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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) is a major public health threat due to
its resistance to multiple antibiotics and ability to adapt to various stressors encountered
in human infections. It is the leading cause of skin and soft tissue infections (SSTIs)
worldwide. Nearly 40% of patients experience recurrent S. aureus skin infections within
three months, and over half face recurrences within six months, often necessitating
repeated antibiotic treatments and increasing the risk of resistance.

This thesis investigates MRSA's stress response mechanisms to environmental
stressors, such as decreased pH, temperature, and increased salinity, which simulate
conditions at wound sites. Using an in vitro 3D skin model and an in vivo mouse model,
we studied bacterial responses and identified potential antimicrobial targets and
treatments.

In the first study, "Comparative Proteomic Profiing of Methicillin-Resistant
Staphylococcus aureus Under Varied Experimental Conditions," differentially expressed
proteins (DEPs) were analyzed under stress conditions. We observed that decreased pH
and temperature reduced bacterial growth due to impaired purine metabolism and
downregulation of inosine 5'-monophosphate dehydrogenase (IMPDH), highlighting
IMPDH as a promising target for novel antimicrobial drugs. Additionally, sulfur metabolism
was notably affected, with reduced expression of cysteine synthase (CysK) and
compensatory increases in catalase (KatA) and aldo/keto reductases. Arginine
biosynthesis proteins, crucial for pH regulation, were significantly upregulated, alongside
strain-specific variations in amino acid metabolism, indicating diverse adaptation

strategies.
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The second study, "Exploring S. aureus Proteome During Skin Infection: Comparative
Analysis of In Vivo and In Vitro Infection Models," confirmed the essential role of arginine
in MRSA virulence and adaptation. Proteins involved in betaine biosynthesis, crucial for
osmotic stress management, were identified, validating our previous findings. Several
proteins associated with biofilm formation, oxidative stress, and other adaptive processes
were detected in the in vivo model, with FumC and SapS highlighted as potential targets
for future therapies for skin infection.

The antimicrobial screening in the final chapter aimed to screen for compounds and
extracts effective against our MRSA strains. From the compounds screening, we found
paramagnetoquinones and enduracyclinones effective agents against MRSA.
Additionally, screening various extracts led to the identification of three potential extracts.
Purifying these extracts revealed two promising compounds, previously described,
named elaiophylin and nigericin, with notable activity against MRSA.

Overall, this research enhances our understanding of MRSA’s adaptive mechanisms by
integrating findings from both in vitro and in vivo models. It confirms previously identified
proteins as potential targets for skin infections and establishes a screening approach for
discovering new compounds. These advancements contribute to combating MRSA,

reducing recurrent infections, and addressing antibiotic resistance.
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Foreword

This thesis, titled [/n vivo Proteome of Staphylococcus aureus During Skin Infection], is
based on three manuscripts written and under review during my enrolment as a PhD
researcher at Porto Conte Ricerche S.r.l in Alghero, Italy, from June 2021 to June 2024.
The manuscripts are titled "Comparative Proteomic Profiling of Methicillin-Resistant
Staphylococcus aureus Under Varied Experimental Conditions", "Exploring S. aureus
Proteome During Skin Infection: Comparative Analysis of In Vivo and In Vitro Infection
Models", and “Screening of Compounds with Antimicrobial Activity Targeting Methicillin-
Resistant Staphylococcus aureus’. 1t is worth noting that the first manuscript has been
submitted to the Journal of Proteomics and is currently under review for publication.
This research was conducted under the supervision of Prof. Sergio Uzzau at the
University of Sassari and Dr. Daniela Pagnozzi at Porto Conte Ricerche. Part of this work
has been carried out at the University of Sassari (ltaly), the University of Copenhagen
(Denmark), and NAICONS laboratories, Milan (lItaly).

The work presented here is part of the European project INNOTARGETS (Innovative
Approach to Tackle Antimicrobial Resistance (Innotargets — University of Copenhagen,
(ku.dk)), which aims to address antimicrobial resistance challenges. INNOTARGETS has
received funding from the European Union’s Horizon 2020 research and innovation

program under the Marie Sklodowska-Curie grant agreement number 956154.

The project has received funding from the European Union’s Horizon
2020 research and innovation program under the Marie Sklodowska-
Curie grant agreement number 956154.
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Chapter 1: Introduction

Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacterium. It is a non-motile, coagulase-
positive, and under the microscope, it appears as grape-like clusters. It can grow in both
aerobic and anaerobic environments (facultative) (Kloos and Bannerman, 1994). It was first
described in 1880 by Alexander Ogston, who confirmed the bacterium's role in wound
infections during a conference. Adding to the knowledge from his senior colleagues, Louis
Pasteur, and Joseph Lister, Ogston first observed pus from 88 abscesses using the
microscope and it was when he first described Staphylococcus aureus’s spherical shape
and noticed the golden yellow colonies (Classics in infectious diseases. “On abscesses”.
Alexander Ogston (1844-1929)., 1984). S. aureus was introduced to the world as a
pathogenic organism. Since then, it has been a focus of microbiological research due to
its dual role as both a commensal (normal skin flora) and a pathogen. It thrives in various
environments, including human skin (primary reservoir) and mucous membranes, and is
responsible for about 30% of nasal colonization in the population (Franklin D. Lowy,
1998),(Martins Costa et al., 2013). It causes a range of diseases including Skin and Soft
Tissue Infections (SSTIs) (e.g., cellulitis, impetigo, furuncles, folliculitis, and others),
osteomyelitis, endocarditis, bacteremia, severe pneumonia, and toxic shock syndrome

(Tong et al., 2015a).
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The discovery of penicillin

For many years, treatment was mainly done by topically applying carbolic acid (phenol),
which was originally introduced by Lister and further advocated by Ogston, as a standard
antiseptic method (Myles and Datta, 2012). In 1928, Alexander Fleming, a bacteriologist,
coincidentally discovered that his Staphylococcus aureus Petri dishes were contaminated
(Swann, 1983). The contamination was due to the fungus Penicillium notatum. He noticed
that this contamination had influenced the growth of S. aureus and has further proved
that penicillin was able to inhibit the bacterium growth in vitro (Aminov, 2010). Nevertheless,
he was not able to isolate it, later on, by the mid-1940s, a sufficient amount of penicillin
was accessible at the Sir William Dunn School of Pathology in Oxford. Researchers,
including Norman Heatley and colleagues, conducted an experiment using mice. This
study yielded crucial data demonstrating the in vivo effect of penicillin (Normal Heatley and
Norman George, 2004),(Cranston D and Sidebottom E, 2016). This highlighted the beginning

of the antimicrobial era in the management of Staphylococcus aureus infections.

The start of the resistance era

Unfortunately, only shortly after penicilin was introduced, clinical strains of S. aureus
acquired resistance (Barber and Rozwadowska-Dowzenko, 1948). The development of
resistance occurred due to the acquisition of B-lactamase (also known as penicillinase).
Strains producing penicillinase diffused rapidly in both communities and hospitals
(MUNCH-PETERSEN and BOUNDY, 1962),(Blair and Carr, 1960). In 1959, methicillin was
introduced as a treatment for infections caused by penicillin-resistant S. aureus. However,

by 1961, reports emerged from the United Kingdom of S. aureus isolates that had
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developed resistance to beta-lactam antibiotics including methicillin, leading to what we
now know as methicillin-resistant S. aureus (MRSA) (“Celbenin” - resistant Staphylococci,
n.d.). The genetic basis of methicillin resistance is attributed to a mobile gene cassette,
the staphylococcal cassette chromosome mec (SCCmec) (Katayama et al., 2000). Within
the cassette, lies the mecA gene, which is responsible for resistance to B-lactams,
including methicillin. It encodes penicillin-binding protein (PBP) 2a, which is involved in
peptidoglycan synthesis and cross-linking in the bacterial cell wall. Unlike the native PBP
encoded in the core genome of S. aureus, PBP2a has a lower binding affinity for B-lactam
antibiotics. The combination of reduced penicillin-binding affinity and increased PBP2a
production leads to observed resistance to B-lactam antibiotics (Hartman and Tomasz,
1984a; Matthews and Tomasz, 1990).

During the early 1960s, MRSA was detected in Europe, particularly in the UK and
Denmark, where the strains were isolated. These events marked the emergence of the
initial epidemic of MRSA clone (ERIKSEN and ERICHSEN, 1964). However, in the late
1970s, hospitals in the United States began reporting outbreaks of infections caused by
MRSA strains. By the mid-1980s, these infections had become endemic (Crossley et al.,
1979). MRSA was first described to cause hospital outbreaks, known as healthcare-
associated MRSA (HA-MRSA) (Chambers and DelLeo, 2009). A significant shift in MRSA
epidemiology occurred when it was found in people with no prior healthcare exposure,
termed community-associated MRSA (CA-MRSA). This was notably observed among
Indigenous populations in Australia (Faoagali et al., 1992), as well as in otherwise healthy
individuals, including children, in the United States during the 1990s (Fridkin et al., 2005).
While in the mid-2000s, it has also been linked to exposure to livestock, known as

livestock-associated MRSA (LA-MRSA) (Voss et al., 2005).
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In a recent study, Larsen et al. (Larsen et al., 2022) offered a compelling explanation for
the emergence and propagation of MRSA, focusing on the impact of horizontal gene
transfer and environmental antibiotic pressure. Their findings highlighted the capacity of
MRSA strains to evolve and spread across various species and ecosystems, highlighting
the necessity of a One Health approach that acknowledges the interconnected health of
humans, animals, and the environment.

The One Health approach, which integrates human, animal, and environmental health
sectors, is essential for controling MRSA spread. Strategies to reduce antibiotic use,
including stricter regulations on prescriptions and promoting alternative treatments, are
crucial in limiting the development of resistant strains. According to the Centers for
Disease Controls in the United States (CDC), the mortality rate associated with MRSA
infection surpassed that of acquired immune deficiency syndrome (AIDS), Parkinson’s

disease, and homicide combined (Lessa et al., 2012).

Antibiotics

The control of MSRA infections has benefited from the discovery and design of novel
antibiotics using a limited number of chemical compounds and their derivatives.
Vancomycin, a glycopeptide antibiotic, was discovered in late 1950. Three decades later,
vancomycin became the preferred treatment for MRSA infections (Levine, n.d.).
Vancomycin targets the cell wall by binding to the d-ala-d-ala residues in newly
synthesized UDP-MurNAc-pentapeptides, effectively blocking the assembly of
peptidoglycan (J. C. J. Barna and D. H. Williams, 1984). The first case of vancomycin-
resistant S. aureus (VRSA) was reported in 2002 in a 40-year-old woman from Michigan.

The resistance mechanism to vancomycin in S. aureus involves the vanA operon capable
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of encoding an enzyme that binds D-alanine-D-lactate (D-Ala-D-Lac) instead of D-
alanine-D-alanine (D-Ala-D-Ala) during peptidoglycan synthesis. It is essential to
underline that, following this substitution, the bacterial cell's sensitivity to vancomycin and
glycopeptide antibiotics significantly decreases due to the loss of the binding site (Arthur
et al.,, 1996). The development of new antibiotics has been essential ever since. Some
antibiotics evolved from glycopeptides as vancomycin to lipoglycopeptides like
telavancin, oritavancin, and dalbavancin. They incorporate lipophilic side chains, which
extend their half-life and enable interactions with cell membranes. Meanwhile, the
heptapeptide core within them inhibits key reactions involved in cell wall synthesis,
specifically trans glycosylation and transpeptidation (Cornaglia and Rossolini, 2009).
Dalbavancin primarily hinders the final steps of peptidoglycan synthesis by interfering with
transglycosylase activity. In contrast, oritavancin and telavancin attach to the bacterial
membrane via their lipophilic side chains, leading to membrane disruption and
subsequent cell lysis (Frangoise Van Bambeke, 2015). All those antibiotics work on the cell
wall, while some other discovered antibiotics inhibit protein synthesis (translation), such
as macrolides, tetracyclines, lacosamide, linezolid, aminoglycosides, etc. For example,
aminoglycosides, including gentamicin, disrupt protein synthesis by binding to the A-
site of the 16S rRNA within the 30S subunit of the bacterial ribosome. This interaction
results in inaccurate recognition between codons and anticodons, ultimately reducing the
fidelity of translation and producing mistranslated proteins (Kotra et al., 2000). Linezolid,
an oxazolidinone antibiotic approved in 2000, is commonly used to treat nosocomial
pneumonia and skin and soft tissue infections caused by MRSA and MSSA (Mendes et

al., 2014). Its mechanism of action involves binding to the bacterial ribosome’s 23S rRNA,
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thereby preventing proper placement of aminoacyl-tRNA in the peptidyl transferase
center and ultimately blocking protein synthesis (Leach et al., 2007; Mendes et al., 2014).
Other antibiotics work on RNA synthesis (transcription), such as rifamycin (CALVORI et
al., 1965), DNA replication, like quinolones (Drlica, 1999), or folic acid biosynthesis like
trimethoprim (Hitchings, 1973). Nevertheless, in the rapid race of antibiotic discovery, just
four classes of these compounds—cephalosporins, macrolides, penicillin’s, and
quinolones—make up a significant 73% of all antibiotics introduced between 1981 and
2005 (Fischbach and Walsh, 2009). The bacterium can develop antibiotic resistance

through drug treatment, constantly evolving through mutations.

S. aureus adaptation to the host and skin immune responses

S. aureus adaptability extends not only to antibiotics but also to the host environment
during infections. The molecular mechanisms of adaptation during infections include
S. aureus's ability to incorporate foreign DNA through mobile genetic elements. However,
this process is primarily significant during the colonization phase (Golubchik et al., 2013).
S. aureus manifests adaptive mutations in essential genes related to pathogenesis. In
addition, it employs phenotype-switching arising from chromosomal rearrangements
(Proctor et al., 1984). S. aureus colonization of the host usually begins with attachment to
the surface of host cells, facilitated by microbial surface components that recognize
adhesive matrix molecules (MSCRAMMS). S. aureus possesses surface proteins—
fibronectin-binding proteins A (FnbpA) and B (FnbpB) that bind to fibronectin and
fibrinogen; those genes are found to be correlated with invasive diseases facilitating

S. aureus internalization into the host cell (Guérillot et al., 2019). Additionally, S. aureus
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FnbpB assists in evading neutrophil extracellular traps (NETs) by neutralizing the lethal
activity of histones. During infection, in particular skin infection, the host senses S. aureus
peptidoglycan and lipoproteins, triggering an immune response that recruits B cells, T

cells, NK cells, and macrophages (Figure 1) (Liu, 2009).

S. aureus
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Figure 1. Description of skin layers and the position of S. aureus on the skin surface (https://mindthegraph.conv).

Subsequently, staphylococci produce an extracellular matrix composed of
polysaccharides, proteins, and extracellular DNA. This three-dimensional structure also
inhibits the effect of NETs on the bacteria growing within the biofilm. Lastly, the bacteria
within the biofilm generate planktonic cells that spread and establish new infection sites
within the host (Schilcher and Horswill, 2020; Speziale and Pietrocola, 2021). Besides biofilm
formation, S. aureus can adapt by adjusting its metabolism, leading to Small Colony
Variant formation (SCV). They are characterized by their slow growth rate, small colony
size, reduced hemolysis, and virulence, they develop either from the biofilm or in host
cells (von Eiff et al., 2001; Tuchscherr et al., 2020). Understanding its adaptive responses to

infection is essential to identify novel targets. One of the main infections caused by
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S. aureus is SSTIs. Their incidence rate is estimated at 24.6 per 1000 person-years
(ELLIS SIMONSEN et al., 2006). During infection, S. aureus must navigate and adapt to the
unique environment of the skin, where it encounters various challenges, including acidity
and temperature. The acidity of the skin surface is influenced by organic and fatty acids
secreted by the host, as well as the metabolic by-products of the skin’s microbiota
(Proksch, 2018). Skin temperature typically ranges from 32°C to 35°C (Benedict et al., 1919).
In many bacterial species, acidic conditions are linked to the suppression of virulence
(Lund et al., 2014). Understanding how S. aureus adapts to the skin and overcomes these
natural defenses is crucial for developing effective treatments, highlighting the need for
innovative research approaches to decipher these complex interactions. As the battle
against S. aureus continues, our understanding of its adaptation strategies to the hostile
environment of the human skin has been significantly advanced by proteomics. The
improvement and development of proteomics technologies have transformed our ability
to comprehend these complex adaptation strategies, revealing the intricate molecular
dialogue between S. aureus and the human skin. This leap in understanding has provided
insights into the bacterium's resilience and versatility but has also opened new avenues

for targeted therapeutic interventions.

Proteomics

Proteomics focuses on studying the interactions, functions, compositions, and structures
of proteins, and their roles in cellular activities to better understand the organisms and
their specific biological systems. Unlike genomics, which primarily deals with DNA and

genes, proteomics offers a deeper understanding of an organism’s structure and function
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by examining its protein landscape (Wilkins et al., 1996). However, it can be more
complicated due to the alteration of protein expression across different times and

environmental conditions (Holman et al., 2013).

Proteomics progresses toward high-throughput analysis

Initially, proteomics included mainly gel-based techniques such as one-dimensional (1D)
gel electrophoresis and two-dimensional gel electrophoresis (2-DE) (Vercauteren et al.,
2004). In addition, 2-DE was modified to include two-dimensional difference gel
electrophoresis (2D-DIGE), allowing the proteomes of 2-3 biological samples to be
analyzed simultaneously on the same gel (Klose et al., 2002). Subsequently, owing to the
limitations of these methods, proteomics has evolved resulting in the development of
shotgun proteomics. Shotgun proteomics is similar to shotgun sequencing, where DNA is
fragmented, sequenced in small sections, and then recombined in silico to reconstruct
the entire DNA sequence of an organism. In a typical shotgun proteomic workflow, a
complex protein mixture is digested into smaller peptides using proteases like trypsin.
These peptides are then separated using at least a two-dimensional chromatography
system. Following separation, the peptides are automatically introduced into a tandem
mass spectrometer, where they are analyzed. The resulting tandem mass spectrometry
data are then processed by advanced computational systems. The field of large-scale
shotgun proteomics gained significant traction with the development of multidimensional
protein identification technology (MudPIT) (Link et al., 1999; Washburn et al., 2001; Wolters
et al., 2001). Shotgun proteomics has two methods for quantification: label-free

quantification (LFQ) or labeling techniques-based quantification. LFQ offers a
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straightforward approach for large-scale analysis of biological samples. Unlike label-
based methods, in LFQ, the samples to be compared are injected independently into the
mass spectrometer (MS) (Kito and lto, 2008; Kalra et al., 2013).

