparison, they only account for 44% 

of the total proteins with differential abundances in the EPC-373K comparison. Notably, 42% (297 

proteins) of the total increased proteins and 76% (402 proteins) of the total decreased proteins 

uniquely showed significant two-fold changes in abundance in the EPC-373K treatment. 

Meanwhile, with only 5% (24 proteins) uniquely increased, and 19% (30 proteins) uniquely 

decreased in abundance there are fewer differentially abundant proteins unique to the gentamicin 

treatment (Figure 7B). Overall, it appears that the proteome profile of the EPC-373K treated 

PAO1 not only encompasses most the gentamicin profile, but these shared proteins represent 

less than half of the proteome profile of the novel antimicrobial. This suggest that the multi-

targeted action employed by silver antimicrobials may overlap the mechanism of action of 

aminoglycoside antibiotics. 

In MSSA, comparison of the two t-test results (Oxa vs UT and EPC-373K vs UT) showed 

that 23 proteins were increased, and 64 proteins were decreased in abundance in both treatments 
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compared with untreated MSSA (Figure 7C). Despite both treatments having a similar number of 

proteins with differential abundances (Oxa:369 and EPC-373K:347), the number of proteins that 

differed in abundance in both treatments accounts for only ~15% of the total increased proteins 

and ~30% of the total number of decreased proteins in each treatment. Most of the proteins that 

were significantly different in abundance only showed differential abundance in one of the 

treatments (Figure 7D). These results highlight that despite antimicrobials eliciting responses of 

similar magnitudes, it is not an indication of the similarity of the responses. The minimal overlap 

in profiles suggests that the mechanism of action employed by EPC-373K significantly differs from 

that of a β-lactam antibiotic against MSSA. 

To begin to understand the pathways that were affected in the shared response to EPC-

373K and a conventional antibiotic in PAO1 and MSSA, we compared the proteins with the twenty 

highest fold changes in the treatments. In PAO1, we observed that 12 proteins were among the 

top twenty highest fold change increases in both treatments (Table 5). Of these 12 proteins 

shared between the treatments, three are hypothetical proteins with no determined function 

(PA0284, PA3329, PA3330), four are associated with oxidoreductase activity (PA2033, HcnB, 

HcnC, SodA), two are involved in sulfur metabolism (SsuD, PA2062), one is involved with iron ion 

transport (PA4358) and two are associated with biofilm formation and quorum sensing (RhlR, 

PhzF1). Additionally, we observed only five proteins among the twenty highest fold change 

decreases in both comparisons (Table 5). Of these five proteins, three of them carry out transport 

functions in the outer membrane and periplasmic space (PotD, PA2911, PA0045) while PA4644 

is a hypothetical protein with no known function and the fifth protein is PA2906 which plays a role 

in iron-sulfur cluster binding and oxidoreductase activity. 

 Corresponding with the small percentage of shared proteins with a significant difference 

in abundance in both treatments for MSSA, the overlap between the proteins with the top twenty 

highest fold changes for each treatment was also minimal (Table 6). We observed only four 
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proteins (one increased in abundance, three decreased in abundance) that were among the top 

twenty highest increases and decreases in both treatments. The single similarly increased protein, 

tRNA hydroxylation protein O (TrhO) is predicted to have oxidoreductase activity as well as be 

involved in tRNA modification. Of the three proteins similarly decreased, one is an ABC-

transporter/permease protein (Q2FX86) involved in amino acid and nickel cation transmembrane 

transport, another is putative long chain fatty acid-CoA ligase VrA which carries out fatty acid 

metabolic processes and the third protein is an uncharacterized protein with no GO terms 

associated (Q2FV12).  

Table 5: Proteins found among the top twenty highest fold change increases and decreases in the 
gentamicin and EPC-373K treatments compared with untreated PAO1. 

 
Gene Locus Gene Name Product Name 

Fold Difference 
(log2) Gent vs 

UT 

Fold Difference 
(log2) EPC-373K 

vs UT 

Increased      
 PA0284 PA0284 hypothetical protein 3.98 5.54 

 
PA1904; 
PA4215 

phzF2; 
phzF1 

probable phenazine biosynthesis protein 3.68 6.29 

 PA2033 PA2033 hypothetical protein 4.84 5.36 

 PA2062 PA2062 
probable pyridoxal-phosphate dependent 

enzyme 
3.92 5.87 

 PA2194 hcnB hydrogen cyanide synthase HcnB 5.09 7.77 
 PA2195 hcnC hydrogen cyanide synthase HcnC 5.12 7.10 
 PA3329 PA3329 hypothetical protein 3.81 5.03 
 PA3330 PA3330 probable short chain dehydrogenase 3.49 4.94 
 PA3444 ssuD conserved hypothetical protein 4.77 6.16 
 PA3477 rhlR transcriptional regulator RhlR 4.60 6.55 
 PA4358 feoB FeoB 3.43 5.25 
 PA4468 sodM; sodA superoxide dismutase 3.48 5.56 

Decreased      
 PA2911 PA2911 probable TonB-dependent receptor -4.37 -6.64 
 PA3610 potD polyamine transport protein PotD -3.62 -7.91 
 PA0045 PA0045 hypothetical protein -3.11 -4.87 
 PA2906 PA2906 probable oxidoreductase -2.87 -4.73 
 PA4644 PA4644 hypothetical protein -4.17 -5.62 

 
Table 6: Proteins found among the top twenty highest fold change increases and decreases in the 
oxacillin and EPC-373K treatments compared with untreated MSSA.  

 

 
Uniprot 

Protein ID Gene Name Product Name 
Fold Difference 
(log2) Oxa vs UT 

Fold Difference (log2) 
EPC-373K vs UT 

Increased      
 Q2FUS7 trhO tRNA hydroxylation protein O 3.58 3.16 

Decreased      

 Q2FX86 SAOUHSC_01991 
ABC transporter, permease 

protein 
-3.39 -3.76 

 Q2G0K3 vraA 
putative long chain fatty acid-

CoA ligase VraA 
-3.15 -2.51 

 Q2FV12 SAOUHSC_02931 
YozE_SAM_like domain-

containing protein 
-2.86 -2.35 
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3.5 Proteome profiles of antibiotic treated PAO1 and MSSA 

Before exploring the response to the novel silver-based antimicrobial, we first examined the 

response to the conventional antibiotic treatments in PAO1 and MSSA and linked their proteome 

changes with known mechanisms of resistance described in previous studies. With focus on antibiotic 

resistance and tolerance systems associated with each of the selected antibiotics, we highlight major 

findings characteristic of the respective treatments within each strain. Conventional antibiotics 

typically have a single target or affect a specific process within the bacteria (73, 74). Aminoglycoside 

antibiotics like gentamicin target the 30S ribosomal subunit to inhibit bacterial protein synthesis while 

penicillin antibiotics such as oxacillin target cell wall biosynthesis by binding to PBPs resulting in cell 

Figure 7: Comparison of the proteome profiles of antibiotic and EPC-373K treated PAO1 and MSSA. 
A) Quantification of the similar and dissimilar proteins within the proteome profiles of gentamicin and EPC-
373K treated PAO1. B) Percentage of increased and decreased in abundance proteins shared between 
and uniquely differentially expressed in the gentamicin and EPC-373K treatments. C) Quantification of the 
similar and dissimilar proteins within the proteome profiles of oxacillin and EPC-373K treated MSSA. D) 
Percentage of increased and decreased in abundance proteins shared between and uniquely differentially 
expressed in the oxacillin and EPC-373K treatments. Only proteins with significant (p≤0.05) greater than 2-
fold (log2 score ≥1.00) changes in abundance are reported.  

PAO1 

MSSA 

A) B) 

D) C) 
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lysis. Knowledge of these response mechanisms guided the characterization of the antibiotic 

proteome profiles. 

3.5.1 Proteome profile of gentamicin treated PAO1 

The large genome of P. aeruginosa encodes a repertoire of proteins characteristic of an 

organism capable of surviving a range of environments (53). The metabolic diversity of P. aeruginosa 

provides the ability to adapt its metabolism to use a broad range of nutrients and survive different 

environmental stressors. This large genome consists of metabolic enzymes, transcriptional regulators 

and two-component regulatory systems that optimize cellular processes under many conditions (53, 

75). This ability to adapt its metabolism may pose issues when exploring the proteomic response to 

antimicrobials as it may make it difficult to differentiate abundance changes directly resultant from the 

mechanism of action of the stressor and those that occur as a side effect of the shift in metabolism. 

Guided by previous studies detailing the response of P. aeruginosa to aminoglycoside antibiotics, we 

correlated protein expression changes in our comparison of gentamicin treatment and untreated 

PAO1 to known mechanisms.  

 To narrow our search, we only explored the proteins that showed significant two-fold or 

greater changes in abundance. 1D annotation analysis indicated GO and KEGG pathway terms that 

were associated with the differentially abundant proteins for the gentamicin comparison (Figure 8). 

1D annotation analysis provides scores for each annotation term to indicate whether proteins with 

those terms were disproportionately amongst fold change increases or decreases. 56 annotation 

terms were enriched in the proteins that were significantly increased or decreased in abundance. 

With focus on 1D annotations relevant to the adaptive resistance response, we found 59 proteins in 

categories such as biofilm formation, quorum sensing, signal transduction, bacterial chemotaxis, 

pyoverdine biosynthesis and phenazine biosynthesis (Figure 9; Table A3). Most proteins associated 

with biofilm formation, quorum sensing, signal transduction and chemotaxis were increased in 

abundance. Phenazine biosynthesis proteins encoded by phzB2, phzD, phzF and phzM showed log2 
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fold changes of 2.04 and greater. Fourteen pyoverdine biosynthesis proteins were increased in 

abundance and most of the quorum sensing proteins showed an increase in abundance as well. The 

adaptive resistance response profile of gentamicin treated PAO1 provides a comparison to allow for 

identification of unique adaptive resistance responses elicited by EPC-373K treatment.  

 

Figure 8: 1D annotation enrichment analysis for the PAO1 treatment profiles. 
Heat plots show GO terms (GOMF, molecular function; GOCC, cellular component; GOBP, biological 
process) and pathway terms (KEGG and PseudoCyc) that were enriched for proteins that were increased 
(positive score, red) or decreased (negative score, blue) in abundance in each comparison.  
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To further characterize the proteome profile of gentamicin treated PAO1, we examined the 

top twenty highest fold change increases and decreases. As previously discussed, most proteins 

amongst the highest fold change increases are present in both treatments and there are fewer 

decreased proteins in common. There are eight proteins increased and fifteen proteins decreased in 

abundance uniquely in the gentamicin treatment. Of the fold change increases, phenazine 

biosynthesis protein PhzD, chemotaxis and signal transduction protein Aer2, heat shock protein IbpA 

are the most notable while the remaining five proteins are metabolism and hypothetical proteins. The 

fifteen decreased proteins are involved in a variety of cellular functions including DNA repair 

(PA5147), metabolism (PA0293, PA0286, PA2352), heat shock (HtpX), cobalamin biosynthesis 

(CobC, CobQ), siderophore transport (PA3268), cell wall biogenesis (FtsI, PbpG), and regulation of 

flagellar genes (FleR) (Table 7).  

Figure 9: Proteins with adaptive resistance 
response terms in the gentamicin 
treatment. Only proteins with significant ≥ 2-
fold changes are included. There are several 
proteins with multiple annotation terms thus the 
number of proteins shown here is greater than 
the total number of proteins with these terms 
taken together. 
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Table 7: Proteins uniquely among the top twenty highest fold change increases and decreases in the 
gentamicin treatment compared to untreated PAO1.  

 Gene Locus Gene Name Product Name 
Fold Difference (log2) 

Gent vs UT 

Increased     

 PA3126 ibpA heat-shock protein IbpA 4.74 

 PA0176 aer2;mcpB 
aerotaxis transducer Aer2; methyl-accepting 

chemotaxis protein, McpB 
3.96 

 PA1327 PA1327 probable protease 3.80 

 PA2021 PA2021 hypothetical protein 3.78 

 PA4219 ampO AmpO 3.76 

 PA1902;PA4213 phzD2;phzD1 phenazine biosynthesis protein PhzD 3.73 

 PA2699 PA2699 hypothetical protein 3.68 

 PA0747 PA0747 probable aldehyde dehydrogenase 3.64 

Decreased     

 PA1099 fleR two-component response regulator -3.80 

 PA0869 pbpG D-alanyl-D-alanine-endopeptidase -3.77 

 PA4311 PA4311 conserved hypothetical protein -3.76 

 PA4154 PA4154 conserved hypothetical protein -3.36 

 PA5528 PA5528 hypothetical protein -3.31 

 PA3268 PA3268 probable TonB-dependent receptor -2.88 

 PA0286 desA delta-9 fatty acid desaturase, DesA -2.79 

 PA1276 cobC cobalamin biosynthetic protein CobC -2.75 

 PA5147 mutY A / G specific adenine glycosylase -2.68 

 PA0293;PA3502 aguB;PA3502 
N-carbamoylputrescine amidohydrolase; hypothetical 

protein 
-2.63 

 PA1277 cobQ cobyric acid synthase -2.61 

 PA2352 PA2352 
putative glycerophosphoryl diester 

phosphodiesterase 
-2.60 

 PA4571 PA4571 probable cytochrome c -2.55 

 PA2830 htpX heat shock protein HtpX -2.52 

 PA4418 ftsI penicillin-binding protein 3 -2.45 

We also extended our exploration to search for 

proteins involved in a cellular response to antibiotics and 

efflux systems despite these terms not appearing in the 

1D annotation analysis (Figure 10). We identified eight 

proteins that were increased in abundance while one 

was decreased in abundance. Most notably, component 

of the MexXY-OprM multi-drug efflux complex, MexX 

was uniquely increased 2.9-fold in the gentamicin 

treatment. Two components of a triclosan efflux pump, 

TriA and TriC were increased in abundance with 2.4- and 2.1- fold changes. Three proteins involved 

in swarming motility and biofilm formation, intracellular protease PfpI, pyoverdine biosynthesis protein 

Figure 10: Proteins involved in a 
response to antibiotics and efflux 
systems and their fold differences (log2) 
in the gentamicin treatment. 
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PvdQ, and iron uptake protein TonB, were all increased in abundance 3.3-, 2.2-, and 1.7-fold, 

respectively. Β-lactamase inducer AmpP showed a 3.2-fold change and predictably, GrxD which 

confers resistance to polymyxin antibiotics, is downregulated 2.5-fold. Finally, aminoglycoside-

induced stress response ATP-dependent protease, AsrA showed a 2.3-fold change in abundance 

solely in the gentamicin treatment. 

Previous studies have shown that 

gentamicin’s interference with translation results in 

misfolded proteins that induces a heat shock 

response (76). Although the 1D annotation analysis 

yielded no scores for the GOBP term ‘protein folding’ 

or ‘heat shock response’ in the gentamicin 

comparison, we examined proteins involved in these 

processes which correspond to the known 

mechanisms of gentamicin. Not only is AsrA an 

indicator of aminoglycoside treatment as indicated 

above, but it is also a key mediator of the heat shock response. This led us to further investigate the 

breadth of the heat shock response elicited by gentamicin. Heat shock proteins encoded by hslU, 

hslV, dnaJ, dnaK, grpE, and ibpA all showed significant fold change increases exclusively in the 

gentamicin treatment (Figure 11). Additionally, heat shock protein IbpA was present among the top 

twenty highest fold change increases and is importantly not mediated by AsrA unlike the other five 

heat shock proteins. Interestingly, one heat shock protein, Htpx, was downregulated 5-fold. Htpx is 

regulated by the two-component system AmgRS, which showed no changes in abundance. Unlike 

the other heat shock proteins, upregulation of Htpx is a marker of aminoglycoside resistance, which 

is not displayed by laboratory strain PAO1. Taken together, the profile of gentamicin treated PAO1 

Figure 11: Proteins involved in a heat 
shock response and aminoglycoside 
resistance and their fold differences (log2) 
in the gentamicin treatment. 
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reflects gentamicin’s proposed mechanism of action, and our findings correlate with studies profiling 

the response of PAO1 to aminoglycoside exposure. 

3.5.2 Proteome profile of oxacillin treated MSSA 

The proteomic shifts in MSSA cells exposed to oxacillin was investigated to highlight proteins 

and pathways associated with the known antibacterial mode of action employed by oxacillin. Previous 

studies characterizing transcriptomic and proteomic responses to oxacillin were used to guide the 

exploration of this dataset (57, 58, 77–79). To narrow our search, we only explored the proteins that 

showed significant two-fold or greater changes in abundance. Because oxacillin targets the cell wall 

and primarily disrupts membrane processes, we initially sorted proteins by their GOCC terms to 

identify the cellular locations where processes were affected. Of the 160 proteins increased in 

abundance, we observed many proteins with GOCC terms that indicated their location within or 

functioning near the membrane. These membrane-associated proteins are involved in cell division, 

peptidoglycan biosynthesis and cell wall organization while others mediate transmembrane transport, 

and signal transduction. Many of these membrane-associated proteins had no GO biological 

processes attributed (Figure 12A). Of the 209 proteins decreased in abundance, 65 were located 

within the membrane as indicated by the GOCC terms associated (Figure 12B). Of these membrane-

associated proteins, several of them have no associated GOBP terms, 23 proteins were involved in 

processes such as transmembrane transport, FtsZ-dependent cytokinesis, cell wall organization, cell 

adhesion, and the phosphoenolpyruvate-dependent sugar phosphotransferase system.
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To further characterize the proteome profile of oxacillin treated MSSA we examined the twenty 

highest fold change increases and decreases (Table 9). Of the proteins with the highest fold change 

decreases, nine were uncharacterized, and others have roles in virulence, cell division, and 

resistance. SecA is involved in the Sec protein transport system and showed the third highest fold 

change decrease in the oxacillin comparison. SpA, a cell-wall associated protein which has IgG 

binding and host immune system avoidance capabilities showed an 8.4-fold decrease. Additionally, 

VraA, which is typically upregulated in VISA (vancomycin-intermediate S. aureus) and is suggested 

to confirm vancomycin resistance is decreased in abundance 6.3-fold. Two virulence proteins, PurH 

and EsaA are present among this list of 20 proteins. Increased expression of purine biosynthesis 

protein PurH is linked to virulence is MRSA. Type VII protein secretion system protein EsaA is linked 

to virulence and predictably, three proteins encoded within this secretion system, EssB, EssD and 

EsxA are similarly decreased in abundance, although not present among the highest fold change 

decreases. Finally, peptidoglycan hydrolase, Sle1, which is integral to cell separation post cell division 

A) 

B) 

Figure 12: Proteins with significant fold change A) increases and B) decreases in the 
oxacillin treatment that have the GOCC term ‘membrane’ and their predicted biological 
processes. 
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showed a 6.8-fold decrease. Sle1 is commonly expressed alongside another peptidoglycan 

hydrolase, Atl which showed a smaller, 3.3-fold decrease.  