On the other hand, Label-based quantitation involves comparing samples by labeling
them with different mass tags, enabling detection through specific changes in mass. This
comparative method typically uses chemically similar labels that differ isotopically (Domon
and Aebersold, 2010). Labeling techniques include stable isotope labeling with amino acids
in cell culture (SILAC) (Ong et al., 2002), isotope-coded affinity tag (ICAT), isobaric tagging
for absolute and relative quantitation (iTRAQ) (Ross et al., 2004), and Tandem Mass Tags
(TMT) (Thompson et al., 2003a). The effectiveness of labeling techniques lies in their ability
to quantify a wide range of proteins, enhancing the interpretability of proteomics results.
Employing labeling techniques such as TMT, allows thousands of proteins of lower
abundance to be identified for quantifying relative protein abundances (Thompson et al.,
2003b). Over the past decade, proteomics has been categorized into protein expression

mapping and protein interaction mapping (Yoithapprabhunath et al., 2015).

Proteomics top applications

Proteomics is a powerful technique with applications in various fields, including microbial
infections and host-pathogen interactions, using methods like 2-D gel-based and gel-free
approaches combined with MALDI-TOF-LC-MS/MS. This analysis provides crucial
insights into pathogen virulence and resistance, aiding in the understanding of infections

and the development of anti-microbial strategies (Cheng et al., 2016).
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The elucidation of antibiotic resistance mechanisms for diagnostic responses (Pérez-
Llarena and Bou, 2016), molecular mechanisms of diseases (Pankow et al., 2019), and

biomarker and drug discovery (Amiri-Dashatan et al., 2018).

Research on skin infection

Advancements in research on skin infections have included the use of this powerful tool
to elucidate bacterial pathogenesis, such as studying the bacterial proteomics associated
with atopic dermatitis (AD) and the microbiota of AD. Proteins that are responsible for
pathogenesis have been identified from different bacterial communities, including
S. aureus, such as enolase, glyceraldehyde-3-phosphate dehydrogenase, and the
chaperone proteins DnaK and HtpG (Kandil et al., 2020). There has also been progress in
understanding how S. aureus adapts to skin infections and colonization (Gehrke et al.,
2023). As discussed, skin characteristics, including lower pH and temperature, might
influence bacterial adaptation. It was found that SigB, an alternative sigma factor, plays
a crucial role in regulating responses to stress. When environmental stress signals (such
as heat, osmotic stress, and pH changes) are detected, sensor proteins activate SigB,
which leads to the upregulation of about 200 genes, that allow the bacterium to adapt to
stress (Georgiou and Segatori, 2005). It is usually active in the skin's atypical pH and
heightened osmolarity, which are the skin's usual conditions (Costa and Horswill, 2022).
Given that S. aureus is adversely affected by low pH levels, the bacteria need to
counteract acidity to successfully inhabit the skin. The bacterium typically reduces acid
production and increases arginine deiminase and urease protein bioactivity (Bore et al.,

2007; Costa and Horswill, 2022),(Rode et al., 2010a). Studies have revealed that in vivo,
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S. aureus utilizes urea-derived ammonia to counteract acidic pH levels, thereby aiding its
survival and role in causing disease (Zhou et al., 2019a). Additionally, research has shown
that the arginine deiminase (Arc) enzyme, encoded within the arginine catabolic mobile
element (ACME) found in the prevalent ST8 USA300 clone, plays a crucial role in
S. aureus adaptation to the skin. Arc facilitates ammonia production by breaking down
arginine, which not only inhibits nitric oxide formation but also triggers polyamine
synthesis. Moreover, the presence of the spermidine N-acetyltransferase SpeG, also
encoded in ACME, provides resistance against polyamines generated as a consequence
of Arc-mediated arginine catabolism. Thus, the presence of ACME within this clone

emerges as a pivotal factor enabling adaptation to the skin environment (Joshi et al., 2011).

Different models of skin infections

Studying skin infections varies from in vitro predictions to in vivo experiments. A pivotal
approach was initially attempted to characterize the skin infection conditions to mimic
them in vitro, as a solid foundation to understand how the bacteria adapts and reacts to
environmental stressors (Alreshidi et al., 2016). However, the power of this approach was
undermined by the choice of the conditions measured and to be mimicked. On the other
hand, an effective animal model system must be clinically relevant, ethically justifiable,
and practical, ensuring dependable and consistently reproducible outcomes (Zak and
O'Reilly, 1991). Using mice as a model organism for investigating skin wound infections
has been pivotal in advancing our comprehension of host-pathogen interactions and
wound healing processes. The genetic proximity of mice to humans allows for meaningful

extrapolation of findings to clinical scenarios (Li and Auwerx, 2020). Furthermore,
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supplementing findings with a 3D skin model could enhance our understanding of host-
bacterial interactions. Unlike current 2D models, 3D models can simulate physiological
wounds and offer a more accurate assessment of disease progression by better

replicating the skin's three-dimensional structure and complexity (Randall et al., 2018).

By integrating advanced proteomic techniques with robust in vitro and in vivo models, and
screening for compounds that could potentially inhibit MRSA, this work aims to bridge the
gap in our understanding of S. aureus skin infections. The focus is on two important
strains of MRSA, including ST398 (LA-MRSA), a predominant zoonotic strain isolated
from pigs and cows, that also causes infections in humans, sometimes leading to severe
outcomes, including death (Goerge et al., 2017; Abreu et al., 2019). Numerous studies,
including those conducted on dairy farms, have reported the transfer of LA-MRSA from
animals to humans (Cuny et al., 2015; Locatelli et al., 2017), highlighting the importance of
this strain in understanding transmitted infections. The other strain, JE2, is a plasmid-
cured variant of CA-MRSA, USA300 (Fey et al., 2013a). The strain is of great importance
because it has been identified as a primary cause of SSTls in various communities (King
et al., 2006a). Its rapid spread and high virulence are attributed to specific genetic
characteristics, such as the presence of Panton-Valentine Leukocidin (PVL) and the
ACME. These factors contribute to the strain's ability to cause severe infections and
survive in harsh environments like the skin, making it a significant public health concern

and an important strain for research (Tenover et al., 2006; David et al., 2013).
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This thesis explores the bacterium's adaptation at the proteomic level under various
experimental conditions and infection models, with a particular emphasis on shifts in

protein expression during infection and the potential for inhibiting its growth.

The findings of this work are expected to significantly advance the development of novel
therapeutic strategies, offering promising solutions to the critical challenge of

antimicrobial resistance in MRSA skin infections.
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Objectives of the studies

e The first study, 'Comparative Proteomic Profiing of Methicillin-Resistant
Staphylococcus aureus Under Varied Experimental Conditions,' this study
evaluates the proteomes of S. aureus under different environmental stressors
(such as pH, temperature, and salinity) to understand the bacterium's adaptive
mechanisms in human wound sites. This study aims to identify stress-responsive
proteins and enhance our understanding of S. aureus adaptation to challenging
conditions such as those on the wound site, ultimately identifying potential targets
for new therapeutic strategies.

e The second study, 'Exploring S. aureus Proteome During Skin Infection:
Comparative Analysis of In Vivo and In Vitro Infection Models', aims to bridge the
gap between experimental conditions and real-world infections by comparing the
proteome of S. aureus in both in vivo (using a mouse model) and in vitro (using a
3D skin model). This dual approach aims to robustly identify key S. aureus proteins
involved in skin infections, contributing to the design of targeted therapies. By
combining the controlled conditions of in vitro experiments with the complexity of
in vivo systems, the study enhances its relevance to human disease.

e The third study, 'Screening of Compounds with Antimicrobial Activity Targeting
Methicillin-Resistant Staphylococcus aureus', addresses the critical need for new
antimicrobials against MRSA, which poses a major public health challenge due to
its resistance to many existing antibiotics. This study aims to test known
antimicrobial compounds and purify molecules from extracts to expand the arsenal

against MRSA. The focus on discovering and suggesting potential new therapeutic
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molecules highlights a practical, application-oriented research goal essential for

translating laboratory findings into clinical treatments.
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Abstract

Understanding the response of methicillin-resistant Staphylococcus aureus (MRSA) to
environmental stressors is crucial for elucidating their adaptive mechanisms and
identifying potential therapeutic targets. This study employed a shotgun proteomic
approach to analyze and compare the protein profiles of MRSA strains ST398 and JE2
under different experimental conditions (ECs). These conditions aimed to mimic wound
site stress, modifying parameters such as pH, temperature, and salinity as follows: EC1
(control, 37°C, pH=7), EC2 (35°C, pH=6), and EC3 (35°C, pH=6 and 5% NaCl).

Bacterial proteins were extracted and trypsin-digested using a filter-aided sample
preparation (FASP) approach to obtain peptide mixtures, which were subsequently
analyzed via liquid chromatography coupled with high-resolution tandem mass
spectrometry. Raw data were analyzed using Proteome Discoverer software for protein
identification and differential analysis, employing label-free quantification (LFQ) based on
the intensity of precursor ions as an abundance parameter. A mean of 3444+123 proteins
per sample was identified across the tested ECs. Qualitative and quantitative differences
in protein expression were observed both between strains ST398 and JE2 and between

the tested ECs. Notably, several of the proteins exhibiting a significant increase in
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abundance under EC2 and ECS in both strains were involved in arginine biosynthesis. In
contrast, a group of proteins involved in sulfur and purine metabolism showed a decrease
in expression in the same conditions in both strains. The decrease in sulfur metabolism,
marked by reduced levels of cysteine synthase (CysK) and cysteine desulfurase (Csd),
was compensated by increased expression of catalase (KatA), along with a rise in alkyl
hydroperoxide reductase (AhpC) in ST398 for both EC2 and EC3 and an increased
expression of proteins involved in glutathione metabolism in EC3, indicating an adaptive
oxidative stress response.

This study identifies specific proteins and related pathways actively involved in the
complex adaptive response of MRSA strains to changes in pH, salinity, and temperature.

Keywords: MRSA, shotgun proteomics, experimental conditions, environmental stress.
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Significance of the study

Life-threatening methicillin-resistant Staphylococcus aureus (MRSA) infections remain a
major concern worldwide. S. aureus dynamically adapts to host environmental cues, such
as pH, nutrients, and reactive oxygen species, modulating its pathogenesis and growth
in response to stress. Our findings provide evidence of strain-specific proteomic
responses to these conditions, highlighting distinct pathways that are significantly
increasing or decreasing in response to environmental changes. Therefore, this study
adds up to the previous knowledge by exploring the proteome variation of two MRSA
strains grown in experimental conditions mimicking the wound skin infection site. Such
insights are crucial for the development of targeted treatments and highlight the
importance of considering strain variability in MRSA management strategies.
Highlights:

e ST398 and JE2 MRSA exhibit partly different proteomic profiles when exposed to
the same stress conditions.

e The arginine biosynthesis pathway has shown an increase in EC2 and EC3 in
both strains.

e In EC2, proteins involved in sulfur metabolism, specifically cysteine synthase
(CysK) and cysteine desulfurase (Csd), are diminished in both strains. This
reduction is compensated by an increase in catalase protein (KatA) under both
conditions to help maintain redox balance.

e Anincrease in glutathione (GSH) metabolism is observed in ST398 during ECS.
Additionally, alkyl hydroperoxide reductase (AhpC) levels have increased in

ST398 strain during both EC2 and EC3.
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e Proteins involved in purine metabolism showed decreased expression levels in

both EC2 and EC3 across both strains.
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1. Introduction

Staphylococcus aureus (S. aureus) is a Gram-positive opportunistic bacterium commonly
isolated on the skin and in the nasal cavity of many healthy individuals (Otto, 2010). It can
cause a range of infections, from local skin and soft tissue infections (SSTls) like wound
infections, abscesses, and cellulitis to more severe conditions such as endocarditis,
pneumonia, sepsis, and toxic shock syndrome (Tong et al., 2015b). lts pathogenicity is
influenced by numerous virulence factors and its adaptability to environmental changes
including pH, oxygen, CO2, and temperature during host infections (Pal et al., 2020).

S. aureus is a significant cause of hospital-acquired infections, especially in critically ill
patients, and community-acquired S. aureus is a leading cause of SSTI admissions in
emergency wards (Frazee et al., 2005). It adapts to environmental variations, altering
protein expression and metabolite release (Choueiry et al.,, 2022). Methicillin-resistant
strains (MRSA) emerged soon after methicillin was introduced in 1961 (Livermore, 2000),
and their prevalence is now a major concern due to rapid transmission, treatment
challenges, and higher mortality rates.

Bacterial pathogens encounter various environmental conditions depending on the
infection route, timing, and site. For instance, the mean temperature of healthy human
skin is usually 2-4°C lower than the body’s core temperature, depending on the
surroundings and location of the wound (Lenhardt and Sessler, 2006a). The skin is
characterized by a slight acid pH ranging from 4 to 6 (Ehrhardt Proksch, 2018), while the
infected wound site changes in pH value, depending on the infection phase. Typically, pH
ranges from 5.7 to 7.6 in the early phase of infection, followed by a gradual increase

toward alkaline values ranging from 7.5 to 8.9 in the chronic phase of infection. NaCl
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concentrations can also increase in response to trauma (Schneider et al., 2007; Alreshidi et
al., 2016). Additionally, bacteria usually contribute to generating tissue hypoxia due to their
increased replication at the infection site (Hajdamowicz et al., 2019).

Understanding metabolic adaptation is crucial for identifying new therapeutic targets to
combat antibiotic-resistant pathogens (Lee et al., 2013; Shoaib et al., 2023). Proteomic
approaches are essential for studying microbial protein expression during environmental
changes to understand metabolic pathways and antibiotic resistance mechanisms (Bo
Peng et al., 2019),(Tsakou et al., 2020).

In this study, we investigated the protein expression of two MRSA strains under three
experimental conditions (ECs) to simulate the variations in pH, temperature, and NaCl
concentration expected during a wound infection. One strain is Livestock-Associated (LA-
MRSA) ST398, which colonizes the nasal cavity of pigs and has also been reported in
other animals and used in the food industry. It poses a risk for farmers and people in
direct contact with animals, such as veterinarians (Kadlec et al., 2012; Pete Kinross1, 2017).
The other strain is Community Associated (CA-MRSA), JE2 strain (USA300 isolate), one
of the major causes of SSTI and the main cause of CA infections in the USA (King et al.,
2006b).

The selected ECs mimic the stress conditions occurring on the skin during infection with
S. aureus. These ECs were named experimental condition 1 (EC1), characterized by pH
7 at 37°C and considered as a control condition; experimental condition 2 (EC2),
characterized by pH 6 at 35°C, and experimental condition 3 (EC3), characterized by pH
6 at 35°C with 5% NaCl added to the medium. The comparative analysis of bacterial

proteomes under these diverse in vitro exposures provided evidence of metabolic
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reshaping and highlighted strain-specific and environmental-specific variations in critical

bacterial functions.
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2. Materials and Methods

2.1 Bacterial strains and growth conditions

MRSA strains, ST398 (van Rijen et al., 2008), and JE2 (Fey et al., 2013b), were obtained
from the Department of Veterinary and Animal Sciences at the University of Copenhagen,
Denmark.

In vitro growth of the bacteria was performed in different ECs as follows: EC1 (control
condition) was carried out in tryptic soy broth (TSB) at pH 7 at 37°C; EC2 in TSB at pH 6
at 35°C, and EC3 in TSB at pH 6 with 5% NaCl at 35°C. Each condition was done by
growing both strains in 3 replicates and growth curves were reported by taking the mean
of the three replicates. In brief, a total of 2-3 colonies of each strain were inoculated in 8
mL of TSB in a 50 mL tube and shaken at 120 RPM overnight in an incubator. Then,
subcultures were prepared after 18 hours by 1:66 dilution, starting at optical density
(ODsoo of 0.05) and measuring ODeoo every 30 minutes using a UV-Vis spectrophotometer
(SHIMADZU), until reaching mid-log phase at ODeoo of 0.5. Subsequently, after reaching
107 colony-forming units per mL (CFU/mL), bacteria were harvested, pelleted by
centrifugation, and washed 3 times with cold PBS (Phosphate buffer saline). Bacterial
counts were verified after doing 6 serial dilutions in PBS when harvesting. Subsequently,
the diluted samples were plated on tryptic soy agar (TSA). Bacterial colonies were
counted after overnight incubation.

2.2 Bacterial protein extraction

Proteins were extracted following a previously established protocol (Tanca et al., 2014). In
brief, bacterial pellets were dissolved in lysis buffer containing 2% sodium dodecyl sulfate

(SDS), 20 mM Tris-HCI (pH 8.8), and 100 mM dithiothreitol (DTT), followed by agitation
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in a Thermomixer (Eppendorf, Hamburg, Germany) at 600 rpm for 20 minutes at 95°C.
To disrupt the extracellular bacterial wall, mechanical force was applied using a
TissuelLyser LT mechanical homogenizer (Qiagen). This process involved bead beating
for 10 minutes at 30 cycles/s, combined with three freeze-thaw cycles, followed by a 15-
minute sonication step. Finally, samples were centrifuged at 12,000 g for 12 minutes at
4°C to separate the bacterial proteins in the supernatant, which was then stored at -80°C
for later use.

2.3 Protein digestion by filter-aided sample preparation (FASP)

Protein extracts underwent reduction with dithiothreitol (DTT), alkylation with
iodoacetamide (IAA), and digestion with trypsin, according to the FASP protocol to obtain
peptide mixtures for mass spectrometry analysis, as previously described in (Pisanu et al.,
2015). Following digestion, the peptide mixtures were collected, dried, and resuspended
in 0.2% formic acid. Peptide concentrations were determined using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, San Jose, CA, USA), employing a HelLa
protein digest standard (Thermo Fisher Scientific) to obtain a calibration curve.