Of more interest was the twenty highest fold change increases. Several proteins occupying 

this list are directly associated with oxacillin treatment in S. aureus (Table 8). Firstly, there were five 

uncharacterized proteins in the top twenty with no predicted function, but three of them had GOCC 

terms identifying them as integral components of the membrane. Of the remaining proteins among 

the highest fold change increases seven proteins facilitate resistance to cell-wall active antibiotics, 

three are induced by cell-wall active antibiotics and one protein plays a role in cell wall biosynthesis 

(Figure 13). Notably, the β-lactamase encoded by blaZ and its anti-regulator encoded by blaR, were 

uniquely upregulated in oxacillin treated MSSA with 10.7- and 14.4-fold change increases. 

Additionally, the VraTSR three-component system was increased 9.5-, 7-, and 11-fold for VraS, VraR 

and VraT, respectively. This β-lactam inducible VraTSR regulatory system is required to facilitate 

resistance to cell wall active antimicrobials in S. aureus by regulating factors essential for methicillin 

resistance like fmtA and pbp2 (80). Predictably, the penicillin-recognizing protein, FmtA, which is 

involved in methicillin resistance and plays an important role in withstanding cell envelope stress 

showed a 7-fold increase in abundance. Although not among the 160 proteins that met or exceeded 

the two-fold increase cutoff, Pbp2 did show a 1.9-fold significant increase in abundance uniquely in 

the oxacillin treatment. Furthermore, oxidative stress response proteins MsrA and MsrB were also 

found among the twenty highest fold change increases with 8.8- and 6.9-fold increases, respectively. 

MsrAB proteins also play a role in bacterial cell adherence to human cells which contributes to 

virulence and is a marker of treatment with cell wall active antibiotics (81). Finally, peptidoglycan 

biosynthesis protein Mgt was present among the highest fold change increases with a 6.7-fold 

change. Overall, the profile of oxacillin treated MSSA highlights alterations of several proteins 

involved in cell wall biogenesis, cell division, virulence and response to cell wall targeting antibioitcs 

which corresponds with oxacillin’s known mechanism of action. 
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Table 8: Proteins uniquely among the top twenty highest fold increases and decreases in the oxacillin 
treatment compared to untreated MSSA.  

 
Uniprot 

Protein ID Gene Name Product Name 
Fold Difference 
(log2) Oxa vs UT 

Increased     

 Q2FXS4 SAOUHSC_01761 uncharacterized protein 8.53 

 Q2FVU5 SAOUHSC_02596 uncharacterized protein 7.35 

 A0A0E0SR44 blaR beta-lactamase regulator BlaR 7.20 

 Q2FVI6 vraT;yvqF cell wall-active antibiotics response transporter protein 5.56 

 Q2FX07 SAOUHSC_02100 DUF2154 domain-containing protein 5.40 

 A0A0E0SR47 blaZ beta-lactamase (EC 3.5.2.6) 5.34 

 Q2G2K9 SAOUHSC_00639 uncharacterized protein 4.87 

 Q2FX08 vraS sensor protein VraS (EC 2.7.13.3) 4.82 

 Q2FV65 SAOUHSC_02872 uncharacterized protein 4.47 

 Q2FUR6 hrtA putative hemin import ATP-binding protein HrtA 4.44 

 P0A086 msrA peptide methionine sulfoxide reductase MsrA 4.41 

 Q2G2S6 prsA foldase protein PrsA (EC 5.2.1.8) 4.22 

 Q2FUS8 drp35 lactonase drp35 4.18 

 Q2FZT8 lepB signal peptidase I (EC 3.4.21.89) 4.01 

 Q2FX09 vraR response regulator protein VraR 3.61 

 Q2FZK3 fmtA teichoic acid D-alanine hydrolase (EC 3.1.1.103) 3.53 

 P0A088 msrB 
peptide methionine sulfoxide reductase MsrB (EC 

1.8.4.12) 
3.46 

 Q93Q23 mgt 
Monofunctional glycosyltransferase (MGT) (EC 

2.4.1.129) 
3.33 

 Q2G2N1 SAOUHSC_02001 uncharacterized protein 3.33 

Decreased     

 Q2G0W6 SAOUHSC_00408 uncharacterized protein -5.80 

 Q2FVE6 SAOUHSC_02768 uncharacterized protein -5.25 

 Q2FUW6 secA2 protein translocase subunit SecA (EC 7.4.2.8) -4.30 

 Q2G253 SAOUHSC_00025 GRAM_POS_ANCHORING domain-containing protein -4.27 

 Q2G1I8 SAOUHSC_00134 uncharacterized protein -4.24 

 P02976 spA 
immunoglobulin G-binding protein A (Staphylococcal 

protein A) 
-4.19 

 Q2G170 SAOUHSC_00284 5'-nucleotidase, lipoprotein e(P4) family -4.02 

 Q2G188 esaA type VII secretion system accessory factor EsaA -3.78 

 Q2G0U9 sle1 
N-acetylmuramoyl-L-alanine amidase Sle1 (EC 

3.5.1.28) 
-3.42 

 Q2FZI6 purH bifunctional purine biosynthesis protein PurH -3.36 

 Q2FV28 queH epoxyqueuosine reductase QueH (EC 1.17.99.6) -3.12 

 Q2G0W8 SAOUHSC_00406 uncharacterized protein -2.98 

 Q2G264 SAOUHSC_01180 uncharacterized protein -2.91 

 A0A0E1VM99 kdpC K+-transporting ATPase, C subunit (EC 3.6.3.12) -2.90 

 Q2G019 SAOUHSC_00808 DUF5067 domain-containing protein -2.80 

 Q2G1Q4 SAOUHSC_00049 uncharacterized protein -2.79 

 A0A0E1VY64 narH nitrate reductase, beta subunit (EC 1.7.99.4) -2.73 
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3.6 Proteome profiles of EPC-373K treated PAO1 and MSSA 

To explore the responses of PAO1 and MSSA to the novel silver-based antimicrobial, we 

compared the profile of the EPC-373K treatment to the conventional antibiotic treatment profiles. 

Further investigation of the EPC-373K profile was focused on proteins that showed the highest 

fold change increases and decreases in abundance as well as pathways and processes that were 

significantly impacted.    

3.6.1 Proteome profile of EPC-373K treated PAO1 

As this novel antimicrobial does not have a defined mechanism of action our analysis of 

the EPC-373K treated PAO1 profile was guided by investigation of proteins with GO and KEGG 

terms that 1D annotation analysis indicated were disproportionately associated with proteins that 

were increased or decreased in abundance. Corresponding with the greater magnitude of proteins 

with significant abundance changes seen in the EPC-373K comparison (712 proteins increased 

and 532 proteins decreased), 1D annotation analysis showed a greater number of terms (72 

terms) enriched for proteins with altered abundance than in the gentamicin comparison (Figure 

8). To characterize the EPC-373K profile we first explored terms associated with known adaptive 

resistance responses to antibiotics followed by terms with scores exclusive to or enriched in more 

of the significantly altered proteins in the EPC-373K treatment. Alongside exploration of proteins 

with the highest fold changes uniquely in the EPC-373K treatment this study seeks to highlight 

Figure 13: Fold differences (log2) of 
proteins known to be involved in the 
bacterial response of MSSA to oxacillin. 
An ‘*’ indicates proteins that showed a 
significant less than two-fold change in 
abundance in the oxacillin treatment. The 
dotted line indicates the two-fold change 
cutoff. 
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proteins and pathways impacted by treatment with the newly developed silver-based 

antimicrobial.  

With focus on 1D annotations relevant to the adaptive resistance response, we found 105 

significantly altered proteins in categories such as biofilm formation, quorum sensing, bacterial 

chemotaxis, pyoverdine biosynthesis and phenazine biosynthesis that showed two-fold or greater 

changes in abundance (Figure 14; Table A4). Most proteins involved in biofilm formation, quorum 

sensing, and bacterial chemotaxis were significantly increased in abundance. Sixteen pyoverdine 

biosynthesis and eight of the nine phenazine biosynthesis proteins showed greater than two-fold 

increases in abundance. Compared to gentamicin treatment, EPC-373K treatment showed a 

larger number of significantly changed in abundance proteins involved in biofilm formation, 

phenazine and pyoverdine biosynthetic process and quorum sensing while the gentamicin 

treatment had four additional proteins involved in bacterial chemotaxis than the EPC-373K 

treatment. Along with a strong adaptive resistance response to EPC-373K treatment, a large 

oxidoreductase response was also elicited. Proteins with GOMF terms; oxidoreductase activity, 

oxidoreductase activity-acting on the CH-CH group of donors, and the GOBP term; oxidation-

reduction process were included in this evaluation of the breadth of the oxidoreductase response. 

Of the 250 identified proteins involved in oxidoreductase processes, 112 showed significant two-

fold or greater changes in abundance in the EPC-373K treatment while the gentamicin treatment 

only had 48 proteins with significantly greater than two-fold changes (Figure 15).  

Figure 14: Proteins with adaptive 
resistance response GO and KEGG 
terms in the EPC-373K treatment. Only 
proteins with significant ≥2-fold changes 
are included. There are several proteins 
with multiple annotation terms thus the 
number of proteins shown here is greater 
than the total number of proteins with 
these terms taken together. 
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There were various cellular processes including DNA metabolism, translation, protein 

export, lipopolysaccharide (LPS) biosynthesis and cell division that were significantly impacted 

by EPC-373K treatment. Proteins associated with the ribosome, RNA polymerase, RNA binding, 

translation, and protein export were decreased in abundance as shown by 1D annotation analysis. 

Investigation of these proteins showed that all 56 ribosomal proteins and 8 of the 15 protein export 

proteins showed significant fold changes, with all but one protein decreased in abundance 

compared to untreated PAO1. A STRING network of proteins with these terms showed their 

functions are predictably interconnected (Figure A2). Interestingly, only a single protein, RpmG, 

was decreased in abundance in the gentamicin comparison suggesting that EPC-373K uniquely 

disrupts ribosomal and protein export functions. Along with the disruption to ribosomal proteins, 

protein translation and protein export, EPC-373K appears to interfere with DNA metabolic 

processes and replication. There were 43 proteins associated with DNA metabolic process, DNA 

replication and nucleic acid binding that showed differential expression with most decreased in 

abundance. Disruption of DNA metabolic processes is uniquely seen in the EPC-373K treatment. 

LPS biosynthesis and cell division including FtsZ-dependent cytokinesis is also uniquely disrupted 

in the EPC-373K treatment. LPS biosynthesis proteins LpxABDHL, RfaP, and WaaCG were all 

decreased in abundance in the EPC-373K treatment while none of these proteins showed 

significant fold changes in the gentamicin treatment. Likewise, cell division and FtsZ-dependent 

cytokinesis are more impacted by EPC-373K treatment as proteins FtsIKLQ, RodA, ZapE, Soj, 

Tig, and MreC are decreased in abundance with only two proteins, FtsI and FtsK, showing 

Figure 15: Comparison of the number of 
oxidoreductase process proteins significantly 
altered in abundance in the A) gentamicin and B) 
EPC-373K treatments. Proteins with GOMF terms; 
oxidoreductase activity, oxidoreductase activity-
acting on the CH-CH group of donors, and the GOBP 
term; oxidation-reduction process were included.  

 

A) B) 
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decreased abundance in the gentamicin treatment. The impact of EPC-373K on several biological 

processes in PAO1 reflects the multi-targeted action associated with silver antimicrobials. 

 To investigate whether the novel antimicrobial affects proteins known or predicted to be 

involved in resistance, we explored proteins identified by the comprehensive antibiotic resistance 

database (CARD) along with proteins enriched with the GOBP term “cellular response to 

antibiotic” (Figure 16). 14 of the 51 proteins identified by CARD were significantly changed in 

abundance in the EPC-373K while only six were significantly changed in abundance in the 

gentamicin treatment. In the EPC-373K treatment, there were eight proteins significantly 

increased in abundance including the components of the RND-type multidrug efflux pump 

MexPQ-OpmE, three components (TriABC) of the triclosan efflux pump TriABC-OpmH, redox-

sensitive transcriptional activator of the MexGHI-OpmD RND-type multidrug efflux pump SoxR, 

and MexS, a suppressor of the MexEF-OprN-activator MexT. Correspondingly, the components 

of the RND-type multidrug efflux pump MexEF-OprN, which are suppressed indirectly by MexS, 

showed greater than 3-fold decreases in abundance. The remaining three decreased proteins 

showed significant less than two-fold changes in abundance, including MuxABC-OpmB efflux 

components MuxA and OpmB, and H+ drug antiporter, NorM. Only one of the proteins identified 

by CARD, fosfomycin resistance protein, FosA, showed a 2.9-fold increase in abundance uniquely 

in the gentamicin treatment.  

Figure 16: Fold difference (log2) of proteins known or 
predicted to be involved in antimicrobial resistance as 
identified by CARD in the EPC-373K and gentamicin 
treatments. All fold differences are significant (p<0.05) 
and log2 fold differences <1.00 represent less than a two-
fold change in abundance. An ‘X’ in a cell indicates there 
was no significant fold difference for that protein in the 
treatment. 
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Unlike our observations for gentamicin treated samples, there were quite a few proteins 

involved in a cellular response to antibiotics that were decreased in abundance in the EPC-373K 

treatment (Figure 17). There were several proteins involved in resistance to several antibiotics 

including, PhoQ which mediates polymyxin resistance, DnpA which affects fluoroquinolone 

tolerance and is involved in persistence, PA3297 counteracts the effects of azithromycin, and 

TypA is involved in antibiotic resistance, swarming motility, and biofilm formation. Β-lactamase 

inducer, AmpP and transmembrane protein AmpE, which is not involved in β-lactamase 

expression are both increased in abundance along with hypothetical protein PA0468 which has 

predicted resistance functions. Taken together, these results show that the novel antimicrobial 

affects expression of resistance proteins.  

To further characterize the profile of EPC-373K treated PAO1, we examined the top twenty 

highest fold change increases and decreases with focus on proteins uniquely in the top twenty for 

the EPC-373K treatment (Table 9). There are eight proteins increased and fifteen proteins 

decreased in abundance uniquely in the EPC-373K treatment. Of the increased protein, 

carbohydrate metabolism protein RhlB, chitin-binding protein D (CbpD), quorum sensing protein, 

PqsH, and transcription and translation regulators PtsX and Rmf are most notable while the 

remaining three proteins are hypothetical with predicted functions in copper ion binding (PA2807), 

metal ion binding (PA3520) and oxidoreductase activity (PA3446). The fifteen decreased proteins 

are involved in a variety of cellular functions including transport (PotA, GltP, AgtC), DNA metabolic 

process (PA4840, RnhB), peptidoglycan binding (RlpA), cobalamin biosynthesis (cobJ), 

oxidoreductase activity (PA4889) and heat shock response (PA4873). There are six hypothetical 

Figure 17: Fold differences (log2) of significantly 
altered in abundance proteins with the GOBP term 
‘cellular response to antibiotic’ in the EPC-373K 
treatment. Dotted line indicates the two-fold change 
cutoff. 
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proteins with no predicted functions among the highest fold change decreases for the EPC-373K 

treatment. Taken together, these results highlight that several cellular processes are impacted by 

EPC-373K treatment and the comparison to the proteome profile of gentamicin treated PAO1 

emphasizes the multi-targeted nature of this novel antimicrobial.   

Table 9: Proteins uniquely among the top twenty highest fold increases and decreases in the EPC-
373K treatment compared to untreated PAO1. 

 Gene Locus Gene Name Product Name 
Fold Difference (log2) 

EPC-373K vs UT 

Increased     

 PA3478 rhlB rhamnosyltransferase chain B 5.97 

 PA0852 cbpD chitin-binding protein CbpD precursor 5.54 

 PA3049 rmf ribosome modulation factor 5.49 

 PA2587 pqsH probable FAD-dependent monooxygenase 5.45 

 PA2807 PA2807 hypothetical protein 5.26 

 PA3520 PA3520 putative periplasmic substrate binding protein 5.12 

 PA2259 ptxS transcriptional regulator PtxS 5.03 

 PA3446 PA3446 conserved hypothetical protein 5.00 

Decreased     

 PA5406 PA5406 hypothetical protein -6.86 

 PA3607 potA polyamine transport protein PotA -6.62 

 PA5479 gltP proton-glutamate symporter -5.73 

 PA4840 PA4840 conserved hypothetical protein -5.56 

 PA0605 agtC AgtC -5.10 

 PA4873 PA4873 probable heat-shock protein -5.07 

 PA3979 PA3979 hypothetical protein -5.02 

 PA4000 rlpA RlpA -5.00 

 PA1228 PA1228 hypothetical protein -4.94 

 PA2903 cobJ precorrin-3 methylase CobJ -4.90 

 PA4684 PA4684 hypothetical protein -4.86 

 PA3642 rnhB ribonuclease HII -4.57 

 PA0858 PA0858 conserved hypothetical protein -4.38 

 PA4889 PA4889 probable oxidoreductase -4.36 

 PA4686 PA4686 hypothetical protein -4.21 

3.6.2 Proteome profile of EPC-373K treated MSSA 

To investigate the physiological response of MSSA treated with EPC-373K we i) compared 

the protein abundance profile to that of oxacillin treated MSSA, and ii) explored proteins amongst 

the highest fold changes to identify physiological functions affected by EPC-373K treatment. In 

the absence of 1D annotation enrichment analysis, STRING network analysis of the 148 

significantly increased and 199 significantly decreased in abundance proteins was employed to 

identify and quantify proteins involved in similar pathways.   
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The EPC-373K profile showed no significant abundance changes in the proteins involved 

in a response to cell wall active antibiotics, including β-lactamases and cell wall stress response 

proteins, that were present in the highest fold changes in the oxacillin treatment profile. Despite 

the minimal overlap between the oxacillin and EPC-373K profiles, there are 31 significantly altered 

proteins that were increased in one comparison and decreased in the other (Figure 18). Most of 

the proteins increased in the EPC-373K treatment and decreased in oxacillin were 

uncharacterized. Proteins involved in a cellular response to antibiotic VraS and TcaA, and four 

membrane-associated proteins were increased in the oxacillin treatment and decreased in the 

EPC-373K treatment. There were two oxidative stress response proteins, three virulence proteins 

and two cell wall biosynthesis proteins increased in the EPC-373K treatment that were decreased 

in the oxacillin treatment. These findings emphasize the difference between the treatments and 

suggest the mechanism of EPC-373K has little in common with the mechanism of a β-lactam. 

STRING network analysis for the 148 significantly increased in abundance proteins of the 

EPC-373K treatment showed clusters of ribosomal proteins, secretion, adhesion, and stress 

response proteins, and a large cluster of metabolic pathway proteins (Figure A3). The functions 

of these metabolic pathway proteins include phosphate import, iron storage, biotin synthesis, iron-

cluster repair, oxidative stress response, arginine metabolism and transcriptional regulation. The 

GOCC term ‘extracellular region’, the KEGG term ‘metabolic pathways’, and the Uniprot 

annotation ‘signal’ were identified as functional enrichments for the increased in abundance 

proteins of the EPC-373K treatment. In comparison, STRING network analysis for the 160 

significantly increased in abundance proteins of the oxacillin treatment provided several functional 

enrichment terms including GOBP and Uniprot annotations related to peptidoglycan biosynthesis, 

regulation of cell shape, cell wall organization/biogenesis, antibiotic resistance, and 

membrane/transmembrane in alignment with oxacillin’s known mechanism of action (Figure A4). 