24 LC-MS/MS analysis, data processing, and statistical analysis

Peptide mixtures were analyzed in mass spectrometry using a Q-Exactive mass
spectrometer coupled with an UltiMate 3000 RSLCnanoLC system (Thermo Scientific,
San Jose, CA, USA). For each sample, 4 ug of peptide mixture was concentrated and
washed in a trap-column (Acclaim PepMap C18, 75 uym x 2 cm nanoViper, 3 um, 100 A,
Thermo Scientific) and then fractionated on a C18 RP column (Acclaim PepMap RSLC
C18, 75 um x 50 cm nanoViper, 2 um, 100 A, Thermo Scientific) using a linear gradient

of 245 minutes from 5 to 37.5% eluent B (0.1% formic acid in 80% acetonitrile) in eluent
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A (0.1% formic acid) (Addis et al., 2022). Spectra fragmentation was obtained by Higher
Energy Collision Dissociation (HCD), with nitrogen as the collision gas. MS raw files were
subjected to database searching using Proteome Discoverer software (version 2.4,
Thermo Scientific), with SEQUEST-HT as a search engine. Protein identifications were
obtained using the following settings; database: Staphylococcus aureus strain ST398 and
strain JE2 (8614 sequences retrieved from UniProt Knowledgebase (UniProtKB),
2022_05 release), enzyme: trypsin, with two missed cleavages allowed; precursor mass
tolerance: 10 ppm; MS/MS tolerance: 0.02 Da; charge states: +2, +3, and +4; cysteine
carbamidomethylation as static modification; methionine oxidation and acetylation
(Acetyl), loss of Methionine (Met-loss) and loss of Methionine + Acetylation (Met-
loss+Acetyl) on N-Terminus as dynamic modifications. Validation of identification
significance was carried out using Percolator, setting a false discovery rate (FDR)
threshold of 1%. A Consensus step was performed to compare two conditions at a time
(EC1 vs EC2 and EC1 vs EC3), considering three biological replicates per condition. A
standard consensus workflow was set on Proteome Discoverer 2.4 to evaluate label-free
precursor ion quantification. The relative quantification of peptides across different
samples was performed using the peak area under the curve of detected peptide
ions. This quantification was obtained by setting the “Minora feature detector node” in the
processing workflow (Peak Feature Detection: min. trace length, 5; max. ART of isotope
pattern multiplets [min], 0.2; and Feature to ID Linking: PSM Confidence at least, high) to
detect features in individual raw data files and map them to PSMs and the “Feature
Mapper node” in the consensus workflow (Chromatographic Alignment: RT alignment,

true; Tuning, coarse; RT shift [min], 10; mass tolerance, 10 ppm; and Feature Linking and
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Mapping: RT tolerance [min], 0; mass tolerance, 0 ppm; min. S/N threshold, 5 ) to find the
most abundant features. Using the results from the Minora algorithm, the features were
then aligned to have the same retention time across all sample files. The abundance ratio
(AR) between the two groups compared was logz-transformed (LogAR) and differential
proteins were evaluated using the t-test (background-based) and adjusting the p-value by
Benjamini-Hochberg correction. Proteins were considered significantly differential if they
had an abundance ratio of less than, or equal to —1.5 and greater than, or equal to +1.5
(=1.5< Log2 AR=+1.5) with an adjusted p-value <0.05 (Shah et al., 2019). PSM filter was
set to greater than or equal to 2.

Venn diagrams were created by a web tool denominated InteractiVenn
(https://www.interactivenn.net/), and principal component analysis (PCA) was conducted
using the Perseus bioinformatics tool, which utilized the normalized abundance data of
all proteins identified via Proteome Discoverer analysis. The normalization was based on
all peptides found in each sample. Then we chose to concentrate on DEPs that showed
a higher average abundance in a specific direction of the comparison and were involved

in relevant metabolic pathways or biological processes.
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3. Results

3.1. MRSA growth in different experimental conditions

Growth curves for MRSA strains ST398 and JE2 under different ECs are seen in Figure
2A and Figure 2B, respectively. ST398 achieved a mid-exponential phase ODeoo of 0.5
at approximately 130, 200, and 260 minutes in EC1 (37°C, pH=7), EC2 (35°C, pH=6),
and EC3 (35°C, pH=6 and 5% NaCl), respectively. In contrast, the JE2 strain exhibited a
prolonged duration to reach a mid-exponential phase, with an ODsoo of 0.55, taking 150
minutes in EC1, and extending to 180 and 300 minutes in EC2 and EC3, respectively.
These observations indicate that the growth of both MRSA strains is partly influenced by
the altered pH and temperature, and by the presence of NaCl in TSB. Additionally, the

data reveal slight growth discrepancies between the strains under these conditions.
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Figure 2. Growth curves of MRSA ST398 strain (A) and MRSA JEZ2 strain (B) in EC1 (blue), EC2 (orange) and EC3
(green). Each curve is obtained from the mean of the three replicates at each point.
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3.2. ldentification metrics and multivariate statistics

To characterize the bacterial cell proteome of MRSA ST398 and JE2 strains, their peptide
mixtures were separated by long-gradient liquid chromatography, analyzed by a Q-
Exactive mass spectrometer, and identified by a tandem mass spectrometry database
search engine, SEQUEST-HT, included in the Proteome Discoverer (PD) software. The
identifications were obtained by applying an FDR significance threshold of 1%. PD
allowed the identification of fairly similar numbers of proteins in the two strains, with 2579
+ 81,2371 £ 62, and 2197 +298 ST398 proteins in EC1, EC2, and EC3 respectively, and
2679 £ 31, 2442 £ 126, and 2785 + 30 JE2 proteins in EC1, EC2, and EC3, respectively,
as shown in Figure S1 (Supplementary Data).

Analysis of both strains showed a significant difference between the number of proteins
obtained in EC1 vs EC2 (Figure 3). In contrast, no statistical difference emerged from the
comparison between EC1 and EC3, most likely due to the higher variability between the
EC3 samples analyzed.

A high number of shared proteins between the three different growth conditions was
observed in both ST398 and JE2 strains, as illustrated in Figure S1 (Supplementary
Data). Unique proteins (i.e., proteins that were exclusively expressed in one condition, in
all three biological replicates) ranged between 4.6% for EC1-grown ST398 and 1.4% for

EC1-grown JE2.

46
Dina Al Nahhas, Proteomic Analysis of MRSA During Stress and Skin Infection: Insights and Therapeutic
Targets, PhD in Life Sciences and Biotechnologies, University of Sassari.



3000 - “ —

= EC1

2500 +

2000 -

1500 -

1000 -

Number of proteins

500 -

ST398 JE2
MRSA

Figure 3. Histograms illustrating the total number of proteins quantified in ST398 and USA300 JEZ2 strains grown under
EC1 (blue), EC2 (orange), and EC3 (green). Every bar represents the average deviation standard obtained from three
biological replicates. The asterisk (*) indicates the statistically significant differences (p-value <0.05) obtained after
applying the t-test.

The normalized abundances of the proteins quantified by PD were used to perform
multivariate statistics utilizing principal component analysis (PCA). This analysis was
carried out to evaluate whether the samples could be discriminated according to the
growth conditions based on their proteome profile. Figure 4. shows a clear separation

between the two strains associated with the first component, accompanied by a further

clustering based on the three ECs associated with the second component.
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Figure 4. PCA plot of all samples analyzed in this study. Samples belonging to the JEZ2 strain are represented by a
circle, while those belonging to the ST398 strain are represented by a square. Blue, orange, and green colors mark

EC1, EC2, and EC3, respectively.

3.3. Proteins significantly associated with different growth conditions in the

ST398 strain

3.3.1. EC2 vs ECT

Protein abundance data were further parsed to perform differential analysis between the

different ECs, focusing initially on the ST398 strain. Comparing EC2 to EC1, we identified

570 differentially expressed proteins (DEPSs), of which 256 exhibited a significantly higher

abundance and 314 had a significantly lower abundance under EC2 than EC1. We then

clustered these DEPs based on the biological processes and metabolic pathways to

which they belong, with the aim of understanding their roles in each growth condition.

As shown in Figure 5, we identified 24 DEPs involved in amino acid metabolism. Some

of them with significantly higher abundance under EC2 compared to EC1 included two
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DEPs involved in arginine and proline metabolism namely pyrroline-5-carboxylate
reductase (ProC) and 1-pyrroline-5-carboxylate dehydrogenase (RocA). Additionally, we
identified two DEPs that are part of the arginine deiminase (ADI) pathway: arginine
repressor (ArcR) and arginine deiminase (ArcA). Conversely, six DEPs showed
significantly lower expression in EC2 compared to EC1 involved in valine, leucine, and
isoleucine metabolism: dihydroxy-acid dehydratase (llvD), acetolactate synthase (livH),
isoleucine--tRNA  ligase (lleS), 3-isopropylmalate dehydrogenase (LeuB), 3-
isopropylmalate dehydratase large subunit (LeuC), and 3-isopropylmalate dehydratase
small subunit (LeuD).

Ten DEPs significantly increased their abundance in EC2 compared to EC1 that belong
to ABC transporters, including ABC transporter substrate-binding protein (PsaA_2),
Betaine/proline/choline family ABC transporter ATP-binding protein (GAY51_09330),
Lipoprotein (MetQ), SWIM zinc finger family protein (NWMN_1289), Zinc ABC transporter
ATP-binding protein (BSZ10_06550), Iron chelate uptake ABC transporter family
permease subunit (E3A28_00695), permease protein (NikB), Nickel import system ATP-
binding proteins (NikD and NikE), and Zinc ABC transporter substrate-binding lipoprotein
(ZinT). The TrkH family potassium uptake protein (GOV76_11885) was also increased in
EC2.

The decreasing DEPs also included seven proteins playing crucial roles in the de novo
synthesis of purines, particularly of inosine monophosphate (IMP), an essential precursor
in purine metabolism: N5-carboxyaminoimidazole ribonucleotide mutase (PurE),
phosphoribosyl formyl glycinamidine synthase subunit (PurS), amidophosphoribosyl

transferase (PurF), phosphoribosyl formyl glycinamidine cyclo-ligase (PurM),
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phosphoribosyl  aminoimidazole-succino  carboxamide synthase (PurC), N5-
carboxyaminoimidazole ribonucleotide synthase (PurK), and bifunctional purine
biosynthesis protein (PurH). Five DEPs involved in sulfur metabolism were also
decreased, including sulfur carrier protein (FdhD), cysteine desulfurase (Csd), iron-sulfur
cluster repair protein (CsdA), cysteine-tRNA ligase (CsyS), and cysteine synthase
(CysK).

Finally, we observed three DEPs with increased expression in EC2 that could not be
mapped to any specific pathway, namely catalase (KatA), alkyl hydroperoxide reductase
protein C (AhpC), both of which compensatory play roles in peroxide stress resistance
(Cosgrove et al., 2007), and Aldo/keto reductase family protein (YdhF) which plays

relevant roles in redox balance and homeostasis.
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Figure 5. Proteins with significantly differential expression between EC2 and EC1 in strain ST398. The binary logarithm
of the abundance ratio is plotted on the y-axis, while the abbreviated protein names are plotted on the x-axis. DEPs
with higher abundance in EC2 are colored in orange, while those with higher abundance in EC1 are colored in black.

logAR: Abundance Ratio (log2). Arg and Pro for arginine and proline, ADI for arginine deiminase. K+ for potassium.
Val, Leu, lle for valine, leucine and isoleucine, Pur for purine, and Sul for sulfur.

3.3.2. EC3 vs ECT
Comparing EC3 to EC1, we found 625 DEPs, of which 418 exhibited a significantly higher
abundance and 207 exhibited a significantly lower abundance under EC3 compared to
EC1. As in the previous comparison, we clustered the DEPs into biological processes
and metabolic pathways. Accordingly, we identified some similarities to the previous
comparison, as shown in Figure 6. We found two DEPs, involved in valine, leucine, and
isoleucine metabolism, that were significantly decreasing in EC3 compared to EC1,

consistently with EC2: 3-isopropyl malate dehydratase large subunit (LeuC) and 3-
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isopropyl malate dehydratase small subunit (LeuD). We found two DEPSs, involved in
valine, leucine, and isoleucine metabolism, that were significantly decreasing in EC3
compared to EC1, consistently with EC2: 3-isopropyl malate dehydratase large subunit
(LeuC) and 3-isopropyl malate dehydratase small subunit (LeuD). We also detected
DEPs involved in ABC transporters, including ABC transporter substrate-binding protein
(PsaA_2), peptide ABC transporter, peptide-binding protein (SAUSA300_0073), iron
citrate ABC transporter substrate-binding protein (FecB), lantibiotic protection ABC
transporter ATP-binding subunit (EpiF), and nickel ABC transporter, nickel/metallophore
periplasmic binding protein (CntA). Only the first protein was shared between EC2 and
EC3. Similarly to EC2, catalase (katA) was also increasing in this condition, aldo/keto
reductase (YdhF), besides another protein that plays the same role, namely aldo/keto
reductase hypothetical protein (SAOUHSC_01907).

Moreover, we found three significantly increasing DEPs in EC3 compared to EC1 involved
in arginine biosynthesis: arginine deiminase (ArcA), ornithine carbamoyl transferase
(ArgF), and carbamoyl phosphate synthase small subunit (CarA). Additionally, we
identified a protein involved in potassium transportation, namely K+-transporting ATPase,
C subunit (KdpC), and three DEPs involved in glutathione metabolism (GSH): isocitrate
dehydrogenase [NADP] (lcd), 6-phosphogluconate dehydrogenase (GndA), and glucose-
6-phosphate 1-dehydrogenase (Zwf_2). Five DEPs associated with lipid metabolism were
also found: lipase 2 (Lip2), heptaprenylglyceryl phosphate synthase (PcrB), lipoteichoic
acid-specific glycosyltransferase (YfhQO), cardiolipin synthase (Cls), and aldehyde

dehydrogenase (AldA).
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On the other hand, we noted decreasing DEPs, some of which are shared with EC2. Six
DEPs are involved in purine metabolism: GMP reductase (GMPR), xanthine
phosphoribosyl transferase (Xpt), phosphoribosyl amine--glycine ligase (PurD),
nucleoside diphosphate kinase (Ndk_2), hypoxanthine phosphoribosyl transferase (Hpt),
and (p)ppGpp synthetase Il (RelA). Finally, four decreasing DEPs are involved in sulfur
metabolism, three of which were also recorded in EC2: cysteine desulfurase (Csd),

cysteine synthase (CysK), sulfur carrier protein (FdhD), and cysteine protease staphopain

A (ScpA).
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Figure 6. Proteins with significantly differential expression between EC3 and EC1 in strain ST398. The binary logarithm
of the abundance ratio is plotted on the y-axis, while the abbreviated protein names are plotted on the x-axis. DEPs
with higher abundance in EC3 are colored in green, while those with higher abundance in EC1 are colored in black.
logAR: Abundance Ratio (log2). Arg for arginine, K+ for potassium, GSH for glutathione, Val, Leu, lle for valine, leucine,
and isoleucine, Pur for purine, and Sul for sulfur.
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3.4. Proteins significantly associated with different growth conditions in the JE2
strain
3.4.1. EC2 vs EC1
Comparing EC2 to EC1, we identified a total of 488 DEPs, with 180 exhibiting significantly
higher abundance and 308 significantly lower abundance in EC2 compared to ECI1.
Figure 7. shows a selection of DEPs that belong to several relevant biological processes
and metabolic pathways.
DEPs involved in amino acid metabolism showed an increase in arginine and proline
metabolism, including two DEPs, namely pyrroline-5-carboxylate reductase (ProC) and
aldehyde dehydrogenase (Aldh). Several DEPs were involved in arginine biosynthesis,
namely arginine deiminase (ArcA) and seven urease subunits (UreEABCGFD). Lysine
biosynthesis was involved with three DEPs: 4-hydroxy-tetrahydrodipicolinate reductase
(DapB), 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-acetyltransferase (DapD), and
aspartokinase (LysC). We found one DEP, histidinol phosphate aminotransferase (HisG),
playing a role in histidine metabolism. We also observed an increase in catalase protein
(KatA) and aldo/keto reductase protein (YdhF). Moreover, five DEPs involved in ABC
transporters, including glycine betaine ABC transport system (ProV), ABC transporter
ATP-binding protein (MsbA_1), ABC transporter substrate-binding protein (Opp5A),
betaine/proline/choline family ABC transporter ATP-binding protein (OpuCB), and
betaine-carnitine-choline ABC transporter (OpuCC).
On the other hand, cysteine and methionine metabolism was decreasing, encompassing
the following seven DEPs: cysteine metabolism repressor (CymR), cysteine synthase

(CysK), purine nucleoside phosphorylase (YImD), D-3-phosphoglycerate dehydrogenase
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(SerA), cystathionine gamma-synthase (MccB), peptide methionine sulfoxide reductase
(MsrB), and probable cysteine desulfurase (Csd). Moreover, we found eight decreasing
DEPs involved in purine metabolism, including inosine-5-monophosphate
dehydrogenase (GuaB_5), N5-carboxyaminoimidazole ribonucleotide mutase (PurE),
phosphoribosyl amine--glycine ligase (PurD), phosphoribosyl formyl glycinamidine
synthase subunit (PurQ), phosphoribosyl formyl glycinamidine synthase subunit (PurS),
phosphoribosyl glycinamide formyl transferase (PurN), purine nucleoside phosphorylase
(YImD), and bifunctional purine biosynthesis protein (PurH). In addition, four DEPs
involved in sulfur metabolism were decreasing: cysteine synthase (CysK), assimilatory
sulfite reductase (NADPH) flavoprotein subunit (CysJ), probable cysteine desulfurase

(Csd), and oligo ribonuclease (NrnA).
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Figure 7. Proteins with significantly differential expression between ECZ2 and EC1 in strain JE2. The binary logarithm
of the abundance ratio is plotted on the y-axis, while the abbreviated protein names are plotted on the x-axis. DEPs
with higher abundance in EC2 are colored in orange, while those with higher abundance in EC1 are colored in black.
logAR: Abundance Ratio (log2). Arg and Pro for arginine and proline, Arg for arginine, Lys for lysine, His for histidine,
Pur for purine, Sul for sulfur, Cys and Met for cysteine, and methionine.

55
Dina Al Nahhas, Proteomic Analysis of MRSA During Stress and Skin Infection: Insights and Therapeutic
Targets, PhD in Life Sciences and Biotechnologies, University of Sassari.