Taken with the lack of cell wall stress response proteins increased in abundance in the EPC-373K 
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treatment and minimal overlap with the proteome profile of oxacillin treated MSSA, these results 

suggest that cell wall synthesis may not be as impacted by EPC-373K treatment.   

While the disparity between the significantly increased proteins of the oxacillin and EPC-

373K treatments is evidenced by the presence or lack of disruption to membrane processes, the 

functional enrichments of the significantly decreased proteins show similarities between the 

treatments. Among the decreased proteins of both treatments were a variety of transmembrane 

transport proteins including ABC transporters and proteins involved in the transport of sulfur, 

maltose, amino acids, iron, and potassium. Both STRING network analyses showed several DNA 

metabolism proteins with a distinct cluster of proteins involved in purine metabolism (Figure A5; 

Figure A6). The absence of a major cellular target, like we saw with the oxacillin profile, is likely 

due to the non-specific, multi-targeted nature of EPC-373K.  

 

Figure 18: Significantly changed in abundance proteins identified in the proteome profiles of both 
the oxacillin (Oxa) and EPC-373K treatments that were increased in abundance (positive score, red) 
in one treatment and decreased in abundance (negative score, blue) in the other. A) Eighteen 
proteins increased in abundance in the EPC-373K treatment that were decreased in abundance in the 
oxacillin treatment. B) Thirteen proteins decreased in abundance in the EPC-373K treatment that were 
increased in abundance in the oxacillin treatment. Only proteins with significantly greater than two-fold 
changes are included (p<0.05, log2 score >1.00). 

A) B) 



 

 

53 

 

After comparison to the oxacillin profile, we explored the proteins uniquely among the top 

twenty highest fold changes in the EPC-373K treatment (Table 10). The highest fold change 

increases for the EPC-373K treatment highlight a different impact on cellular functions than seen 

in the oxacillin treatment. There are several proteins which play a role in virulence and secretion 

including two uncharacterized β-channel forming cytolysins, extracellular matrix protein-binding 

protein, Emp, staphylococcal secretory antigen SsaA, putative transglycosylase SceD; critical for 

cell separation, and a CsbD-like stress response protein. Interestingly, all but Emp were 

significantly decreased in abundance in the oxacillin treatment. Stress response regulators HrcA 

and ArcR were increased 5.6-fold and 6.2-fold, respectively. HrcA negatively regulates 

transcription of heat shock proteins DnaK, GroES and GroEL which predictably showed no 

change in abundance. Transcriptional regulator ArcR controls expression of the arc operon which 

enables the use of arginine as an energy source under anaerobic conditions. Positively regulated 

by ArcR, genes within the arc operon, arcC1, arcC2, and arcA are all significantly increased while 

repressor ArgR was decreased in abundance. Finally, phosphate transport proteins PstS, PstB 

and PhoU had log2 fold increases of 2.9, 6.3 and 2.7, respectively. 

The twenty highest fold change decreases were investigated to further highlight proteins 

and pathways altered upon EPC-373K treatment (Table 10). Most prevalent among the highest 

fold change decreases were proteins involved in transport mechanisms. Two proteins involved in 

carbohydrate transport via the PTS system encoded by ptsG and pfoR had 5.5- and 4.8-fold 

change decreases, respectively. ABC transporter proteins involved in transport of maltose 

(Q2G1E8), amino acids (Q2FX86), iron (Q2G1Z3), and micronutrients (EcfA2) showed greater 

than two-fold decrease in expression. Subunit G1 of the Mnh complex Na+/H+ antiporter, MnhG1, 

showed a 5.4-fold decrease. A seven gene operon encodes the Mnh complex, and four additional 

proteins encoded by mnhA1, mnhA2, mnhD1, and mnhE1 also showed altered abundance with 

the former two increased and the latter two decreased. The Mnh complex maintains halotolerance 
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at pH 7.5 and fluctuations in expression suggest that the cell is actively managing ionic stress. 

Regulator of multidrug efflux pumps, NorG showed a 5.5-fold decrease in abundance. 

Correspondingly, multidrug efflux pump NorA showed no significant change in abundance while 

other efflux pumps NorBC and AbcA were not identified. Along with alterations to transport 

proteins, proteins that are integral to pantothenate biosynthesis are decreased in abundance. 

Present among the highest fold changes, PanD, showed a 4.9-fold decrease. Pantothenate 

biosynthesis proteins PanB and PanC as well as CoA biosynthesis enzyme PanK encoded by 

coaA were all significantly decreased in abundance uniquely in the EPC-373K treatment. 

Additionally, two iron-sulfur binding proteins (Q2FXH0 and Q2FX16) are among the top 

decreases. Taken together, these results highlight the numerous biological processes impacted 

by EPC-373K treatment and comparison to the proteome profile of oxacillin treated MSSA 

suggests the mechanism of action employed by novel antimicrobial has little in common with that 

of a penicillin antibiotic.  
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Table 10: Proteins uniquely among the top twenty highest fold increases and decreases in the EPC-
373K treatment compared to untreated MSSA. 

 
Uniprot 

Protein ID Gene Name Product Name 

Fold Difference 
(log2) EPC-373K 

vs UT 

Increased     

 Q2FV46 SAOUHSC_02893 UPF0291 protein SAOUHSC_02893 8.03 

 Q2FYQ0 pstB 
phosphate import ATP-binding protein PstB (EC 

7.3.2.1) 
6.32 

 Q2FX53 SAOUHSC_02047 
phage putative head morphogenesis protein, SPP1 

gp7 family domain protein 
5.97 

 Q2G012 emp 
putative extracellular matrix protein-binding protein 

emp 
4.37 

 Q2FUY6 SAOUHSC_02958 alkaline phosphatase family protein 4.22 

 Q2FWF8 sceD putative transglycosylase SceD (EC 3.2.-.-) 3.84 

 Q2FWP0 SAOUHSC_02241 uncharacterized leukocidin-like protein 1 3.79 

 Q2FVK9 SAOUHSC_02702 uncharacterized protein 3.19 

 Q2FUY1 arcR HTH-type transcriptional regulator ArcR 3.12 

 Q2FYU5 rpsN 30S ribosomal protein S14 3.08 

 Q2FYY5 SAOUHSC_01288 uncharacterized protein 3.02 

 Q2FV55 ssaA staphylococcal secretory antigen SsaA 3.00 

 Q2FWP6 SAOUHSC_02235 putative phage PVL repressor protein 2.98 

 Q2FYP6 pstS phosphate-binding protein PstS (PBP) 2.94 

 Q2FWN9 SAOUHSC_02243 uncharacterized leukocidin-like protein 2 2.82 

 Q2FXV1 SAOUHSC_01730 CsbD-like protein 2.80 

 Q2FXZ0 hrcA heat-inducible transcription repressor HrcA 2.78 

 Q2G1L5 SAOUHSC_00107 5'-nucleotidase, C-terminal domain protein 2.77 

 Q2FYQ1 phoU 
phosphate-specific transport system accessory 

protein PhoU 
2.69 

Decreased     

 Q2G1T5 SAOUHSC_02802 fibronectin binding protein B, putative -5.61 

 Q2FWH1 SAOUHSC_02320 uncharacterized protein -3.42 

 Q2FXH0 SAOUHSC_01877 radical SAM core domain-containing protein -3.04 

 Q2G0Q2 norG HTH-type transcriptional regulator NorG -2.73 

 Q2FV87 ptsG/glcB 
PTS system, glucose-specific IIBC component (EC 

2.7.1.69) 
-2.73 

 Q2G2H9 mnhG1 
Na(+)/H(+) antiporter subunit G1 (Mnh complex 

subunit G1) 
-2.68 

 Q2FZ85 SAOUHSC_01155 YGGT family protein -2.62 

 Q2G1E8 SAOUHSC_00177 
putative maltose ABC transporter, permease 

protein 
-2.51 

 Q2FZA4 SAOUHSC_01135 antibacterial protein 3 -2.48 

 Q2FV23 panD aspartate 1-decarboxylase (EC 4.1.1.11) -2.47 

 Q2G165 pfoR perfringolysin O regulator protein -2.40 

 Q2G1Z3 SAOUHSC_00652 
iron compound ABC transporter, ATP-binding 

protein 
-2.38 

 Q2FX16 SAOUHSC_02090 conserved hypothetical phage protein -2.37 

 Q2G0X6 SAOUHSC_00397 
site-specific DNA-methyltransferase (adenine-

specific) (EC 2.1.1.72) 
-2.36 

 Q2FW35 ecfA2 
energy-coupling factor transporter ATP-binding 

protein EcfA2 (EC 3.6.3.-) 
-2.32 

 Q2FZ38 rnhB ribonuclease HII (RNase HII) (EC 3.1.26.4) -2.28 

 Q2G1D5 SAOUHSC_00190 
glycerophosphodiester phosphodiesterase family 

protein 
-2.19 
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Chapter 4: Discussion 

 Despite global initiatives driving anti-infective research, there persists a shortage of 

innovative antimicrobials which can address antimicrobial resistance. With almost all new 

antibiotics brought to market being variations of antibiotic classes discovered in the 1980s, the 

need for novel approaches to the treatment of microbial infections is greater than ever. Silver-

based compounds are ideal candidates due to their proposed multi-targeted mechanism of action 

and lower prevalence of resistance. This thesis explored the utility of a newly developed silver-

based non-traditional antimicrobial, EPC-373K against P. aeruginosa PAO1 and S. aureus 

USA300 strain TCH959 (MSSA) using conventional antimicrobial susceptibility testing techniques 

and LFQ proteomic analysis. To compare the antimicrobial action of EPC-373K to current 

antimicrobial therapies, parallel studies with conventional antibiotics were performed. We 

hypothesized that the proteome profile of EPC-373K would significantly differ from the profiles of 

conventional antibiotics typically selected to treat topical P. aeruginosa and S. aureus infections. 

The magnitude of the proteomic responses elicited by the conventional antibiotics and EPC-373K 

were compared and key differences in the global proteome responses to the treatments were 

highlighted. Exploration of the proteome profiles allowed for the identification of pathways and 

cellular processes impacted by the EPC-373K treatment, with focus on antimicrobial response 

and resistance factors in Gram-negative and Gram-positive species. The comparison of protein 

abundance changes between the treatments within a strain and between the strains was used to 

further our understanding of the mechanism of action employed by this novel non-traditional 

antimicrobial. 

 This data highlights the utility of the newly developed silver-based antimicrobial against 

both susceptible Gram-negative and Gram-positive species. The results indicate that the EPC-
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373K proteome profiles for both PAO1 and MSSA are significantly different than the profiles of 

the respective antibiotic treatments demonstrating that the novel antimicrobial elicits a distinct 

response in these strains. Analysis of the antibiotic profiles alongside the EPC-373K profiles 

allowed for comparison of pathways and cellular processes modified by the treatments to 

understand and predict the cellular targets of EPC-373K. Additionally, exploration of the antibiotic 

profiles allowed for correlation of protein abundance changes with previously identified genome 

and proteome alterations that occur in aminoglycoside treated P. aeruginosa, and β-lactam 

treated S. aureus. Investigation of the EPC-373K profiles showed several biological processes 

were impacted by treatment in PAO1 and MSSA with notable differences between the strains 

supporting the theory that silver antimicrobials show multi-targeted action.   

MIC assays confirmed the susceptibility of PAO1 and MSSA to micromolar concentrations 

of EPC-373K. Previous studies investigating the incidence of silver resistance characterized 

strains with MIC values greater than 3000 µM of Ag+ (82–84) to be resistant confirming that both 

PAO1 and MSSA are classified as silver susceptible. As most studies exploring the antimicrobial 

properties of silver use monovalent silver, the threshold for multivalent silver resistance may differ 

and further studies would be required to identify any discrepancies. Furthermore, time-kill curves 

provided the kinetics of bacterial killing in vitro which suggests that EPC-373K shows bactericidal 

activity against PAO1 and MSSA under the selected conditions. While the PAO1 curves show 

concentration-dependent killing similar to the activity of aminoglycosides (85), a weaker 

relationship between concentration and rate of killing is seen with the MSSA curves. The 

discrepancies in the susceptibilities of PAO1 and MSSA to the silver-based antimicrobial are 

consistent with previous studies that found silver ions elicit better activity against Gram-negative 

than Gram-positive species. Sütterlin et al. found the minimum bactericidal concentration (MBC) 

for S. aureus were more than 32 times greater than the MBC for P. aeruginosa (83) and Kyung 
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Jung et al. found E. coli to have a lower MIC than S. aureus (29). Many studies exploring the 

antimicrobial action of silver have suggested that the physiological differences between Gram-

negative and Gram-positive species likely accounts for the varied activity of silver as this is the 

case with several other antimicrobial agents (29, 83, 86, 87). The thick peptidoglycan layer 

surrounding the Gram-positive cell membrane may prevent permeation of Ag+ into the cell while 

the outer membrane porins of Gram-negative species provide accessibility into the cell (25, 38, 

87). The differences in response to the antimicrobial action of silver between Gram-negative and 

Gram-positive species is further emphasized upon analysis of the proteomic profiles of EPC-373K 

treated samples.  

Distinct proteome profiles are seen for the EPC-373K and conventional antibiotic treatments 

in each strain suggesting that EPC-373K elicits a unique response in both Gram-negative and 

Gram-positive bacteria. There was a notable difference in the magnitude of response to the novel 

compound between PAO1 and MSSA. The EPC-373K and gentamicin PAO1 profiles show 

considerable overlap between their protein abundance changes which suggests that EPC-373K 

may impact similar biological processes as the aminoglycoside. Conversely, while the magnitude 

of altered proteins was similar between the oxacillin and EPC-373K treatments, the compositions 

share little in common suggesting that the mechanism(s) employed by EPC-373K have little in 

common with the action of a β-lactam antibiotic. Analysis of the EPC-373K and antibiotic profiles 

in parallel furthered our understanding of the mechanism(s) employed of the novel compound 

juxtaposed to conventional antibiotics with defined mechanisms.   

EPC-373K treatment elicited a large proteomic response that encompassed most of the 

gentamicin proteomic profile in PAO1. The overlap between the EPC-373K and gentamicin 

treatment profiles suggests the mechanism(s) of EPC-373K, and gentamicin may have 

similarities. Internalization of silver into the cell is proposed to be a mechanism integral to the 
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antimicrobial action of silver similar to the multi-phase uptake process exhibited by 

aminoglycosides, (76, 88–90). Increased expression of efflux pumps is associated with silver 

treatments with several known resistance determinants encoding silver efflux pumps (33, 90). Our 

findings show several efflux pumps and their regulators to be altered in abundance in the EPC-

373K treatment suggesting the cells are actively transporting unwanted toxic substances out of 

the cell indicating that the silver-based antimicrobial was likely internalized by the cells after two 

hours of exposure. Notably, RND-type multidrug efflux pump, MexEF-OprN, which are reported 

to efficiently export fluoroquinolone and chloramphenicol antibiotics, was decreased in 

abundance whereas MexPQ-OpmE, which exports fluoroquinolones and macrolides was 

increased in abundance highlighting the similarities and differences between the chemical 

properties of EPC-373K and these classes of antibiotics (6, 91). Silver antimicrobials, like 

aminoglycosides, are predicted to interact with membrane components to alter membrane 

permeability and enhance influx into the cell (7, 87, 90, 92, 93). In the EPC-373K treatment several 

LPS biosynthesis proteins were decreased in abundance which corresponds with gene 

expression changes identified by Saulou-Berion et al. in silver treated E. coli (90).  

The similarities between the gentamicin and EPC-373K profiles accounts for less than half 

of the protein abundance changes in the EPC-373K profile. EPC-373K alters additional biological 

processes including DNA metabolism, translation, and cell division. The interaction of silver with 

the ribosome is observed in Gram-negative species with identification of reduced-abundance 

proteins with ribosome functional classifications in silver nanoparticle treated P. aeruginosa 

biofilms and direct interaction of silver ions with the ribosome of planktonic cultures of E. coli (94, 

95). Silver ions bind to ribosomal proteins to inhibit protein biosynthesis functions, with a major 

target being the 30S ribosomal S2 protein encoded by rpsB which was among the many ribosome 

proteins decreased in abundance in the EPC-373K treatment (94). Further disruption of gene 
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expression processes, as seen in the EPC-373K profile, results from silver’s known interaction 

with nucleic acids that produces a condensed DNA morphology that can be visualized by TEM 

(23, 27). We observed several proteins involved in DNA metabolism processes to be decreased 

in abundance which may be attributed to DNA-silver complexes preventing these critical 

functions. In addition to the direct binding of silver ions to nucleic acids, DNA replication is halted 

by oxidative stress-induced DNA damage from reactive oxygen species (ROS) generation (65, 

87). The bactericidal activity of silver is also attributed to the generation of intracellular ROS that 

cause oxidative damage to the cell (7, 28, 65, 90). The increased abundance of oxidoreductase 

proteins in the EPC-373K treatment indicates the cells were under oxidative stress suggesting 

the production of ROS may be integral to the action of EPC-373K.   

Despite most of the gentamicin profile being encompassed by the EPC-373K profile there 

were several proteins indicative of aminoglycoside treatment identified uniquely in the gentamicin 

profile. Aminoglycoside antibiotics target the A-site of the ribosomal 30S subunit to disrupt 

translation leading to protein misfolding which results in upregulation of the heat shock response 

stress pathway (76, 88). Microarray analysis characterizing altered gene expression patterns of 

PAO1 in response to lethal and sub-lethal concentrations of tobramycin found genes involved in 

a heat shock response and the asrA gene encoding an aminoglycoside-induced stress response 

protease, AsrA, were upregulated (76). Correspondingly, our analysis identified several heat 

shock response proteins and AsrA to be increased in abundance in the gentamicin profile. The 

identification of known marker proteins indicative of aminoglycoside treatment uniquely in the 

gentamicin treatment emphasizes that PAO1 mitigates the actions of these antimicrobials 

differently despite similarities between the proteome profiles. The large proteomic response of 

EPC-373K treated PAO1 reflects alterations to several biological processes including efflux, LPS 

biosynthesis, cell division, biofilm formation, quorum sensing, phenazine and pyoverdine 
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biosynthesis, DNA metabolism, and translation which supports that silver-based antimicrobials 

employ several modes of action which is attributed to non-specific interaction with electron 

donating groups (8, 14, 17, 90, 92).  

Contrastingly, in MSSA, the oxacillin and EPC-373K profiles share less in common than the 

PAO1 treatment profiles. Of the 369 and 347 proteins altered in abundance in oxacillin and EPC-

373K treatments, only 118 of these proteins are present in both profiles suggesting the modes of 

action employed by EPC-373K considerably differs from that of β-lactam antibiotics. The known 

mechanism of action of β-lactam antibiotics is reflected by the protein abundance changes in the 

profile of oxacillin treated MSSA. Several protein markers indicative of a response to β-lactam 

antibiotics including proteins involved in peptidoglycan biosynthesis, cell division, and two-

component systems as well as β-lactamases were among the highest fold change increases. 