3.4.2. EC3 vs ECT1

Comparing EC3 to EC1, we identified a total of 359 DEPs. Of these, 220 had significantly
higher abundance, and 139 had significantly lower abundance in EC3 compared to EC1.
A selection of DEPs related to relevant biological processes and metabolic pathways is
shown in Figure 8. Similar to EC2, we found DEPs significantly increasing compared to
EC1 involved in arginine biosynthesis, encompassing nine DEPs: ornithine carbamoyl
transferase (ArcB), six urease accessory proteins (UreECGABF), arginine succinate
synthase (ArgG), and arginine succinate lyase (ArgH). Five increasing DEPs involved in
histidine  metabolism were also identified, including histidinol-phosphate
aminotransferase (HisC), imidazole glycerol-phosphate dehydratase (HisB), histidinol
dehydrogenase (HisD), 1-(5-phosphoribosyl)-5-[(5-phosphoribosyl amino) methylidene
amino] imidazole-4-carboxamide isomerase (HisA), and imidazole glycerol phosphate
synthase subunit (HisH). The first DEP was shared with EC2. We also found the same
two increasing DEPs involved in L-lysine biosynthesis as those identified in EC2: 2,3,4,5-
tetrahydropyridine-2,6-dicarboxylate  N-acetyltransferase (DapD) and 4-hydroxy-
tetrahydrodipicolinate reductase (DapB). Additionally, five increasing DEPs functioned as
ABC transporters, including ABC transporter ATP-binding protein (SAUSA300_ 1852),
ABC transporter permease subunit (Opp3B), peptide ABC transporter ATP-binding
protein (SAUSA300 _2465), ABC transporter ATP-binding protein (NikD), and ABC
transporter substrate-binding protein (Opp5A). Four increasing DEPs were identified as
potassium-transporting ATPase potassium-binding subunits (KdpCBEA), playing a role

in potassium transportation. Similarly to EC2, we also identified the catalase protein
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(KatA) as differentially expressed in EC3 compared to EC1 besides aldo/keto reductase
protein (SAOUHSC_01907).

Furthermore, similar to EC2, decreasing DEPs associated with biological processes were
involved in purine and sulfur metabolism. Purine metabolism included three DEPs:
LPXTG-motif protein cell wall anchor domain protein (HMPREF3211_02100), N5-carboxy
aminoimidazole ribonucleotide synthase (PurK), and phosphoribosyl amine--glycine
ligase (PurD). Two decreasing DEPs were involved in sulfur metabolism: beta-cyano-L-
alanine synthase (CysK_1) and DoxX protein (BN1321_170040). It is worth noting that
CysK 1 plays a dual role in the metabolism of both cysteine and methionine, and sulfur.
Finally, similar to our findings in EC2, we also identified alkyl hydroperoxide reductase

subunit F (AhpC).
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Figure 8. Proteins with significantly differential expression between EC3 and EC1 in strain JE2. The binary logarithm
of the abundance ratio is plotted on the y-axis, while the abbreviated protein names are plotted on the x-axis. DEPs
with higher abundance in EC3 are colored in green, while those with higher abundance in EC1 are colored in black.
logAR: Abundance Ratio (log2). Arg for arginine, Arg and Pro for arginine and proline, His for histidine, Lys for lysine,
K+ for potassium, Pur for purine, and Sul for sulfur.

3.5. Shared features between the strains and the ECs

The outputs of the differential analysis were further investigated to identify which DEPs
were shared between conditions and/or strains or unique to one of them. As shown in
Figure 9A. and detailed in Tables ST1 and ST2, the number of DEPs more abundant in
EC2 compared to EC1 for both strains was 25, while those more abundant in EC3
compared to EC1 for both strains were 20. Moreover, 9 DEPs were uniquely more
abundant in EC2 for both strains, and another 8 DEPs were uniquely more abundant in

EC3 for both strains; those with known functions are listed in Tables 1 and 2. DEPs
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increasing in abundance under both conditions in both strains included catalase (KatA),
chaperone protein (DnaK), and coproheme decarboxylase (CdhC).

Additionally, the analysis identified several proteins commonly downregulated in both
strains. Specifically, 57 DEPs were less abundant in EC2 compared to EC1 and 41 were
less abundant in EC3 compared to EC1, as shown in Figure 9B. and detailed in Table
ST3 and ST4. Among these, 21 DEPs were uniquely less abundant in EC2 and for both
strains, while 12 DEPs were uniquely less abundant in EC3 for both strains; those with
known functions are listed in Tables 3 and 4.

Interestingly, alkyl hydroperoxide reductase (AhpC) exhibited opposite trends in the two

strains (increasing in ST398 and decreasing in JE2) under both EC2 and EC3.
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Figure 9. The Venn diagrams show the overlap between DEPs increased (A) or decreased (B) in EC2 or EC3
compared to EC1.

Table 1. Proteins overexpressed under EC2 in both ST398 and JE2 strains.

Protein Name Gene Name :-so'?:gs{; LngEgT

Arginine repressor arcR 6.64 2.57

Pyrroline-5-carboxylate reductase proC 6.64 6.64

Glutamate synthase [NADPH] large subunit gitB 2 6.64 6.64

Iron-regulated surface determinant protein H harA 2.99 2.39

Similar to xylitol dehydrogenase SAI7S86 1001930 4.22 6.64
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Catalase katA 6.64 6.64
Aldo/keto reductase family protein ydfH 6.64 6.64
Iron-sulfur cluster regulator IscR 6.64 6.64
" LogAR: logarithm of the abundance ratio.

Table 2. Proteins overexpressed under EC3 in both ST398 and JEZ2 strains.

Protein Name Gene Name I('g.?sAgF;; L?JngéT
Acylphosphatase ST398NMO01_1406 3.69 3.03
Fructose-bisphosphate aldolase class 1 fda 418 2.83
Aldo/keto reductase SAOUHSC 01907 6.64 6.64
Amidase domain-containing protein G0Y40 03125 6.64 6.64
DNA polymerase beta polX 6.64 6.64
DNA topoisomerase 4 subunit A parC 6.64 6.64
Catalase katA 2.53 6.64
K+-transporting ATPase kdpC 6.64 6.64
Oxygen-dependent choline dehydrogenase betA 6.64 6.64

"LogAR: logarithm of the abundance ratio.

Table 3. Proteins under expressed under EC2 in both ST398 and JEZ2 strains.

LogAR! LogAR!

Protein Name Gene Name (ST398) (JE2)
Phosphoribosyl formyl glycinamidine synthase subunit purS -6.64 -6.64
Bifunctional purine biosynthesis protein purH -2.15 -2.04
N5-carboxyaminoimidazole ribonucleotide mutase purE -6.64 -6.64
Inosine-5-monophosphate dehydrogenase A guaB 5 -6.64 -6.64
N-acetyltransferase domain-containing protein paiA -3.87 -6.64

" LogAR: logarithm of the abundance ratio.

Table 4. Proteins under expressed under EC3 in both ST398 and JEZ2 strains.

LogAR' LogAR!

Protein Name Gene Name (ST398) (JE2)
AraC family transcriptional regulator A6762 03215 -6.64 -2.56
Heat shock protein 60 family co-chaperone groES -6.64 -6.64
Serine-aspartate repeat-containing protein SAGV69 02059 -6.64 -6.64
VWFA domain BSZ10 04415 -6.64 -6.64
YozE_SAM_like domain-containing protein A6762 04255 -6.64 -6.64
Triosephosphate isomerase toi -4.58 -6.64
Acetyl-CoA carboxylase biotin carboxyl carrier protein subunit SAEG_02002 -2.81 -6.64
D-alanyl carrier protein ditC -3.83 -1.89

" LogAR: logarithm of the abundance ratio.

4. Discussion and Conclusion

The persistent threat of S. aureus infections remains a critical public health issue,
stemming from the bacterium's ability to adapt its metabolism to fit the environmental

condition, during commensalism, colonization, and deep tissue infections (Wood et al.,
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2013). Metabolic changes are also expected to be strain-dependent, yet few studies have
been conducted recently to tackle this issue (Choueiry et al., 2022). Previous research has
employed proteomic approaches to investigate these adaptations, either by testing the
effects of different antibiotic levels (Liu et al., 2016) or by comparing clinical strains of
MRSA (Philip Nikolic, 2023). In this study, we characterized the proteomic profile of two
different MRSA strains subjected to experimental conditions mimicking the stressful
environment faced by S. aureus during skin infection. When S. aureus translocates
across the epithelial barrier, its growth rate is limited by the host's innate immunity.
However, self-limiting bacterial growth also represents a successful response to the new
environment, facilitating the evasion from immune response and antibiotic treatment
(Wood et al., 2013). Our data confirmed a reduced growth rate of MRSA strains ST398 and
JE2 when exposed to a lowered pH, and increased salinity, especially by their
combination, as previously reported (Rode et al., 2010b).

In the tested ECs, a slight decrease in the pH and temperature was meant to mimic the
"acid mantle" of healthy human skin” (Lenhardt and Sessler, 2006b; Costa and Horswill, 2022).
These represent typical environmental stressors that pathogens like S. aureus encounter.
Adding NaCl to EC2 enabled the examination of how an additional factor affects bacterial
metabolism. This condition simulates the skin's environment more closely, providing
insights into how S. aureus adapts its metabolic processes in response to increased
salinity on top of acidic conditions (YASMINE BELKAID and JULIA A. SEGRE, 2014). Further,
S. aureus is recognized to possess the ability to deal with osmotic pressure and to adapt
to salinity stress by orchestrating a complex metabolic shift, including biofilm formation

(Julia M Ross and Marten, 2015). Consistently, our ECs led to a reduction of bacterial growth
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rate and reassortment of several metabolic pathways. Among these, purine metabolism
was affected by both conditions in both strains. Specifically, we observed the reduction
of several functions required for de novo biosynthesis of IMP that, in turn, is the substrate
of the growth rate-limiting enzyme inosine 5’-monophosphate dehydrogenase (IMPDH),
being required to expand the cell guanine nucleotide pool and providing an interesting
target for novel antimicrobial drugs (Juvale et al., 2019). These data suggest a rapid
metabolic shift to actively slow down bacterial replication acting on key limiting pathways.
Previous studies have agreed that in acidic pH and skin infection, the purine biosynthesis
pathway usually increases (Walker and Miller, 2020). Contrary to these findings, our study
observed a decrease in the purine metabolism pathway, suggesting a potential link
between reduced purine metabolism and enhanced survival. Interestingly, our finding
agrees with a previous study that has seen reduced levels of PurkE, PurQ, and PurK
proteins when S. aureus was exposed to mupirocin, an antibiotic used to treat skin
infection, which induced a stress response and led to the inactivation of purine proteins
(ReiB et al., 2012). These observations also align with another study that noted a reduction
in the purine metabolism pathway in S. aureus when challenged with antimicrobials (Ren
et al., 2022), favoring other pathways that could be more essential for stress adaptation.

The other pathway decreased in both strains under ECs was sulfur metabolism. This
pathway plays a critical role in maintaining proper oxidation states of cellular thiols.
Noteworthy, oxidative damage is a hallmark of the host's innate response to S. aureus
infection.

Furthermore, we observed a decrease in DEPs associated with cysteine and methionine

metabolism in JE2 under EC3. This decrease included DEPs directly or indirectly linked
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to this pathway, such as D-3-phosphoglycerate dehydrogenase (SerA). Although SerA is
primarily involved in L-serine biosynthesis, it's important to note that serine serves as a
precursor for cysteine, thus SerA indirectly influences cysteine metabolism (Caballero
Cerbon et al., 2024). We believe that this decrease was compensated by proteins that
contribute to homeostasis. Specifically, catalase (KatA), significantly increased in EC2 in
both strains. The catalase enzyme plays a pivotal role in conferring resistance against
hydrogen peroxide (H202), it is the primary scavenger for high levels of (H202)
(Horsburgh et al., 2001; Gaupp et al., 2012). Another protein found was aldo/keto reductase
protein (YdhF). Aldo-keto reductases (AKRs) are a large superfamily of enzymes that rely
on NADPH to function as oxidoreductases. They are known for their ability to stereo-
specifically reduce various aromatic and aliphatic aldehydes and ketones (Lapthorn et al.,
2013). Their role in S. aureus is not well studied, as their activity does not directly
contribute to redox balance, however, they can play a role in detoxification contributing to
the cell redox balance (Ellis, 2002).

We also found alkyl hydroperoxide reductase (AhpC) increasing in ST398 which belongs
to the peroxiredoxin enzyme family, known for neutralizing hydrogen peroxide, organic
peroxides, and peroxynitrite, thereby protecting cells from oxidative damage (Poole, 2005).
Catalase (KatA), and alkyl hydroperoxide reductase (AhpC) enzymes, both are proven to
have a compensatory role in peroxide stress resistance and are also required for nasal
colonization (Cosgrove et al., 2007). An interesting finding was that (AhpC) was decreased
in JE2 in EC2 and EC3 proving different strains' adaptive response to stress conditions,
specifically, oxidative stress, and that KatA is more protective than AhpC. Complementary

to redox homeostasis, ST398 strain showed a concurrent increase of protein functions
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related to glutathione metabolism (GSH) under acidic pH and high salinity (EC3).
Glutathione is a low molecular weight thiol, essential for the homeostasis of intracellular
redox in bacteria (Ku and Gan, 2019). Glutathione metabolism is usually used by bacteria
for cell protection from different sources of physiological stress such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS) besides acid and osmotic stress (Lluis
Masip and George Georgiou, 2006; Lushchak, 2012). This suggests that the EC3 mimics in-
vivo conditions with active production of ROS and RNS with increased glutathione levels
serving to neutralize these potentially damaging molecules and protect cellular
components.

We also noticed an increase in DEPs related to arginine and proline metabolism in both
strains under EC2 represented by pyrroline-5-carboxylate (ProC), a key degradation
product of proline that serves as a precursor for the synthesis of arginine, proline, and
glutamate (Jeong et al., 2022). An increase in the arginine biosynthesis pathway in both
EC2 in ST398 was represented by arginine deiminase, highlighting the importance of
arginine for both S. aureus growth (Audretsch et al., 2021), and the intracellular pH
homeostasis to fight acid shock (Guan and Liu, 2020). Arginine deiminase (ArcA) is
involved in the synthesis of NHs, leading to an increase in NH4* levels. This elevation acts
as a buffering power, moderating both intra- and extracellular pH levels during acidic
challenges, as described by Cotter P. et al (Cotter and Hill, 2003). Moreover, bacteria can
utilize arginine as a source of energy when grown in oxygen-competent conditions which
was the case when the bacteria were grown with limited oxygen space (Makhlin et al.,
2007). In the JE2 strain, DEPs significantly increasing associated with arginine

biosynthesis pathway have involved the urease complex. They function synergistically
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with arginine to neutralize the medium. This observation is consistent with other studies
(Backhed et al., 2012; Zhou et al., 2019b; Walker and Miller, 2020). They have shown that both
urease and arginine deiminase activities are increased under acidic conditions,
generating ammonia to buffer the medium. Specifically, urease catalyzes the conversion
of urea into ammonia and carbon dioxide through a reaction dependent on nickel cations,
thus acting as a key agent in medium neutralization (Bore et al., 2007). Proving the
importance of arginine for bacterial metabolism during stress adaptation.

Increased levels in DEPs belonging to different transporting systems were also noticed,
especially, ABC transporters. It included proteins associated with ion transports such as
nickel, zinc, iron, and members of the betaine/proline/choline family. These transport
systems are crucial for linking ATP hydrolysis to the translocation of substrates across
the membrane. These components also facilitate nutrient uptake crucial for bacterial
survival and pathogenesis or act as osmoprotectants. For instance, the proteins we
identified, nickel, zinc, and iron transporters, are vital for several biological functions,
including resistance to oxidative stress and as structural components of proteins,
highlighting their importance in pathogenicity as demonstrated in previous studies (Akhtar
and Turner, 2022a). Conversely, the transport proteins associated with betaine, proline,
and choline are primarily implicated as osmoprotectants. Their elevated expression in
conditions of slightly acidic pH suggests an adaptive mechanism to maintain cellular
integrity against environmental stress (Akhtar and Turner, 2022b),(Bore et al., 2007).
Meanwhile, the increased proteins identified within the JE2 strain, especially in EC2, are
primarily involved in the betaine/carnitine/choline/proline metabolic pathway. Among

these proteins, OpuC stands out as a critical component. OpuC is recognized for its role
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as a primary osmoprotectant, facilitating the uptake of osmolytes such as glycine, betaine,
and carnitine. These osmolytes play a vital role in the cell's response to osmotic stress,
helping to maintain fluid balance and protect cellular structures. Furthermore, the
involvement of OpuC may extend beyond osmoprotection, potentially contributing to the
pathogenicity of the organism (kiran-et-al-2018-opuc-an-abc-transporter-that-is-associated-
with-staphylococcus-aureus-pathogenesis, n.d.). This trend suggests a strategic shift in JE2,
favoring the expression of osmoprotectant-associated transporters over those involved in
iron transport, essential for bacterial viability. This response indicates the strain's
adaptation to osmotic stress, aligning with the slightly acidic pH adjustments in the
experimental condition. Furthermore, increased levels of DEPs involved in potassium-
transporting ATPase due to potassium limitation, such as those seen increasing in EC3
in JE2, and one potassium uptake protein was also found increasing in ST398 in EC3.
Potassium transport is vital for chemiosmotic homeostasis, thus, when the pH is acidic,
the upregulation of potassium uptake becomes crucial to maintain its range under pH
stress (Gries et al., 2016; Yang et al., 2020). This suggests that the osmotic and pH
imbalance caused a potassium limitation within the cell, which was compensated by
increasing potassium transport to achieve that balance again.

Moreover, DEPs increased levels involved in the histidine metabolism pathway were also
observed especially in JE2 in EC3. Histidine is usually used by gram-positive bacteria as
a carbon and nitrogen source (Kimhi and Magasanik, 1970). This is also crucial for gene
regulation, structural organization, and RNA processing, in addition to its significance in
maintaining cell wall integrity. Thus, the increase of histidine metabolism is a sensor of

cell wall damage, which agrees with the salt addition experimental condition (Alifano et al.,
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1996; Feng et al., 2022b). It was also confirmed in a previous study that histidine levels
increase to ensure pH homeostasis (Loi et al., 2023), confirming its role in our studied
conditions. Also, it was seen previously that histidine is not utilized until proline and
arginine are limited or depleted (Halsey et al., 2017), which explains our previous evidence
of increased arginine biosynthesis.