None of these marker proteins showed significantly altered abundances in the EPC-373K 

proteome profile which is an indication that the mode of action of the novel antimicrobial may not 

be targeting cell wall biosynthesis in the same way as oxacillin.  

In comparison, the significantly altered in abundance proteins of the EPC-373K profile 

reflect an impact on numerous processes with the increased proteins involved with the ribosome, 

secretion and adhesion, a general stress response and metabolism and the decreased proteins 

involved in transport, purine metabolism and pantothenate biosynthesis. The theory that silver 

elicits a non-specific multi-targeted mechanism of action is supported by the variety of biological 

processes affected by EPC-373K treatment. 

Although the impact on DNA metabolism was considerably smaller in MSSA treated EPC-

373K, the decreased abundance of purine metabolism proteins is notable and may be a result of 

silver ions’ preferentially interaction with the purine bases of DNA (27). Additionally, pantothenate 
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and CoA biosynthesis proteins were decreased in abundance in the EPC-373K treatment 

whereas a proteomic study of oxacillin treated S. aureus found these pathways to be upregulated 

(78). Liu et al. suggested that increased production of pantothenate and CoA biosynthesis may 

be a response to counteract oxidative stress elicited by oxacillin, which suggests that MSSA may 

mitigate oxidative stress elicited by EPC-373K via alternate stress response mechanisms or EPC-

373K may not be eliciting a significant oxidative stress response after a two-hour treatment. 

Proteins implicated in the transport of numerous substrates including maltose, iron and phosphate 

were altered in abundance with a majority decreased in abundance. The non-specific disruption 

of various transporter systems may result from interferences with cellular respiration which has 

been observed and attributed to silver treatment (90). Components of the Pi importer PstSCAB, 

PstB and PstS were among the highest fold change increases in the EPC-373K profile indicating 

a disruption of phosphate exchange processes. Previous studies found that increased abundance 

of the PstSCAB Pi transporter occurs under phosphate limitation conditions (94, 95). Silver is 

known to disrupt both the Pst and Pit phosphate exchange systems indirectly by destroying the 

proton gradient and directly by binding to protein carriers. With no alterations to the Pit system in 

the EPC-373K profile, the impact on the Pst system may imply that EPC-373K targets phosphate 

exchange by binding to its protein carriers through thiol interactions (20). 

The proposed multi-targeted mechanism of silver is reflected in the novel silver-based 

antimicrobial, EPC-373K. A multitude of biological processes were modified with notable 

differences between the responses of PAO1 and MSSA which supports previous claims of 

differing susceptibilities of Gram-negative and Gram-positive species to silver (28, 83, 90, 96). 

Characterization of the impact of EPC-373K on susceptible strains of P. aeruginosa and S. aureus 

as performed in this study highlights pathways and cellular processes modified by EPC-373K 

treatment which provides a foundation to guide future research and development. However, 
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additional studies beyond proteome profiling are required for the elucidation of specific modes of 

action toward the identification of marker proteins indicative of EPC-373K treatment. 

4.1 Future Directions 

 This investigation provides information useful for furthering our understanding of the 

mechanism(s) employed by this novel antimicrobial to result in cell death. This thesis highlights 

pathways and cellular processes in susceptible Gram-negative and Gram-positive species that 

are impacted by EPC-373K treatment. It is important to note that these datasets represent 

snapshots of the proteomic responses of PAO1 and MSSA after two hours of exposure to lethal 

concentrations of EPC-373K. To gain insight into the responses outside of the conditions selected 

in this thesis, additional studies exploring varying antimicrobial concentrations, different exposure 

times and the responses of other species are needed. Furthermore, these methods can be 

modified to study the impact of EPC-373K on single and multi-species biofilm systems.  

To further explore the utility of the silver-based non-traditional antimicrobial, its 

effectiveness against resistant pathogens should be investigated. Since the discovery of 

antibiotics, the emergence of resistant pathogens has rendered many treatments useless, thus 

novel antimicrobials must address these critical shortcomings in our arsenal of therapies. While 

studying the responses of bacteria that demonstrate suppressed antibiotic response profiles 

provides valuable insight towards the characterization of EPC-373K, additional studies with 

resistant pathogens are crucial to understanding the clinical potential of this antimicrobial. Future 

studies should investigate the proteome profiles of resistant pathogens treated with EPC-373K 

such as multidrug-resistant P. aeruginosa and MRSA. Exploration of the impact of the newly 

developed antimicrobial on clinically relevant strains will provide critical information to define the 

utility of EPC-373K within the framework of the current field of topical infection therapies for the 

treatment of resistant infections. 
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 Beyond conducting additional proteomic studies with different species at varied 

concentrations and exposure times to further our understanding of the cellular processes modified 

by EPC-373K, resistance studies to explore the propensity for species to develop resistance to 

EPC-373K should be performed. Evolution experiments involving prolonged exposure to 

antimicrobials have been used to the measure fitness costs of mutations that confer resistance 

and examine the rate and probability of the evolution of resistance (97–101). Exploring the 

genomic and phenotypic changes associated with repeated exposure to EPC-373K will provide 

insight into the biological adaptations that may threaten the efficacy of this newly developed 

antimicrobial.  

4.2 Conclusion  

To investigate the impact of newly developed EPC-373K on the planktonic growth of 

susceptible strains PAO1 and MSSA we employed LFQ proteomic techniques to explore and 

compare proteome profiles of each strain alongside antibiotic controls. Distinct profiles for each 

treatment were observed in both strains with more similarity between the PAO1 treatment profiles 

and minimal overlap between the profiles of the MSSA treatments. We observed EPC-373K to 

modify several biological processes in both Gram-negative and Gram-positive strains suggesting 

the non-specific action of multivalent silver in agreement with previous descriptions of the 

mechanism of action of monovalent silver. This thesis highlights the global proteomic shifts 

elicited by EPC-373K treatment and identifies key pathways and processes disrupted to 

contribute to our understanding of the antimicrobial properties of the novel compound. Future 

studies outlining the impact on resistant pathogens and execution of evolutionary resistance 

studies will provide critical information towards the development of EPC-373K as a viable topical 

infection therapy to address the inadequacies of our current pipeline of antimicrobials.   
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APPENDIX 

Figure A1: Workflow of the steps to prepare samples of antimicrobial treated P. aeruginosa PAO1 
and S. aureus USA300 isolate TCH959 (MSSA) for total proteome extraction, analysis by mass 
spectrometry and subsequent data analysis.  
Planktonic cultures of each strain were treated for 2 hours. Proteins were digested enzymatically with 
LysC/Trypsin and peptides were purified using C18 STAGE tips. MS/MS detected proteins and data 
analysis was performed using MaxQuant and Perseus software. Figure created with BioRender.com. 

 
 
 
Table A1: Total identified proteins in each biological replicate of PAO1 under each condition. 
Average identified proteins, standard deviation and coefficient of variation were determined for each 
condition. 

Condition 
Biological 
replicate 

Total identified 
proteins 

Average identified 
proteins 

Standard 
deviation 

Coefficient 
of variation 

Untreated 

1 2798 

2784 25 0.91% 
2 2747 
3 2802 
4 2790 

Gentamicin 

1 2877 

2872 6 0.19% 
2 2866 
3 2876 
4 2868 

EPC-373K 

1 2890 

2889 10 0.34% 
2 2898 
3 2875 
4 2891 
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Table A2: Total identified proteins in each biological replicate of MSSA under each condition. 
Average identified proteins, standard deviation and coefficient of variation were determined for each 
condition. 

 
Table A4: Significantly altered in abundance proteins from the gentamicin versus untreated PAO1 
comparison profile that that had GO and KEGG adaptive resistance response annotation(s) 

Gene 
Locus 

Gene 
Name 

Bacterial 
Chemotaxis 

Biofilm 
Formation 

Phenazine 
Biosynthesis 

Pyoverdine 
Biosynthesis 

Quorum 
Sensing 

Signal 
Transduction 

Fold 
Difference 
(log2) Gent 

vs UT 

PA0176 aer2 + 
    

+ 3.96 

PA0603 agtA         +   -1.41 

PA0605 agtC         +   -1.63 

PA5261 algR + +       + 1.20 

PA3364 amiC         +   1.77 

PA4101 bfmR + +       + 2.15 

PA4367 bifA   +         1.74 

PA0090 clpV1   +         1.93 

PA2810 copS +         + -1.74 

PA0180 cttP +         + 2.58 

PA1099 fleR + +       + -3.80 

PA3347 hsbA   +         1.06 

PA2363 hsiJ3   +         2.73 

PA1430 lasR   +     +   1.10 

PA2570 lecA   +     +   1.94 

PA3361 lecB   +     +   1.87 

PA3649 mucP +       + + -1.36 

PA1003 mvfR   +     +   1.35 

PA2391 opmQ       +     1.17 

PA0177 PA0177 +         + -1.61 

PA0178 PA0178 +         + 1.59 

PA0179 PA0179 +         + 2.92 

PA0222; 
PA0604 

PA0222; 
agtB 

        +   -2.08 

PA1433 PA1433 +         + 1.16 

PA2177 PA2177 +         + 1.15 

PA2412 PA2412       +     2.28 

PA2572 PA2572 +         + 3.20 

PA2573 PA2573 +         + 3.41 

PA2788 PA2788 +         + 2.56 

PA3250 PA3250         +   1.40 

PA4108 PA4108   +         1.39 

PA4520 PA4520 +         + 1.21 

PA4915 PA4915 +         + 2.72 

PA5208 PA5208   +         1.20 

Condition 
Biological 
replicate 

Total identified 
proteins 

Average identified 
proteins 

Standard 
deviation 

Coefficient 
of variation 

Untreated 

1 1718 

1729 10 0.60% 
2 1727 
3 1743 
4 1727 

Oxacillin 

1 1713 

1712 2 0.13% 
2 1714 
3 1712 
4 1709 

EPC-373K 

1 1704 

1709 9 0.54% 
2 1716 
3 1698 
4 1717 
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PA0355 pfpI   +         1.66 