Also, we observed an increased metabolic shift in ST398 in EC3 when compared to the
control condition. such as lipid metabolism, involving several key genes, such as Lip2,
PcrB, YfhO, Cls, and A6762_10755. Specifically, cardiolipin (Cls), a phospholipid known
for its presence in the bacterial cell membrane and its role in eukaryotic mitochondria,
emerges as critical for the survival of S. aureus under prolonged salinity stress. It is
thought to facilitate the formation of the L-variant form of S. aureus, a cell wall-deficient
state that aids in bacterial persistence during infection and survival under stress
conditions (Xu et al., 2020), highlighting cardiolipin's role in enhancing bacterial resilience
to salinity stress, though not essential for growth under such conditions (Tsai et al., 2011;
Calderén-Rivera et al, 2023). Another gene comprised in this pathway is N-
acetyltransferase (YfhO), which is implicated in the glycosylation of lipoteichoic acid (LTA)
and plays a role in the bacterial stress response (Rismondo et al., 2018; Sivapragasam and
Grove, 2019; Pinilla et al., 2021). Phospholipids also compromise an important role of
maintaining cell size and shape during growth as well as the lipid role in bacterial envelope
during stress (Sivapragasam and Grove, 2019).

To our knowledge, this study is the first to compare the differences between the
proteomes of two MRSA strains under identical conditions and to evaluate the variations

of their proteomes and the specific metabolic pathways associated with them. Our
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findings contribute to understanding mechanisms involved in stress conditions that could
mimic the stress experienced at the wound site and suggest new targets for combating

antimicrobial resistance.
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Figure S1. The Venn diagram shows the number of total shared and unique proteins in three different ECs in ST398
(A) and JE2 (B).

ST 1. DEPs increasing in EC2 shared in ST398 and JE2.

Gene name Description ;tr\‘b‘rénzdancelogAR ;lr\‘bg_?gggce logAR
arcA Arginine deiminase 6.64 4.66
arcR HTH-type transcriptional regulator 2.57 6.64
argF Ornithine carbamoyltransferase 2.29 3.46
chdC Coproheme decarboxylase 6.64 6.64
dnakK Chaperone protein 6.64 3.54
dnaX DNA polymerase Ill subunit gamma/tau 6.64 6.64
fisZ Cell division protein FtsZ 6.64 6.64
G0Y31_12115 Beta-channel forming cytolysin 2.68 6.64
katA Catase 6.64 6.64
gltB_2 Glutamate synthase 6.64 6.64
glts Soldium/glutamate simporter 6.64 417
harA Iron-regulated surface determinant protein H 2.39 2.99
iscR_1 Iron-sulfur cluster regulator IscR 6.64 6.64
ligA DNA ligase 6.64 6.64
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Gene name

Description

AbundancelogAR Abundance logAR

70

in JE2 in ST398
lukF-PV Panton-Valentine leukocidin F 2.23 3.03
MO13TW_0192 Lysostaphin 6.64 6.64
metG Methionine--tRNA ligase 6.64 6.64
proC Pyrroline-5-carboxylate reductase 6.64 6.64
proS Proline--tRNA ligase 2.89 6.64
rep Replication protein Rep 6.64 4.48
chdC Coproheme decarboxylase 6.64 6.64
SAI7S6_1001930 Similar to xylitol dehydrogenase 4.22 6.64
SATG_00573 Uncharacterized protein 6.64 6.64
ureC Urease subunit alpha 4.09 1.73
ydhF Aldo/keto reductase family protein 6.64 6.64
ST 2. DEPs increasing in EC3 shared in ST398 and JE2.
Gene name Description th:\n; ?mﬁsz fbin: 'amé?rsgs
gAR in ogAR in
betA Choline dehydrogenase 6.64 6.64
chdC Coproheme decarboxylase 6.64 6.64
mdtH MFS transporter 6.64 6.64
dnaK Chaperone protein 6.64 6.64
fda Fructose-bisphosphate aldolase, involved in glycolysis. 2.83 4.18
GO0Y40 03125 Amidase domain-containing protein 4.45 6.64
G6Y24_14705 FAD-dependent oxidoreductase (Fragment) 3.77 6.64
gpmA 2,3-bisphosphoglycerate-dependent phosphoglycerate 4.32 4.59
mutase
groEL Chaperonin GroEL 6.64 6.64
infB Translation initiation factor IF-2 6.64 5
SAOUHSC_01907 Aldo/keto reductase 6.64 6.64
katA Catalase 2.53 6.64
kdpC K+-transporting ATPase, C subunit. 6.64 6.64
parC DNA topoisomerase 4 subunit A 6.64 6.64
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polX DNA polymerase beta 6.64 6.64
rplW 508 ribosomal protein L23 6.36 6.64
rpoB DNA-directed RNA polymerase subunit beta 6.64 6.64
tuf Elongation factor Tu 6.64 6.64
ST398NMO01_1406 Acylphosphatase 3.03 3.69
asd Aspartate-semialdehyde dehydrogenase 3.85 6.64
ST 3. DEPs decreasing in EC2 shared in ST398 and JE2.
A ks oo e
V070_00321 Uncharacterized protein -6.64 -6.64
ST398NMO01_2174 Putative cytosolic protein -6.64 -6.64
HMPREF0776_2045 Uncharacterized protein -6.64 -6.64
mnhF Na(+)/H(+) antiporter subunit F1 -6.64 -6.64
SACOL0289 Uncharacterized protein -6.64 -6.64
rplT 508 ribosomal protein L20 -6.64 -6.64
thrS Threonine--tRNA ligase -6.64 -6.64
BSZ10_09265 Methyltransferase -6.64 -6.64
tpiA Triosephosphate isomerase -6.64 -3.57
C7P97_13505 DUF1541 domain-containing protein -6.64 -6.64
guaB 5 Inosine-5-monophosphate dehydrogenase -6.64 -6.64
GO0X69_01540 DUF910 family protein -6.64 -6.64
purE N5-carboxyaminoimidazole ribonucleotide mutase -6.64 -6.64
SATG_02286 DUF2529 domain-containing protein -6.64 -3.21
SCAG 02492 HTH hxIR-type domain-containing protein -6.64 -6.64
KMZ21_05445 Pseudouridine synthase -6.64 -2.67
nasF Uroporphyrinogen-lll C-methyltransferase -4.22 -6.64
paiA N-acetyltransferase domain-containing protein -3.87 -6.64
purS phosphoribosyl formyl glycinamidine synthase -6.64 -6.64
rimN Efg%]\&e dual-specificity RNA methyltransferase -2.35 -1.78
m

purH bifunctional purine biosynthesis protein -5.04 -6.64
ST398NM01_0423 Ribosomal-protein-serine acetyltransferase -6.64 -6.64
dnaK Chaperone protein DnaK (Fragment) -6.64 -6.64
SAMEA70245418_02317 MTH538 TIR-like domain (DUF1863) -6.64 -6.64
purD Phosphoribosylamine--glycine ligase -6.64 -6.64
BN1321_270024 DUF4352 domain-containing protein -6.64 -2.11
BSZ10_03410 Oligoendopeptidase F -6.64 -6.64
gyrA DNA gyrase subunit A -6.64 -6.64
clfB Clumping factor B (Fragment) -6.64 -3.53
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rep Rep protein -6.64 -6.64
E25 Dihydrolippamide dehydrogenase E2 subunit -6.64 -6.64
pta Phosphate acetyl transferase (Fragment) -6.64 -6.64
sodA Superoxide dismutase -6.64 -6.64
spa Immunoglobulin G binding protein A -3.99 -3.59
nirD Nitrite reductase small subunit -2.94 =148

Psma5 Proteasome subunit alpha type-5 -2.92 -6.64
rpsA 30S ribosomal protein S1 -2.54 -6.64
tuf Elongation factor Tu (Fragment) -6.64 -6.64
prfC Peptide chain release factor 3 -6.64 -6.64
nuoF NADH dehydrogenase |, F subunit -6.64 -2.85
rpsJ 30S ribosomal protein S10 -6.64 -6.64
ileS Isoleucine--tRNA ligase -6.64 -2.28
CSC87_18215 AA_TRNA_LIGASE_II_ALA domain-containing -6.64 -6.64

protein

pyk Pyruvate kinase -6.64 -6.64
tkt 3 Transketolase -6.64 -2.54
argS Arginine--tRNA ligase -6.64 -4.09
kdpE DNA-binding response regulator -6.64 -6.64
MO13TW_0722 Siderophore ABC transporter substrate-binding -6.64 -2.78
E4U00_09490 gtz%?oxy-s-methylglutaryl coenzyme A reductase -6.64 2.7

cysK Cysteine synthase -6.64 -6.64
gpml 2,3-bisphosphoglycerate-independent -6.64 -6.64

phosphoglycerate mutase

KRH48_13600 Uncharacterized protein -6.64 -6.64
csd Probable cysteine desulfurase -6.64 -2.26
gap Glyceraldehyde-3-phosphate dehydrogenase -6.64 -3.16
KQU62_03965 DUF420 domain-containing protein -4.63 -6.64
CV021_07320 FAA hydrolase family protein -4.38 -3.92
ST398NM01_1435 Multidrug resistance protein B -2.92 -3.14

ST 4. DEPs decreasing in EC3 shared in ST398 and JE2.

Gene name Description Abundance logAR in Abundance logAR in
P JE2 ST398
purD Phosphoribosyl amine--glycine -6.64 -6.64
ligase
BN1321_270024 DUF4352 domain-containing protein  -6.64 -2.61
BSZ10_03410 Oligoendopeptidase F -6.64 -6.64
gyrA DNA gyrase subunit A -6.64 -6.64
clfB Clumping factor B -6.64 -3.49
rep rep -6.64 -6.64
E25 Dihydrolipoamide dehydrogenase -6.64 -6.64
E2 subunit
pta Phosphate acetyltransferase -6.64 -3.91
sodA Superoxide dismutase -6.64 -6.64
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Abundance logAR in

Abundance logAR in

Gene name Description JE2 ST398
spa Immunoglobulin G binding protein A -6.64 -6.2
nirD Nitrite reductase small subunit -3.54 -2.02
Psma5 Proteasome subunit alpha type-5 -3.31 -6.64
rpsA 30S ribosomal protein S1 -2.02 -6.64
NCTC10702_00545 Acid phosphatase -6.64 -6.64
TMSFP482_01390 Amidohydrolase -6.64 -6.64
GO782_16045 CHAP domain-containing protein -6.64 -6.64
C7P97 05670 Cna B-type domain-containing -6.64 -6.64
protein
SDAG_01495 dUTPase -6.64 -6.64
A6762_04230 Uncharacterized protein -6.64 -3.25
SAXG_00611 HTH-type transcriptional regulator -2.3 -2.66
sarS
A6762_03215 AraC family transcriptional regulator  -6.64 -2.56
grokEs 2 Heat shock protein 60 family co- -6.64 -6.64
chaperone GroES
SAGV69 02059 Serine-aspartate repeat-containing -6.64 -6.64
protein E
KXJ66_04195 Uncharacterized protein -6.64 -1.92
BSZ10_04415 VWFA domain-containing protein -6.64 -6.64
G0Y58_03690 XkdX family protein -6.64 -6.64
A6762_04255 YozE_SAM_like domain-containing -6.64 -6.64
protein
tpi Triosephosphate isomerase -4.58 -6.64
(Fragment)
ditC D-alanyl carrier protein -3.83 -6.64
SAEG_02002 Acetyl-CoA carboxylase biotin -2.81 -6.64
carboxy! carrier protein subunit
SAKOR_01003 Uncharacterized protein -2.36 -6.64
esaC_3 DUF4176 domain-containing protein  -2.26 -2.03
NCTC6133_01109 Peptidyl-prolyl cis-trans isomerase -6.64 -6.64
rpoB DNA-directed RNA polymerase -6.64 -6.64
CSC87_16340 ABC transporter ATP-binding -6.64 -6.64
protein (Fragment)
sbi Immunoglobulin-binding protein -6.64 -4.91
scpB Segregation and condensation -2.46 -6.64
protein B
lipM Octanoyltransferase -6.64 -6.64
SAZG 01902 NreA -6.64 -6.64
BN1321_170040 DoxX -6.64 -3.58
groEL Chaperonin GroEL -6.64 -6.64
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Chapter 3: Exploring S. aureus Proteome During Skin Infection:

Comparative Analysis of In Vivo and In Vitro Infection Models
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) is a significant pathogen in skin
infections, known for its resistance and adaptability. In this study, we aimed to deepen
our understanding of MRSA by investigating its proteomic profile. This exploration can
potentially elucidate the mechanisms of virulence and adaptation, thereby offering new
evidence and targets for novel treatments. To achieve this, we compared the proteomic
profiles of two MRSA strains, JE2 and ST398, in an in vivo mouse model of human skin
infection and an in vitro 3D skin model of human infection. We focused on exploring the
dynamics and metabolic changes during the infection process.

MRSA strains were cultured and infected in tissues at 107 CFU/mL concentrations for the
in vivo model and 108 CFU/mL for the in vitro model. The in vivo model involved BALB/c
mice, while the in vitro model used a commercially available 3D skin model composed of
human fibroblasts and keratinocytes. Proteins from infected tissues were extracted and
analyzed using two proteomic approaches: an isobaric labeling strategy, tandem mass
tag (TMT), for the in vivo infection model, and label-free quantification (LFQ) for the in
vitro infection model. The proteomic analysis aimed to identify bacterial proteins and

evaluate their expression variations linked to the infection model.

74
Dina Al Nahhas, Proteomic Analysis of MRSA During Stress and Skin Infection: Insights and Therapeutic
Targets, PhD in Life Sciences and Biotechnologies, University of Sassari.


mailto:Nahhas@portocontericerche.it

The comprehensive proteomic analysis revealed a complex MRSA proteomic profile,
shedding new light on this pathogen's behavior. We observed an increase in proteins
associated with the arginine biosynthesis pathway, underlining its essential role in MRSA
survival and adaptation in both skin infection models. The betaine biosynthesis pathway
also showed an increased activity, a significant finding due to its involvement in osmotic
stress management across both models. Moreover, we identified numerous virulence
proteins, including acid phosphatase (SapS), autolysin (Atl), leucocidin subunits (HIgA,
HigB), MAP protein, Immunoglobulin G-binding protein A (Spa), and ATP-dependent
molecular chaperones (ClpB and ClpC). We also observed strain-specific responses, with
certain proteins exclusively present in either the JE2 or ST398 strains, reflecting their
specific adaptation strategies.

By elucidating the proteomic differences and adaptations of MRSA in skin infection
models, this study contributes to providing evidence and knowledge that could be useful
for the comprehension of MRSA infections and for the evaluation of new therapeutic

approaches.

Keywords: Skin infection, MRSA, shotgun proteomics, in vivo model, 3D skin model.
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1. Introduction

Staphylococcus aureus (S. aureus) is a ubiquitous, Gram-positive bacterium that
colonizes the skin, nose, and mucous membranes of healthy individuals. It is a common
pathogen isolated from skin and soft tissue infections (SSTI) and is associated with a
wide range of diseases, including pneumonia, endocarditis, and bacteremia (Tong et al.,
2015c). The emergence of methicillin-resistant Staphylococcus aureus (MRSA) strains
has complicated treatment options, making it crucial to understand the complex dynamics
of MRSA infections, including bacterial adaptations and host immune responses (Ali
Alghamdi et al., 2023).

S. aureus can survive in environments with limited oxygen, iron, and nutrients, managing
infection-induced stresses through high metabolic flexibility and different pathways (Minh
Giao Bui, 2015). One form of bacterial adaptation to skin infection is adaptation to low pH.
The skin is characterized by an acidic pH (4.1 - 5.8) due to the thin outer layer known as
the 'acid mantle' (Ehrhardt Proksch, 2018), prompts S. aureus to adjust its metabolic
pathways, such as purine biosynthesis and ammonia production, to adapt to this condition
(Costa and Horswill, 2022). Additionally, SA accumulates fumarate hydratase (FumCQC)
during skin infection (Wong Fok Lung and Prince, 2020).

Proteomics offers a powerful tool for exploring the molecular mechanisms underlying
bacterial infections. A previous study characterizing the spatial proteome at the host-
pathogen interface during S. aureus abscess formation identified 32 S. aureus proteins
specifically associated with this condition, illustrating the potential of this approach
(Guiberson et al., 2020). By employing mass spectrometry, researchers have begun to

elucidate the proteome of S. aureus, identifying potential biomarkers of virulence and
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targets for intervention strategies (Bruderer et al., 2017),(Zubarev and Makarov, 2013).
However, the specific proteomic profiles of MRSA during skin infections remain
underexplored.

In this study, we addressed this knowledge- by characterizing the proteome profiles of
two MRSA strains: JE2, a community-associated strain prevalent in various human
infections, and ST398, a livestock-associated strain that is also reported to cause skin
infections in both humans and animals (Kennedy et al., 2008),(Guardabassi et al.,
2009),(Bouiller et al., 2020). Using both an in vivo mouse infection and an in vitro 3D skin
model, we compared the protein expression profiles of these strains during skin infection
to elucidate their distinct virulence mechanisms and adaptation strategies. These models
provide diverse insights into bacterial adaptation to skin infections, offering a
comprehensive view of how MRSA interacts with host tissues. Our ultimate objective was
to identify potential antimicrobial targets through proteomic analysis, paving the way for

the development of targeted therapies to manage resistant bacterial infections.
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2. Materials and Methods

2.1. Bacterial strains and culture

MRSA strains, ST398 (van Rijen et al., 2008), and JE2 (Fey et al., 2013b), were obtained
from the Department of Veterinary and Animal Sciences at the University of Copenhagen,
Denmark. Two to three colonies of each strain were inoculated into 7 mL of Tryptic Soy
Broth (TSB) and incubated overnight with shaking at 125 rpm at 37°C. The following day,
the bacteria were subcultured at a 1:66 ratio in a fresh TSB medium and grown to a mid-
exponential phase, achieving an optical density at 600 nm (ODeoo of 0.5-0.6). The cultures
were then harvested by centrifugation at 12,000 rpm for 12 minutes at 4°C, followed by
washing with cold PBS (phosphate buffer saline) to remove any residual medium and
collecting the pellet. The bacterial suspension was adjusted with the desired volume of
PBS based on CFU counting performed after serial dilutions to achieve concentrations of
1x107 CFU/mL for the in vivo mice infection and 1x10® CFU/mL for the in vitro skin

infection model.

2.2. In vivo mice model for human wound infection and bacterial clearance

Mice infection experiments were conducted at the Faculty of Health Sciences at the
University of Copenhagen in respect of the principles of the European Convention for the
Protection of Vertebrate Animals guidelines (Council of Europe, ETS no. 123) and after
obtaining a license from the Danish Animal Experimental Board (license number 2021 -
15-0201-00988). Thirty-six female BALB/c mice, aged 5 to 7 weeks, were divided into six
groups (G) of six mice each as follows: G1 and G2 served as control groups, receiving
sterile PBS and were sacrificed at 2- and 4- days post-infection (dpi), respectively. G3

and G4 were infected with the ST398 strain and sacrificed at 2 dpi and 4 dpi, respectively,
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while G5 and G6 were infected with the JE2 strain and sacrificed at 2 dpi and 4 dpi,
respectively. Before the experiment, mice were acclimatized for one week at ambient
temperature and received a libitum standard rodent diet. The procedure was performed
under anesthesia with 4% v/v isoflurane (Attane Vet, Denmark). The dorsal area of each
mouse was shaved using electric clippers and disinfected with a gauze pad soaked in
alcohol (Harslund et al., 2013). Once the area was dry, a 2 mm diameter wound was created
using a @ 7 mm dermal curette purchased from Stetoskop (Copenhagen, Denmark). The
wounds were subsequently infected with the previously prepared 1x107 CFU/mL of
MRSA. Immediately after infection, 0.1 mg/kg buprenorphine was administered
subcutaneously for analgesia. Post-infection, mice were monitored every 8 hours for
lesion development using a lesion scoring system, and body weight was recorded to
assess infection progression. At the designated endpoints, mice were sacrificed
according to their assigned groups. The infected skin areas and underlying tissues were
excised using sterile scissors and forceps. Tissue samples were homogenized in 1 mL
PBS using a TissuelLyser LT mechanical homogenizer (Qiagen, Hilden, Germany) with
bead beating for three minutes to ensure bacterial liberation from the tissues (this step
has served only for bacterial count). Bacterial counts were determined after serial
dilutions in PBS-solutions which were plated overnight at 37 °C on Baird Parker agar
supplemented with Rabbit Plasma Fibrinogen (RPF), which selectively promotes
Staphylococcus growth. The remaining tissue samples were stored at -80°C for further

analysis. The workflow is shown in Figure 10.
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Figure 10. Workflow of the in vivo infection experiments (https://www.biorender.com).

freeze thawing.

2.3. Protein extraction

Protein extraction was done following an in-house method (Tanca et al., 2014) with some
modifications. First, to separate bacterial proteins from mouse proteins, lysed samples
were centrifuged at 18,000 x g for 15 min to segregate tissue and bacteria. This process
resulted in a distinct pellet at the bottom, while PBS and lipids remnants from the tissues
floated at the top. We removed the supernatant and proceeded with the formed pellet.
The isolated pellet was suspended in a solution of 2% sodium dodecyl sulfate (SDS) with
10 mM dithiothreitol (DTT). Following this, the samples were frozen before the mechanical
extraction of proteins using the TissuelLyser. This cycle of freezing (-80 °C) and
mechanical extraction was repeated three times to ensure thorough protein extraction
(ten minutes each time). The proteins were then processed with TMT labeling as

described below.
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2.4. TMT10plex labeling for protein quantification

To change the buffer, it was necessary to carry out a precipitation step of the proteins as
recommended by the manufacturer. Therefore, we added six volumes of pre-chilled (-
20°C) acetone to the samples and left them overnight. The following day, we centrifuged
the mixture at 8000 x g for 10 minutes at 4°C and discarded the acetone. Before
proceeding with the labeling step, protein quantification of the samples was done using a
BCA protein assay (Thermo Fisher Scientific). We then proceeded with 100 pg of
proteins.

Next, we prepared the samples in accordance with the Tandem Mass Tags TMT10plex ™
protocol (Thermo Fisher Scientific), and for the protein digestion, peptide labeling, and
cleaning steps we used the PreOmics iST — NHS columns. We resuspended 100 pg of
proteins in 100 pL of Tetraethylammonium bromide (TEAB) and performed trypsin
digestion overnight at 37°C. Peptide labeling was achieved by adding 41 pL of TMT
labeling reagents to the samples as follows: TMT-126 was added to equal portions of a
bacterial culture grown in TSB in vitro, tissue samples from 2 dpi, and tissue samples
from 4dpi. Samples from the bacterial culture in vitro were added to increase the
probability of detecting bacterial proteins from the in vivo samples as recommended
(Andersen et al., 2022). TMT-128C, TMT-129N, and TMT-129C tags were added to
samples from 2 dpi (n=3), and TMT-130N, TMT-130C, and TMT-131C were added to
samples from 4 dpi (n=3), for a total of 7-plex.

After incubation, we quenched the reaction by adding 8 pL of 5% hydroxylamine provided
by the manufacturer. Following a recommendation by the PreOmics manufacturer, we

added an extra step: the addition of 100 L of their stop buffer. We then proceeded with
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the purification step as advised by PreOmics. Afterward, we dried the samples using an
Eppendorf Concentrator Plus (Hamburg, Germany). Samples were then suspended with
formic acid, and peptide quantification was done using the Pierce Quantitative
Colorimetric Peptide Assay (Thermo Fisher Scientific). Finally, we combined an equal

amount of our 7 samples for each strain and analyzed them in MS.

2.5. In vitro 3D skin infection model

We used a commercially available skin model, EpiDerm Full Thickness (EpiDERM-FT™),
a dermal-epidermal skin model with a fully developed basement membrane produced by
MatTek Life Science (Bratislava, Slovakia). This model is metabolically active and
reported to be fully representative of human skin composed of human fibroblasts and
keratinocytes, mimicking the full thickness of human skin (Kim et al., 2011). Upon arrival,
following the manufacturer's guidelines, the skin equivalents were immediately placed in
six-well plates supplied with 2.5 mL of the culture medium (EFT-400 media provided by
the manufacturer), followed by a 24-hour incubation at 37°C in an incubator set to 5%
CO2 and the required relative humidity.

The next day we removed the media and replaced it with fresh media. Then, we
inoculated the skin tissues with 108 CFU/mL MRSA strains (JE2 and ST398), conducting
six replicates for each strain and six replicates of control (tissues inoculated with sterile
PBS). The experiment was carried out for 48 hours. Afterward, the infected tissues were
washed with the provided sterile PBS, and the washing liquid was collected and used to
perform serial dilutions to check for bacterial counts on tryptic soy agar plates (TSA). The

tissues underneath were harvested and subsequently homogenized in 1mL of PBS using
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TissuelLyser to carry out the bacterial counts. All samples were conserved at -80 °C for

later use.

2.6. Protein extraction and quantification from 3D skin model

Protein extraction was performed following the in-house method described above in
paragraph 2.3. Subsequently, protein extracts were quantified with the Pierce BCA
protein assay (Thermo Fisher Scientific). We proceeded with tryptic digestion of 100 ug
of proteins using the S-Trap micro column (ProtiFi). We followed the instructions provided
by the manufacturer with some adjustments. Specifically, the lysis buffer added was
carefully controlled to ensure that the SDS concentration did not exceed the
recommended levels. Then, samples were sonicated for 15 minutes, followed by protein
denaturation, reduction, and alkylation steps. The proteins were then captured using S-
Trap microcolumns with a binding/washing buffer and centrifugation at 4,000 x g for 30
seconds. This was succeeded by a series of three sequential washing steps to ensure
thorough cleaning of the proteins. Subsequently, the proteins were incubated and
digested with trypsin overnight at 37°C. Peptides were then eluted and collected using a
collection buffer (20% acetonitrile and 1% formic acid), then they were dried using an
Eppendorf Concentrator Plus (Hamburg, Germany). Finally, samples were dissolved in
formic acid, and quantification was conducted using the Pierce Quantitative Colorimetric
Peptide Assay (Thermo Fisher Scientific). We used a label-free quantification approach

for these samples (LFQ).
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2.7. Shotgun proteomics and statistical analysis

Peptide samples were prepared and analyzed using a Q-Exactive mass spectrometer
coupled with an UltiMate 3000 RSLCnano system (Thermo Scientific, San Jose, CA,
USA). Specifically, 4 pg of peptide mixtures per sample were first concentrated and
desalted using a trap-column (Acclaim PepMap C18, 75 ym x 2 cm nanoViper, 3 um, 100
A, Thermo Fisher Scientific). These peptides were then separated on a C18 reversed-
phase column (Acclaim PepMap RSLC C18, 75 uym x 50 cm nanoViper, 2 um, 100 A,
Thermo Scientific) employing a 245-minute linear gradient from 5 to 37.5% solvent B
(0.1% formic acid in 80% acetonitrile) in solvent A (0.1% formic acid) (Addis et al., 2022).
Fragmentation spectra were acquired through Higher Energy Collisional Dissociation
(HCD) using nitrogen as the collision gas. The raw data were analyzed using the
Proteome Discoverer software (version 2.4, Thermo Scientific) with SEQUEST-HT as the
search engine. Protein identification was based on the Staphylococcus aureus 1280
reference database from UniProt (release 2023_03), encompassing 108,516 protein
entries.

The search parameters included a precursor mass tolerance of 10 ppm, an MS/MS
tolerance of 0.02 Da, and allowed charge states of +2, +3, and +4. Trypsin or
Trypsin/LysC was specified as the protease with up to two missed cleavages. Static
modification was set to cysteine carbamidomethylation, while dynamic modifications
included methionine oxidation, N-terminal acetylation, methionine loss, and combined
methionine loss with acetylation. The false discovery rate (FDR) was kept below 1% using
the Percolator algorithm for peptide validation and protein significance. Differential protein

expression was assessed through a consensus workflow in Proteome Discoverer 2.4,
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with experiments organized into two conditions of three samples each. Label-free
guantification was based on precursor ion abundance, using peak area, and significance
was determined via a t-test with Benjamini-Hochberg correction for multiple testing
adjustments. Proteins were considered significantly differentially expressed with a log2-
transformed abundance ratio (LogAR) of <-1.5 or 2+1.5 and an adjusted p-value of <0.05
(Shah et al., 2019).

In the in vitro experiment, precursor abundance was based on intensity, normalization
was based on all peptides and we used Minora as a processing node. In the TMT labeling
experiment, these values were critical for the accurate identification and quantification of
peptides labeled with different TMT tags across samples. We employed a workflow
optimized for reporter ion-based quantification. The analysis focused on unique and razor
peptides, with trypsin/LysC for complete digestion. We did some modifications in the
processing step; in both the dynamic and static modifications, we added two steps: 1-
Cysteine modification / +113.084 Da (C) 2- TMT6plex / +229.163 Da (K). Reporter ion
intensity was performed with 20 ppm tolerance, and the most confident centroid was set
as the integration method. Protein abundances were calculated as the summation of
associated peptide group abundances. Quantification of peptide groups was based on
their uniqueness (unique peptides) and following the principle of parsimony (razor
peptides). No imputation of missing values was performed. In addition to, the evaluation
of TMT labeling efficiency, TMT6plex modification was set as variable modification
(peptide N-terminus, K residues).

To annotate the differentially expressed proteins with KEGG KO (orthology) information,

and to know the cluster orthologous groups of the proteins (COG) we employed eggNOG-
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mapper 2.1.12 (Cantalapiedra et al., 2021). Then, we mapped the proteins to KEGG
pathways using the online tool (https://www.genome.jp/kegg/ko.html) (Kanehisa et al.,
2016). Pathway comparison was done the Meta4P bioinformatics tool (Porcheddu et al.,
2022), using normalized protein abundances as input. Meta4P bioinformatics tool has
helped with aggregating the protein abundance data based on their KEGG pathway
annotation, estimating the total abundance of each KEGG pathway per sample. The
significance of differences in pathway abundance between the studied conditions was
assessed using a t-test (performed via Microsoft Excel™) and adjusting the p-value by
Benjamini-Hochberg correction using the False Discovery Calculator contained in Tools

(https://tools.carbocation.com/about).

Graphs were created using GraphPad 8.3.0, and Venn diagrams were created using

interactivenn tool (Interactive Venn Diagrams, https://www.interactivenn.net/) (Heberle et

al., 2015).
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3. Results

3.1. Mice infection model

3.1.2. Infection observation and development

Before the infection, the body weight of mice was on average 19.51+1.04 g per mouse.
On day 2 of the experimental infection, the control group (G1) dropped by 0.5 to reach an
average of 19.2+1.57 g, while G2 gained weight to reach an average of 19.2+0.90 g. G3
lost 0.4 g per mouse to reach an average of 19.16+1.37 g, while G4 almost remained the
same with an average of 19.51+1.11 per mouse, and groups 5 and 6 gained 0.3 g
reaching an average of 20+£1.07 and 19.5+0.93 g at 48h, respectively. On day 4, the
control group (G2) continued to gain weight to reach an average of 20.01+1.07 g and
19.58+0.93 g per mouse, respectively, whereas groups 4 and 6 experienced body loss at
4dpi compared to 2dpi to reach an average of 19.28+1.24 g and 19.16+0.88 g per mouse
(Figure 11). However, weight change was never significant between the groups during
infection time. After 24h, no lesions and slight redness were observed in the control
groups (G1 and G2), and slight lesions to no lesions were present in mice of G3 and G4
(mice infected with ST398). Intermediate red lesions and a slight increase in the infected
area were noticed in mice of G5 and G6 (mice infected with JE2 strain) with no pus seen

at the infection site.
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Figure 11. Mean body weight of mice with standard deviation during the infection period. Each dot represents the
average body weight, calculated from six biological replicates per group, expressed in grams (g) on days 0, 2, and 4.

3.1.3. Bacterial clearance

Before analyzing the bacterial protein profiles, we first evaluated bacterial counts after the
in vivo experiment, as depicted in Figure 12A. G1 and G2 (control groups) exhibited no
bacterial growth, indicating no contamination or development of infection. In contrast, G3
and G4, infected with the ST398 strain, displayed 1x10* CFU/mL and 2x10® CFU/mL
bacterial counts at 2 dpi and 4 dpi, respectively. Counts were below the detection level in
one mouse per group. This was a significant decrease in the bacterial count for both

groups compared to the initial bacterial load (1x107 CFU/mL) with a p-value of 3.4x1024
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and a p-value of 1.8x103* for G3 and G4, respectively. Groups G5 and G6, infected with
the JE2 strain, showed 8x108 CFU/mL and 5x10° CFU/mL bacterial counts at 2 dpi and
4 dpi, respectively. The drop in the bacterial count for G6 was significant with a p-value
of 1.9x10"", while G5 was not significant compared to the significant decrease in G6 (p-
value of 0.7).

Figure 12B. illustrates the bacterial count after the in vitro experiment. After 2 days of
experimental infection, the control group inoculated with PBS showed no bacterial count,
whereas groups infected with the ST398 and JE2 strains displayed bacterial counts of
1.2x10° and 2.68x10° CFU/mL, respectively. Both demonstrated a significant increase in
the bacterial count by the end of the experiment (p-value of 3.54x10* for ST398 and

8.5x102 JE2).

A B
1010- 101 -
9] 9 1] —s
10 10 ey °.
) ) L °
E 10%+ E 108
— . e |
D 1074 D 107
e %o Q
- 106 Py L X ] - 1064
© ° ° o
2 10%- . e o 2 1054
'g 104+ [ ] [ ] 'E 104+
(] [+}]
§ 103+ —§- w=a § 1034
102+ [ ] | ] 107+
101 1 T T ] L] ] 101 ] | ]
G1 G2 G3 G4 G5 G6 Control ST398 JE2

Figure 12. Bacterial counts at the termination of experiments at day 2 (G1, G3, and G5) and day 4 (G2, G4, G6) from
the in vivo infection model (A) and the in vitro infection model (B). The scatter plots display bacterial counts for each
tissue and the vertical line indicates the mean CFU value.
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3.1.4. Protein expression and identification

The development in bacterial proteome during in vivo infection with ST398 and JE2
strains was monitored using TMT-based quantitative proteomics. A total of 307,847
(ST398) and 306,219 (JE2) spectra were obtained, of which 307,235 and 305,756
matched known spectra. Among these spectra, 341 and 938 bacterial peptides, and 182
and 277 bacterial proteins were identified for ST398 and JE2 strains, respectively. Among
the identified proteins, 128 proteins were found to be common in both strains, as shown
in Figure 13A. and with more details in Table ST1 (Supplementary Data). The protein
that showed the highest abundance in both strains was the glyceraldehyde-3-phosphate
dehydrogenase (GapC), a glycolytic enzyme, followed by elongation factor (Tuf). Most of
the identified proteins had a higher average normalized abundance in the JE2 strain
compared to ST398. However, 9 of the 128 proteins that were shared between the strains
showed higher abundances in ST398 compared to JE2, as shown in Figure 13B. These
proteins were glycine cleavage system H protein (GcvH), DUF1292 domain-containing
protein (GF572_08675), L-lactate dehydrogenase (Ldh2), large ribosomal subunit protein
bL35 (Rpml), small ribosomal subunit protein bS20 (RpsT), thioredoxin (TrxA), DNA
starvation/stationary phase protection protein (Dps), penicillin-binding protein 2a (MecA),
and para-aminobenzoate synthetase component | (PabB_2).

In Figure 13C. we categorized the overall proteins identified in both strains from 2dpi and
4dpi within clusters of orthologous groups (COGs). Most of the identified proteins in both
strains were involved in translation (J), energy production and conversion (C), proteins
with unknown function (S), and carbohydrate metabolism and transport (G). However,

category DNA processing and modification (A) was only detected in the JE2 strain and it
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contained DNA binding protein (SAV0385). Then we looked at the average abundance of
normalized proteins with significant differences between 2dpi and 4dpi. Only those in
common between both strains are shown in Figures 14A. and 14B. The figure shows
that MecA, which encodes penicillin-binding protein (PBP), is the one with the highest
abundance at 2dpi in both strains, followed by para-aminobenzoate synthetase
component | (PabB_2), which is more abundant at day 4 post-infection. Small ribosomal
subunit protein bS6 (RpsF) and 50S ribosomal protein L1 (RplA) were more expressed
at 4dpi and showed lower abundance with the ST398 strain compared to the JE2 strain.
We also have characterized the shared proteins during the infection according to biological
functions. We found betaine aldehyde dehydrogenase (BetB) to be in common, besides, JE2
expressed choline dehydrogenase (BetA), both of which make part of glycine betaine biosynthesis
(Feng et al., 2022b). Moreover, both strains expressed proteins involved in glycolysis such as
glyceraldehyde-3-phosphate dehydrogenase (GapC), phosphoglycerate kinase (Pgk), enolase
(Eno), pyruvate kinase (Pyk), 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase
(GpmA), and triosephosphate isomerase (TpiA). Alongside this, small and large ribosomal subunit
proteins, which are essential for protein biosynthesis, were expressed in both strains. Moreover,
proteins that are important for growth in broth and might be involved in biofilm persistence, such
as ATP synthase subunit alpha (AtpA) and ATP synthase subunit beta (AtpD) (Bosch et al.,
2020a). We also found UDP-N-acetyl muramyl-tripeptide--D-alanyl-D-alanine ligase (murF) which
plays a role in cell wall biosynthesis as well (Sobral et al., 2006).