PA1900 phzB2     +   +   2.04 

PA1902; 
PA4213 

phzD2; 
phzD1 

    +   +   3.73 

PA1904; 
PA4215 

phzF2; 
phzF1 

    +   +   3.68 

PA4209 phzM     +       2.56 

PA0999 pqsD   +     +   2.25 

PA1000 pqsE         +   3.40 

PA2587 pqsH   +     +   3.12 

PA2231 pslA   +         1.36 

PA2232 pslB   +         1.19 

PA2242 pslL   +         2.28 

PA0944 purN   +         -1.07 

PA2386 pvdA       +     2.26 

PA2399 pvdD       +     2.13 

PA2397 pvdE       +     3.22 

PA2396 pvdF       +     1.89 

PA2413 pvdH       +     1.92 

PA2400 pvdJ       +     2.28 

PA2424 pvdL       +     3.11 

PA2393 pvdM       +     2.16 

PA2394 pvdN       +     2.91 

PA2395 pvdO       +     1.37 

PA2392 pvdP       +     2.17 

PA2385 pvdQ   +   +     2.23 

PA3478 rhlB   +     +   3.42 

PA3477 rhlR   +     +   4.60 

PA4494 roxS +         + 1.66 

PA2824 sagS + +       + 1.84 

PA0169 siaD   +         -1.92 

PA5531 tonB   +         1.68 

 
 
 
Table A4: Significantly altered in abundance proteins from the EPC-373K versus untreated PAO1 
comparison profile that that had GO and KEGG adaptive resistance response annotation(s) 

Gene 
Locus 

Gene 
Name 

Bacterial 
Chemotaxis 

Biofilm 
Formation 

Phenazine 
Biosynthesis 

Pyoverdine 
Biosynthesis 

Quorum 
Sensing 

Fold Difference (log2) 
EPC-373K vs UT 

PA0176 aer2 + 
    

4.70 

PA0603 agtA 
    

+ -3.72 

PA0605 agtC 
    

+ -5.10 

PA5261 algR 
 

+ 
   

1.65 

PA3364 amiC 
    

+ 2.29 

PA4101 bfmR 
 

+ 
   

1.69 

PA4367 bifA 
 

+ 
   

2.18 

PA1071 braF 
    

+ 1.40 

PA0173 cheB2 + 
    

1.35 

PA2621 clpS 
 

+ 
   

-1.00 

PA0090 clpV1 
 

+ 
   

2.52 

PA2371 clpV3 
 

+ 
   

1.75 

PA0180 cttP + 
    

2.75 

PA4496 dppA1 + 
    

1.65 

PA4502 dppA4 + 
    

1.48 

PA5112 estA 
 

+ 
   

1.30 

PA3746 ffh 
    

+ -1.51 

PA1099 fleR 
 

+ 
   

-3.56 

PA1102 fliG + 
    

-1.20 

PA2403 fpvG 
   

+ 
 

2.90 
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PA0085 hcp1 
 

+ 
   

1.48 

PA3345 hptB 
 

+ 
   

-1.27 

PA3347 hsbA 
 

+ 
   

1.99 

PA3346 hsbR 
 

+ 
   

2.33 

PA2363 hsiJ3 
 

+ 
   

2.74 

PA1871 lasA 
    

+ 2.56 

PA3724 lasB 
 

+ 
  

+ 1.27 

PA1432 lasI 
 

+ 
  

+ 3.74 

PA1430 lasR 
 

+ 
  

+ 1.82 

PA2570 lecA 
 

+ 
  

+ 2.47 

PA3361 lecB 
 

+ 
  

+ 1.75 

PA0768 lepB 
    

+ -1.02 

PA2390 macB 
   

+ 
 

2.10 

PA5072 mcpK + 
    

-1.19 

PA0705 migA 
 

+ 
   

-1.00 

PA3649 mucP 
    

+ -1.77 

PA1003 mvfR 
 

+ 
  

+ 1.87 

PA2391 opmQ 
   

+ 
 

1.11 

PA0177 PA0177 + 
    

-1.97 

PA0178 PA0178 + 
    

1.71 

PA0179 PA0179 + 
    

4.60 

PA0222;
PA0604 

PA0222; 
agtB 

    
+ -2.58 

PA0295 PA0295 
    

+ 1.27 

PA0602 PA0602 
    

+ 1.41 

PA1611 PA1611 
 

+ 
   

-1.04 

PA1930 PA1930 + 
    

1.21 

PA2412 PA2412 
   

+ 
 

3.69 

PA2573 PA2573 + 
    

3.70 

PA2920 PA2920 + 
    

1.98 

PA3250 PA3250 
    

+ 2.39 

PA3345 PA3345 
 

+ 
   

-1.27 

PA3349 PA3349 + 
    

1.09 

PA3822 PA3822 
    

+ -1.07 

PA4108 PA4108 
 

+ 
   

2.46 

PA4290 PA4290 + 
    

1.06 

PA4915 PA4915 + 
    

3.01 

PA5208 PA5208 
 

+ 
   

1.46 

PA5346 PA5346 
 

+ 
   

-1.04 

PA0355 pfpI 
 

+ 
   

2.61 

PA1001 phnA 
 

+ + 
 

+ -1.82 

PA1899 phzA2 
  

+ 
 

+ 2.39 

PA4211 phzB1 
  

+ 
 

+ 2.14 

PA1900 phzB2 
  

+ 
 

+ 2.61 

PA1902;
PA4213 

phzD2; 
phzD1 

  
+ 

 
+ 4.46 

PA1904;
PA4215 

phzF2; 
phzF1 

  
+ 

 
+ 6.29 

PA1905;
PA4216 

phzG1; 
phzG2 

  
+ 

 
+ 3.15 

PA4209 phzM 
  

+ 
  

4.06 

PA4217 phzS 
  

+ 
  

2.42 

PA0996 pqsA 
 

+ 
  

+ 2.02 

PA0997 pqsB 
 

+ 
  

+ 3.16 

PA0998 pqsC 
 

+ 
  

+ 2.52 

PA0999 pqsD 
 

+ 
  

+ 2.91 

PA1000 pqsE 
    

+ 4.30 

PA2587 pqsH 
 

+ 
  

+ 5.45 

PA2231 pslA 
 

+ 
   

1.36 

PA2232 pslB 
 

+ 
   

1.47 

PA2242 pslL 
 

+ 
   

3.71 
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PA0944 purN 
 

+ 
   

-1.92 

PA2386 pvdA 
   

+ 
 

3.24 

PA2399 pvdD 
   

+ 
 

2.98 

PA2397 pvdE 
   

+ 
 

3.48 

PA2396 pvdF 
   

+ 
 

2.47 

PA2413 pvdH 
   

+ 
 

3.31 

PA2400 pvdJ 
   

+ 
 

2.94 

PA2424 pvdL 
   

+ 
 

3.91 

PA2393 pvdM 
   

+ 
 

2.49 

PA2394 pvdN 
   

+ 
 

3.79 

PA2395 pvdO 
   

+ 
 

2.19 

PA2392 pvdP 
   

+ 
 

2.43 

PA2385 pvdQ 
 

+ 
 

+ 
 

2.97 

PA3479 rhlA 
 

+ 
  

+ 4.76 

PA3478 rhlB 
 

+ 
  

+ 5.97 

PA1130 rhlC 
 

+ 
  

+ 1.64 

PA0428 rhlE 
 

+ 
   

-1.33 

PA3477 rhlR 
 

+ 
  

+ 6.55 

PA3622 rpoS 
 

+ 
   

4.58 

PA1431 rsaL 
 

+ 
   

3.40 

PA2824 sagS 
 

+ 
   

2.12 

PA4276 secE 
    

+ -3.10 

PA4747 secG 
    

+ -1.33 

PA4243 secY 
    

+ -1.24 

PA0169 siaD 
 

+ 
   

-2.01 

PA5531 tonB 
 

+ 
   

2.69 

PA5117 typA 
 

+ 
   

-2.48 

PA5568 yidC 
    

+ -1.36 

 
 
 



 

 

78 

 

 

Figure A2: STRING network analysis for proteins differentially abundant in the comparison of 
EPC-373K and Untreated PAO1 highlighting clusters of proteins with ribosome, translation, and 
protein export GO and KEGG annotations. 
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Figure A3: STRING network analysis for proteins differentially abundant in the comparison of EPC-
373K and Untreated MSSA highlighting clusters of proteins that showed significant two-fold or 
greater increases in abundance.  
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Figure A4: STRING network analysis for proteins differentially abundant in the comparison of 
Oxacillin and Untreated MSSA highlighting clusters of proteins that showed significant two-fold or 
greater increases in abundance. 
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Figure A5: STRING network analysis for proteins differentially abundant in the comparison of EPC-
373K and Untreated MSSA highlighting clusters of proteins that showed significant two-fold or 
greater decreases in abundance. 
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Figure A6: STRING network analysis for proteins differentially abundant in the comparison of 
Oxacillin and Untreated MSSA highlighting clusters of proteins that showed significant two-fold or 
greater decreases in abundance. 