In addition, we found ATP-dependent protease subunits ClpP and ClpC that are
associated with both virulence and oxidative stress response (Michel et al., 2006). Proteins
involved in oxidative stress such as alkyl hydroperoxide reductase (AhpC) which

detoxified low levels of H202 (Gaupp et al., 2012), thioredoxin (TrxA), and thioredoxin
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reductase (TrxB) which also protect bacteria from oxidative stress. Additionally,
manganese transport protein C (MntC), a surface ion scavenging protein (Salazar et al.,
2014), was expressed. In addition, superoxide dismutase (SodA) was solely seen in the
JE2 strain. We found other proteins that are involved in other processes and could be
related to the infection, such as trigger factor (Tig), malate: quinone oxidoreductase
(Mgo2), while fumarate hydratase (FumC), and serine-Aspartate Repeat-containing

protein C (SdrC) were only seen in ST398 (Table 5).
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Figure 13. The number of bacteria proteins shared and not shared between ST398 and JEZ2 during mice infection of
the skin (A). The proteins with average normalized abundance showed higher expression in ST398 than in JE2 (B).
Bar graphs showing the number of proteins according to COG categories during in vivo mice infections with ST398 and
JE2 (C).
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Figure 14. Bar graphs showing the average normalized abundance of proteins with significant differences between
2dpi and 4dpi and expressed in both ST398 (A) and JE2 (B).

Table 5. Proteins detected in ST398 and JEZ2 strains during skin infection.

Biological process Gene nhame Protein name Strains

Glycine betaine

biosynthesis betB Betaine aldehyde dehydrogenase ST398 and JE2

betA Choline dehydrogenase JE2
. Glyceraldehyde-3-phosphate

Glycolysis gapC e ST398 and JE2
pgk Phosphoglycerate kinase ST398 and JE2
eno Enolase ST398 and JE2
pyk Pyruvate kinase ST398 and JE2
gomA 2,3-bisphosphoglycerate-dependent ST398 and JE2

phosphoglycerate mutase
ST398 and JE2

{piA Triosephosphate isomerase

Growth atpA ATP synthase subunit alpha ST398 and JE2
atpD ATP synthase subunit beta ST398 and JE2
murF UDP-N-acetylmuramoyl-tripeptide--D- ST398 and JE2

Y alanyl-D-alanine ligase

Virulence clpP ATP-dependent protease subuit clpP ST398 and JE2
clpC ATP-dependent protease subuit clpC ST398 and JE2

Oxidative stress ahpC Alkyl hydroperoxide reductase ST398 and JE2
trxA Thioredoxin ST398 and JE2
trxB Thioredoxin reductase ST398 and JE2
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Biological process Gene name Protein name Strains

ST398 and JE2

mntC Manganese transport protein C
S0dA Superoxide dismutase JE2

Other processes tig Trigger factor ST398 and JE2
mqo2 Malate:quinone oxidoreductase ST338 and JE2
fumC Fumarate hydratase ST398
T ﬁf(:i:ﬁ;ﬁg.partate repeat-containing ST398

3.2. In vitro skin model

3.2.2. Bacterial responses: Pathway analysis

We identified 2194 bacterial proteins from the in vitro model infection with ST398 and
2074 from JE2. Among those proteins, we found 374 and 259 proteins to increase during
the infection in ST398 and JE2, respectively.

We clustered all the proteins during infection within cluster orthologous groups (COG) to
achieve the prediction of protein sets obtained from the ST398 and JE2 strains (Figure
15A). This analysis clustered the proteins into 20 different COG categories for both
strains. Although the majority of proteins were functionally included in a specific cluster,
a percentage of 19.1% and 18.8% for ST398 and JE2 respectively were included in a
common cluster defined as unknown function (S) due to lack of functional annotation. A
total of 12 clusters showed a higher number of categorized proteins in JE2 infection than
in ST398 infection. These clusters were involved in translation (J), transcription (K),
energy production and conversion (C), cell wall envelop biogenesis (M), carbohydrate
metabolism and transport (G), nucleotide metabolism and transport (F), replication and
repair (L), coenzyme metabolism (H), lipid metabolism (l), signal transduction (T), defense

(V), RNA processing and modification (A) and cytoskeleton (Z). In contrast, 7 clusters
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were found to have a greater number of proteins expressed during infection with ST398
compared to JE2. The clusters involved were found to be the amino acids metabolism
and transport (E), inorganic ion transport and metabolism (P), post-translational
modification and protein turnover (O), cell cycle control and mitosis (D), secondary
structure (Q), intracellular trafficking and secretion (U), and cell mobility (N).

Then, we aggregated the normalized abundances of these proteins within pathways using
data retrieved from the KEGG database. For the ST398 strain, pathways that increased
during infection included arginine biosynthesis and pyruvate metabolism. Additionally,
there was a significant decrease in the abundance of proteins related to purine
metabolism and valine, leucine, and isoleucine metabolism pathways, as shown in Figure
15B. Similar trends were observed in the JE2 strain, with an increase in proteins
associated with arginine biosynthesis and pyruvate metabolism. However, we also found
histidine metabolism (his) pathway to be non-significantly increasing. Conversely, purine

metabolism (p-value: 0.0001) showed a decrease in protein abundance (Figure 15C).
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Figure 15. Column chart showing the total proteins during the infection in ST398 (green) and JEZ2 (red) clustered into
orthologous groups with their description on the right (A). Bar graph showing the total proteins involved in different
pathways during skin infection in ST398 (B) and JEZ2 in (C). The significance notation (*** p<0.001 and ns for non-
significant). Pur for purine, Val, Leu, lle for valine, leucine, and isoleucine, His for histidine, and Arg for arginine.

3.2.3. Bacterial responses — ldentification of Differentially Expressed Proteins
(DEPSs)

We investigated the differential bacterial proteome, which allowed us to identify the DEPs
obtained from the experimental infection compared to the bacterial culture in vitro
(control). DEPs were defined as those with a log2-transformed abundance ratio (LogAR)
of <=1.5 or 2+1.5 and an adjusted p-value of <0.05. 275 and 199 DEPs were identified in
ST398 and JE2 infection, respectively. Of these DEPs, 99 and 98 exhibited increased
expression during the infection, respectively, in ST398 and JE2 infection models, while
167 and 101 DEPs had decreased expression. Detailed information on DEPs in ST398
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and JE2 are described in Tables ST7 and ST8, respectively (Supplementary Data). As
shown in Figure 16A, 17 shared DEPs and 82 and 81 unique DEPs were highlighted in
the infection with ST398 and JE2 respectively. The normalized abundances of the shared
proteins were compared between the two strains by heat map (Figure 16B). Shared
DEPs exhibited different abundances between the strains, with 10 proteins more
abundant in ST398 and 7 proteins in JE2. Some of these identified DEPs were involved
in bacterial development and adaptation during the infection, such as leukocidin F subunit
(HIgA), leukocidin S subunit (HigB), ATP-dependent molecular chaperone (ClpB), and
autolysin (Atl). In particular, the latter DEPs are responsible for virulence mechanisms
(Frees et al., 2004; Staali and Colin, 2021a; Zheng et al., 2022). Other DEPs, like MAP domain-
containing protein (MAP), acid phosphatase (SapS), and formate acyltransferase (PfIB)
are mainly implicated in intracellular survival by inhibiting and modulating host defense
mechanisms (Lee et al.,, 2002; Ahmad-Mansour et al., 2022),(Bertrand et al., 2022). In
particular, PfIB was the DEP with the highest abundance in both strains. In addition, we
also found proteins involved in arginine biosynthesis, such as ornithine
carbamoyltransferase (ArgF) and carbamate kinase (ArcC). Apart from shared proteins,
82 and 81 unique proteins were identified in ST398 and JE2, respectively. Figure 16C
and Figure 16D show the sets of DEPs associated with infections from ST398 and JE2,
respectively. Among the DEPs identified specifically in ST398, 10 DEPs were implicated
in the infectious process (Figure 16C), including three DEPs known to be involved in the
virulence process, such as chitinase B (ChiB), coagulase (Coa), and immunoglobulin-
binding protein (Sbi). We also found proteins that play a role in host immune evasion and

cell protection like thermonuclease (Nuc), staphylococcal complement inhibitor (Scc), anti
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holin-like protein (LrgB), ferritin (FtnA), and tagatose-6-phosphate kinase (LacC). Also,
we found proteins involved in adherence to host tissues, such as Cna B-type domain-
containing protein (Cna) and fibrinogen-binding protein (FNBP). Similarly, among the
DEPs found to be unique to strain JE2, 7 DEPs were associated with diverse infection
adaptation and virulence mechanisms (Figure 16D), including elastin binding protein
(EbpS), trigger factor (Tig), LPXTG-anchored heme-scavenging protein (IsdA), EAR
protein (Ear), MapN protein (MapN). The other DEPs in this strain were oxygen-
dependent choline dehydrogenase (BetA) and clumping factor A (CIfA) involved in host
immune evasion, and host adherence, respectively.

Furthermore, the analysis highlighted that 96 and 167 DEPs were decreased during the
ST398 and JE2 infection respectively, and 17 of these DEPs were shared between the
strains (Figure 17A). The decreased DEPs in common between both strains were
(UPF0342 protein, acyl carrier protein, nitrogen fixation protein NifU, branched-chain
amino acid transport system carrier protein, fibrinogen and keratin-10 binding surface
anchored protein, virulence factor, LLM class flavin-dependent oxidoreductase,
Na(+)/H(+) antiporter subunit F1, probable inorganic carbon transporter subunit, large
ribosomal subunit protein uL3, thioredoxin domain-containing protein, UPF0741 protein,
DUF420 domain-containing protein, RND multidrug efflux transporter Acriflavine
resistance protein, DUF443 domain-containing protein, triosephosphate isomerase, and

urease subunit gamma) (Figure 17B).
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4. Discussion and Conclusion

In this study, we aimed to characterize the variation in proteomic profiles of MRSA strains
ST398 and JE2 during skin infection using two distinct infection models (in vivo and in
vitro). By comparing the proteomes from the in vivo mouse model and the in vitro 3D skin
model, we sought to elucidate strain-specific mechanisms of virulence and adaptations
associated with skin infection. This comparative approach revealed differences and
similarities in the proteomic profiles between the S. aureus strains and the infection
models used.

Our first observation was that bacterial colonization was more efficient with JE2 strains at
the end of the in vivo infection. There was a significant reduction in ST398 at 2dpi and
4dpi. Additionally, we observed a significant decrease in bacterial load in mice infected
with the MRSA strain JE2, but only at 4 days post-infection (DPI), with the highest
bacterial load observed at 2 dpi. The differences in infection development between the
strains could be attributed to their different origins and virulence profiles. The low recovery
of bacteria from the infected tissues has limited the proteomic analysis to the most
abundant proteins in the in vivo model. In particular, this affected the number of bacterial
proteins identified and quantified in the two-time points analyzed. For this reason, we also
investigated the variation of S. aureus proteome in a skin model in vitro.

The in vitro model enabled the recovery of a higher load of colonizing bacteria and, in
turn, allowed the investigation of a broader range of bacterial and host proteins during the
infectious process. Further, some bacterial functions showed similar variation in both
models, including proteins involved in arginine biosynthesis, validating the usefulness of

the in vitro model.
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In particular, we highlighted an increase in the abundance of ornithine
carbamoyltransferase (ArgF) and carbamate kinase (ArcC) in both strains and infection
models. The arginine-ornithine antiporter (ArcD) was also detected in the in vitro model
for both strains, while arginine deiminase (ArcA) was uniquely identified in JE2. The
increase in these proteins could be related to the activation of the arc operon, which is
postulated to provide S. aureus with the necessary means to grow in the acidic milieu
characteristic of skin infection sites (Thurlow et al., 2013). These data support an adaptation
mechanism to the acidic environment during skin infections, suggesting that an increase
in the arginine biosynthesis pathway is crucial for bacterial survival. This pathway appears
to be vital for bacterial growth and virulence during infection. Among the adaptation
mechanisms, we also found the betaine biosynthesis pathway that has a role in osmotic
stress management during infection (Feng et al., 2022b). This pathway was associated with
the increase of expression of choline dehydrogenase (BetA) in both in vivo and in vitro
models for JE2. BetA was not detected in ST398, while, betaine-aldehyde dehydrogenase
(BetB) was present in both strains in the in vivo model, highlighting the importance of this
pathway in maintaining cellular integrity under osmotic stress. This pathway is believed
to protect proteins and nucleic acid structure from salt stress and to increase osmotic
homeostasis (Feng et al., 2022b). Hence, we confirm that the skin infection site is
characterized by osmotic instability, making betaine biosynthesis a target to reduce
bacterial adaptability to the infection environment, as previously suggested (Alreshidi et
al., 2016). Apart from arginine and betaine pathways, we found DEPs associated with
Panton-Valentine leukocidin (PVL) and cytotoxic exotoxins produced by S. aureus (SA),

which causes leukocyte destruction and tissue necrosis, to be expressed. PVL is
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predominantly associated with CA-MRSA strains (Adler et al., 2006). We identified the
leukocidin S subunit (HIgA) and leukocidin F subunit (HIgB), which were found to increase
in both strains in the in vitro model, and leukocidin LukS component (Fragment) (HIgC),
which was exclusively increased in ST398. These proteins induce the opening of
Ca2+ channels and form specific membrane pores, leading to cell death (Staali and Colin,
2021Db), highlighting their contribution to S. aureus pathogenicity. Lipinska et al. describe
how infecting rabbits' skin with PVL-positive MRSA isolates and PVL knockout strains led
to a difference in extensive lesion development (Lipinska et al., 2011). Furthermore, other
studies have highlighted that PVLs, regardless of their cytotoxic effects, can also play an
important and positive immunomodulatory role during MRSA infections (Yoong and Pier,
2012). Therefore, we support the evidence that this system leads to the development of
skin infections.

Other DEPs that were specifically induced during infection included the subunits of the
ATP synthase complex: AtpA and AtpD in the in vivo model, and AtpE in JE2 in the in
vitro model. The ATP synthase complex is the primary energy generator for cellular
respiration, but it also appears to play an important role in influencing the host
inflammatory response to biofilm infection (Bosch et al., 2020b). Other interesting DEPs
shared by the two strains and, in some cases, between the two infection experiments
included the trigger factor (Tig), detected in JE2 in both models and ST398 in the in vitro
skin model. Tig is involved in biofilm formation and contributes to virulence. Indeed, a
previous study investigated the role of tig in S. aureus infection, finding that a tig mutant
has reduced biofilm formation in vitro (Keogh et al., 2021). Also, ClpL and CIpC, which

make a part of the protease system. Experimental evidence showed that CLP proteases
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contribute to the virulence of S. aureus and infection development (llligmann et al., 2021).
Indeed, mutants missing ClpP or ClpX were not able to develop abscesses in mice
influencing also the biofilm formation (Frees et al., 2003).

The protein with the highest abundance in the in vivo model was glyceraldehyde-3-
phosphate dehydrogenase-C (GapC). Before, this protein was found to adhere and
internalize to mammalian epithelial cells, although its absence would not seem to prevent
the adherence. However, it was proven to be essential for intra-mammary infection
establishment (Kerro-Dego et al., 2012). Another essential protein identified is the S. aureus
Map protein, an immunomodulator that interferes with T cell-mediated responses. The
capacity of Map to alter T cell function was tested more specifically in vitro and in vivo
using native and recombinant forms of Map. T cells or mice treated with recombinant Map
had reduced T cell proliferative responses and a significantly reduced delayed-type
hypersensitivity response to challenge antigen, respectively (Lee et al., 2002). These data
suggest a role for Map as a possible immunomodulatory protein that may play a role in
persistent SA infections by affecting protective cellular immunity. Moreover, we found that
the protein fumarate hydratase (FumC) was expressed in ST398 in both infection models.
FumC is an enzyme that degrades fumarate and is involved in glycolysis, thus, enhancing
bacterial survival (Wong Fok Lung et al., 2019). Its increased levels have been highlighted
in S. aureus clinical isolates from atopic dermatitis and cystic fibrosis, showing its
importance for the infections of S. aureus (Acker et al., 2019; Gabryszewski et al., 2019).

In addition, the 3D skin infection model allowed us to identify thousands of proteins during
the infection, thus highlighting the difference in behavior between both strains. In

particular, it highlighted variations in amino acid metabolism, which was shown to
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increase more in JE2 during the infection, such as histidine metabolism. We noticed a
depletion in valine, leucine, and isoleucine pathway in ST938. Furthermore, we
characterized skin infection fitness proteins necessary for infection in each strain by
looking at proteins with significant expression. In ST398, we found proteins such as
chitinase B (ChiB), which has been proven to be necessary for colonization in Listeria
monocytogenes and was also shown to be an extracellular protein of S. aureus that could
be related to virulence (Chaudhuri et al., 2010; Zhao et al., 2019). It may play an important
role in S. aureus skin colonization, however, further studies are needed to determine this.
Thermonuclear (Nuc) was reported in the literature to be necessary for escaping
neutrophil extracellular traps (NETs) and can take part in biofilm formation (Mann et al.,
2009; Berends et al., 2010). Another protein directly contributing to skin infection in this
strain was cell wall anchored collagen adhesin (Cna). Cna is involved in the infection
process of S. aureus and has been identified as a virulence factor in various animal
models of staphylococcal infections, such as arthritis, keratitis, endocarditis, mastitis, and
osteomyelitis (Hienz et al., 1996; Elasri et al., 2002). Complement inhibitor (Scc) protein
plays a role in immune evasion (Jongerius et al., 2007). Another protein identified with
JE2 strain infection was elastin binding protein (EbpS) which is mainly involved in
mammalian tissue colonization (Downer et al., 2002).

However, despite the notable differences observed between the in vivo mouse model and
the in vitro 3D skin model, both have provided valuable insights by revealing numerous
proteins involved in skin infection. This comprehensive approach has offered a holistic
view of bacterial adaptation to the infection site. Notably, in the in vivo model, the majority

of proteins were implicated in translation, energy production, and carbohydrate
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metabolism, suggesting a focus on fundamental cellular processes crucial for bacterial
survival and proliferation within the host environment.

Conversely, proteins identified in the in vitro model predominantly contributed to energy
production, cell wall biogenesis, and amino acid transport. This emphasis on cellular
processes related to bacterial growth and adaptation underscores the relevance of the in
vitro model in delineating strain-specific virulence profiles and identifying potential
therapeutic targets.

Notably, the distinct protein profiles identified from the in vitro model have provided
invaluable insights into the virulence mechanisms and adaptation strategies employed by
the strains under study. On the other hand, the in vivo model, reflective of human skin
infection dynamics, highlights proteins crucial for bacterial survival amidst the hostile
immune response mounted by the host. These proteins are predominantly involved in
survival mechanisms and protein biosynthesis, shedding light on the intricate interplay
between bacterial pathogens and the host immune system during infection.

In conclusion, there were some challenges in this study, particularly the low bacterial
protein abundances observed in the in vivo skin infection. Consequently, the proteins
evaluated were descriptive of the entire proteome rather than the proteins with high
abundance during the infection. This limitation might result in an imprecise description of
the changes occurring during skin infection, reflecting general protein expression rather

than specific responses to the infection.
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) continues to pose a significant threat
to public health, necessitating urgent exploration of novel antimicrobial agents. In this
study, we tested 75 compounds with known anti-microbial activity and screened 160
actinomycete-derived extracts, aiming to identify potential antimicrobial compounds
against two MRSA strains, ST398 and JE2, representing diverse epidemiological
contexts. Notably, our results revealed strain-specific variations in the inhibitory effects of
the tested compounds, highlighting the significance of strain selection in antimicrobial
screening protocols.

Among the compounds tested at 100 pg/ml, paramagnetoquinones exhibited the highest
antimicrobial activity, inhibiting JE2 growth by 95.3% and ST398 growth by 88%.
Furthermore, compounds NAI-107, Enduracyclinones, and NAI-414 demonstrated potent
antimicrobial activity against both strains. By using extract screening and compound
identification strategies, we identified two previously described molecules, elaiophylin,
and nigericin, as promising antimicrobial agents against MRSA. Elaiophylin, known for its
anticancer properties, has also been reported for its antimicrobial effect, primarily through

the inhibition of the bacterial efflux pump mechanism. Nigericin is known to disrupt ATP
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production and electron transport by acting as an ionophore, facilitating the exchange of
potassium (K+) and hydrogen (H+) ions, thereby impeding bacterial growth.

Our findings highlight the potential of compound screening in targeting specific MRSA
strains, offering insights into novel therapeutic strategies to combat MRSA infections. Our
study helps to increase the variety of antimicrobial screening and emphasizes the
importance of diverse approaches in identifying effective treatments. This contributes to
ongoing efforts to reduce antimicrobial resistance and improve patient health outcomes.

Keywords: MRSA, antimicrobial activity, extracts, purification, antimicrobial resistance.
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1. Introduction

Staphylococcus aureus, a gram-positive opportunistic pathogen, represents a significant
challenge in hospital and community settings due to its ability to cause a wide array of
infections. These range from relatively mild skin and soft tissue infections to life-
threatening infections such as endocarditis, osteomyelitis, bacteremia, and severe
pneumonia (Humphreys, 2012). After penicillin was discovered in 1940 (Klevens, 2007),
infections were somewhat controlled with treatment until bacterial strains resistant to
penicillin and beta-lactam antibiotics emerged. In particular, the presence of these
resistant strains was much more frequent in hospital environments (hospital-acquired HA-
MRSA) (RAYNER and MUNCKHOF, 2005). The resistance was developed by the
bacterium's ability to hydrolyze the B-lactam bond by expressing beta-lactamases or by
expressing penicillin-binding protein (BPP 2a) (Fuda et al., 2005). Later, in 1960, methicillin
was discovered, which is an antibiotic designed to resist the enzymatic activity of beta-
lactamases; in less than two years, methicillin-resistant Staphylococcus aureus (MRSA)
first emerged (Barber, 1961). This resistance was attributed to acquiring the mecA gene,
responsible for producing penicillin-binding protein 2a (PBP2a) (Hartman and Tomasz,
1984b). In 1990, the spread of MRSA was associated with new strains causing infections
in non-hospitalized patients (community-acquired MRSA, CA-MRSA), becoming one of
the most important pathogens associated with nosocomial infections (W. Hryniewicz,
1999). CA-MRSA strains differ genetically from HA-MRSA strains by different types of the
staphylococcal cassette chromosome mec (SCCmec) and the production of toxins such
as the Panton-Valentine leukocidin and cytotoxin (Asghar, 2014). Numerous studies in

various countries identified similar cases (Styers et al., 2006; Falagas et al., 2013). Then

110
Dina Al Nahhas, Proteomic Analysis of MRSA During Stress and Skin Infection: Insights and Therapeutic
Targets, PhD in Life Sciences and Biotechnologies, University of Sassari.



another variant was classified under the term livestock-associated MRSA (LA-MRSA),
giving rise to a third category of MRSA strains recognized as a source of infection in
livestock animals (Reischl et al., 2009). LA-MRSA poses a risk due to the transmission from
animals to humans, especially to veterinarians and farmers. Nowadays, MRSA variants
show resistance to numerous classes of antibiotics; this problem forces the scientific
community to focus its skills and resources on the research of new antimicrobial
molecules and the development of new pharmacological interventions (Shireen et al.,
2013). In recent years, attention has turned toward new molecules extracted from natural
products and synthetic compounds as potential sources of new antimicrobial agents (Zhao
et al., 2022). The screening of such compounds for antimicrobial activity has become a
pivotal step in the early stages of drug discovery. Additionally, advances in isolating and
identifying bioactive molecules, including secondary metabolites, are crucial for
developing new drugs (Kim et al., 2022).

In this study, we tested 75 compounds of known activity and 160 extracts from NAICONS
laboratories. For the screening, we used two different strains of MRSA: JE2 (USA300
isolate), a community-associated methicillin-resistant Staphylococcus aureus (CA-
MRSA) isolated from human infections that causes most invasive CA-MRSA diseases
(Kennedy et al., 2008), and ST398, a livestock-associated methicillin-resistant
Staphylococcus aureus (LA-MRSA) well-characterized strain isolated from pigs
(Guardabassi et al., 2009), which has also been reported to cause skin and soft tissue
infections in humans (Bouiller et al., 2020). We chose to compare the effect of compounds
and extracts on these two strains as they originate from different environments and are

known to have distinct virulence profiles. The potential for screening with different strains
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was to transform the management of S. aureus infections. Emphasizing the need for
continued research and innovation, we explore the prospects of these methodologies to
screen compounds with antimicrobial activity to counteract and mitigate the global threat

of antibiotic resistance.

2. Materials and Methods

2.1. Compound and Extract Acquisition

All screening materials were sourced from NAICONS Srl laboratories in Milan, Italy.

The extracts were obtained either from Streptomyces strains (Streptomyces extract plate)
or other actinomycetes genera (rare extract plate). Full extracts were prepared from
cultures (2 mL) by adding ethanol (4 mL) and shaking for 1 h at 30°C followed by
centrifugation at 4000 rpm for 8 minutes. Fractionated extracts were obtained both from
mycelium and cleared broth after centrifugation of 8 mL cultures at 4000 rpm for 8
minutes. Three mycelium extracts were obtained with 20%, 50%, and 100% ethanol. (4
mL each, 1h shaking at 30°C followed by centrifuge at 4000 rpm for 8 minutes). Cleared
broth was treated with HP20 (0,8 mL, shaking for 1h at 30°C). After centrifugation (8000
rpm 1 minute) the resin was extracted with increasing concentration of ethanol (5%, 30%,
and 80%, shaking for 15 minutes at 30°C followed by centrifugation at 8000 rpm for 1

minute). All the extracts were dried overnight at room temperature and stored at 4°C.
2.2. Strains and bacterial growth

Two different MRSA strains, ST398 and JE2, were obtained from the Faculty of Veterinary
and Animal Sciences at the University of Copenhagen, Denmark. Initially, 2-3 colonies of

each bacterium were inoculated into 7 mL of Tryptic Soy Broth (TSB) and incubated
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overnight at 37 °C. The day after, 1 mL of the culture was added to 10 mL of Mueller
Hinton Broth (CA-MHB) cation adjusted, mainly magnesium and calcium, until reaching
an optical density (ODeoo of 0.3-0.5), then adjusted to a 0.5 McFarland standard by adding

100 pL to 10 mL of CA-MHB.

2.3. Screening compounds of known activity

A plate containing 75 known compounds was prepared for experimentation, as shown in
Table 1. Initially, each compound was dissolved in a suitable solvent to achieve a
concentration of 100 pg/mL. Subsequently, 100 uL of each compound solution was
aliquoted into separate wells of a 96-well plate. The compounds’ solutions were then dried
overnight at 40°C under vacuum. The plates were stored at +4°C until further use. Before
experimentation, the dried compounds were resuspended by adding 100 pL of a 10%
DMSO solution to each well. The compounds attained a final concentration of 100 pg/mL
following resuspension. For screening, four biological replicates of each bacterial strain
were prepared. Each well received 50 puL of MHB media and 40 pL of bacterial culture,
followed by 10 pL of the compound solution. Control wells in columns 11 and 12 contained
MHB with bacteria and MHB without bacteria, respectively. Plates were incubated
overnight at 37 °C. ODeoo was measured at 0, 19, and 24 hours. The inhibition percentage

was calculated as follows:

ODe0o with compound
ODeoo without compound

Inhibition %=1-( ) x100

Compounds were considered active if they achieved an inhibition percentage of 270
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Table 6. Antibiotics and compounds used for drug screening, positions A1, F1, H1, G3, and E5 are empty.

1 2 3 4 5 6 7 8 9 10
a-817 6-ammino
A NAI-112 paramagnetoquinones  allopeptimycins  octacyclomycin butenolide Roxaticin chrolactomycin penicillanic acid Ramoplanin
actinomycin
B D purpuromycin GE23077 NAI-107 streptolydigin allocyclinones Bafilomycin amphotericin B gentamycin GE2270
(o] luxomycin thermorubin vancomycin tetracycline viomycin Cl-tetracycline colistin A40926 penicillinG teicoplanin
D  Manumycin nosiheptide kirromycin salinomycin clindamycin metronidazole nystatin Chloramphenicol thiostrepton monensin
E fusidic acid novobiocin streptomycin neomycin gramicidin spectinomycin kasugamycin tunicamycin lincomycin
F Gargantulide gardimycin NAI-857 erythromycin rifampicin NAI- 414 Enduracyclinones Rifamycin O Rifamycin S
G apramycin kanamycin daptomycin cycloheximide cycloserin ciprofloxacin Corallomycin polymixin puromycin
nocardamin
H PUM levofloxacin linezolid nisin nalidixic acid phosphomycin streptothricin (desferoxamine)  concanamycin
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2.4. Screening extracts of unknown activity and molecules purification

We tested two different 96-well plates, each containing 80 full extracts: one plate was
composed of extracts obtained from Streptomyces strains, while the other contained
extracts prepared from other actinomycete strains. To each well 125 pL of 10% DMSO
was added to dissolve the dried extracts. Subsequently, 10 uL of each extract was added
to a well containing 40 pL bacterial solution and 50 uL of MHB. For each plate, we
included two columns of controls: one with MHB and bacteria and the other with only
MHB, as done previously when we tested the compounds. Optical density ODeoo
measurements were conducted at 0, 19, and 24 hours. Extracts exhibiting 70% or greater
inhibition against MRSA were subjected to further verification, fractionation, and
purification to identify the active compound (Figure 18). Upon activity confirmation, the
six fractionated extracts (three from mycelium and three from the cleared broth) were also
tested in serial dilutions. At first, the fractions are suspended in 125 uL of 10% DMSO,
tested as done before for the full extracts. Active fractions were further sub-fractionated
into 24 fractions using High-Performance Liquid Chromatography (HPLC). (One fraction
per minute). We used a Shimadzu HPLC system LC 2010A-HT (Kyoto, Japan) equipped
with a Merck LiChrospher RP-18 reverse-phase column (5 ym, I.D. x L 4.6 x 125 mm,
Merck, Darmstadt, Germany) at 50°C. The mobile phases consisted of 0.05% formic acid
(HCOOH) for phase A and acetonitrile (ACN) for phase B. The flow rate was set at 1
mL/min. Samples were fractionated using a linear gradient: ACN was increased from 10%
to 95 in 18 minutes followed by 5 minutes at 95%. UV detection was carried out at 230

and 270 nm.
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These 24 subfractions were dried using a speed vacuum concentrator overnight and
resuspended later in 10% DMSO for further screening, as described previously. Upon
activity confirmation, the active fraction was analyzed using high-resolution mass
spectrometry (HRMS) to identify the specific compound responsible for the activity. For
each active fraction detected, the adjacent inactive fractions (preceding and subsequent)
were also analyzed to monitor the elution peak of the active fraction. The analysis was
performed using a Vanquish UHPLC system connected to an Orbitrap Exploris 120 mass
spectrometer, utilizing a YMC-Triart ODS column. The mobile phase included 0.1% formic
acid in water (A), LCMS grade acetonitrile (B), and LCMS grade isopropyl alcohol (C),
with a gradient flow program over a 23-minute cycle. The flow rate was set at 0.8 mL/min
with a sample injection volume of 8 pL at 40°C. During the separation, 75% of the flow
was directed to a Diode Array detector and 25% to the mass spectrometer, which was
equipped with a heated electrospray ionization source operating in both positive and
negative modes. Finally, MS/MS and UV-Vis spectra were analyzed and matched against
both internal (Simone et al., 2013) and external databases (Blunt et al., 2012; Sorokina et al.,

2021; Rutz et al., 2022; van Santen et al., 2022) to identify the active compounds.
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3. Results

3.1.  Evaluation of the inhibition percentage of the tested compounds

A total of 75 known compounds were tested to evaluate the percentage inhibition against
two strains of S. aureus denominated ST398 and JE2, respectively. Screening of known
compounds highlighted minimal variations of percentage inhibition dependent on the type
of strain analyzed, as shown in Figure 19. Overall, most compounds demonstrated
similar inhibition profiles for both strains, as detailed in Table ST5 (Supplementary Data).
In Figure 19A, the scatter plot shows that 33 out of the 75 compounds inhibited the growth
of the ST398 strain by at least 70%, while Figure 19B. shows that 38 out of the 75
compounds inhibited the JE2 strain by 70%. Notably, the 33 compounds that effectively
inhibited both strains, are highlighted in bold Table ST5 (Supplementary Data). A total of
7 compounds highlighted a different trend between the two strains. The corallomycin (G8)
showed a higher percentage of inhibition activity in ST398 (83%) than in JE2 (66.4%).
Conversely, six other compounds exhibited greater antibacterial activity against the JE2
strain compared to ST398, specifically luxomycin (C1), A40926 (C8), levofloxacin (H3),

penicillin G (C9), puromycin (G19), and nalidixic acid (H6).
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Figure 19. Scatter plots showing the percentage inhibition of ST398 (A) and JEZ2 (B) strains obtained from the screening
of known compounds. In green, compounds with an inhibitory activity equal to or greater than 70% are reported.

3.2. Evaluation of the inhibition percentage of the extracts and molecule
purification
After compound screening, we proceeded to screen the extracts. We tested a total of 80
full extracts obtained from Streptomyces against two strains, ST398 and JE2, as shown
in Figures 20A and 20B, respectively. Figures 21A and 21B show the results of
screening 80 extracts from rare actinomycetes against the same strains, ST398 and JE2.
The analysis of Streptomyces extracts identified 11 common hits with inhibition
percentages greater than 75% in both strains, accounting for approximately 14% of the
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total extracts tested. The inhibition percentage of these 11 hits was further investigated
using a serial dilution assay. We performed five serial dilutions, finding that only two hits,
designated D6 and H6, consistently inhibited the growth of both strains with 100% efficacy
in at least one or two dilutions Table ST6 (Supplementary Data).

The second plate, which contained extracts from rare actinomycetes, revealed only four
common hits between the strains, indicated with green color dots in the scatter plots in
Figure 22. Other hits were identified only in ST398 and JE2 (orange color). A serial
dilution assay confirmed the antimicrobial activity of only one hit, D8, in three successive
dilutions against both strains Table ST7 (Supplementary Data). Upon confirmation of
activity from the serial dilution assay, we selected three extracts (two Streptomyces
extracts, D6 and H6, and one rare extract, D8) for further investigation.

We tested the six fractionated extracts of each full extract (three obtained from the
mycelium and three obtained from the cleared broth) to determine the presence of
antimicrobial activity and the nature of the molecule responsible (hydrophilic or
hydrophobic). The D6 extract showed promising activity in fraction 4 (supernatant) across
four serial dilutions, while the H6 extract showed potential antimicrobial activity in fraction
5 (supernatant) against both strains. The D8 extract also highlighted strong activity in
fraction 5 against both strains Table ST8 (Supplementary Data).

Since one fraction with antimicrobial activity was identified for each extract, we proceeded
with the fractionation of these fractions using an HPLC system. Each sub-fraction was
then suspended in the appropriate volume, and their activity against MRSA was further
tested. The results of screening the 72 sub-fractions are shown in Figure 22A for the

ST398 strain and Figure 22B for the JE2 strain. D6 sub-fractions displayed some
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antibacterial activity against the ST398 strain in subfraction 15, designated A1, inhibiting
growth by 40%. The same subfraction inhibited JE2 growth by 10.4%. H6 showed
antimicrobial activity in two sub-fractions, 14 and 22, designated B1 and B2, respectively.
These subfractions inhibited the growth of the ST398 strain by 96%. For the JE2 strain,
the same subfractions inhibited growth by 65% and 41%, respectively. Conversely, the

D8 sub-fractions showed no promising antimicrobial activity against either strain.
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Figure 20. Scatter plots showing the percentage inhibition of ST398 strain (A) and JEZ2 strain (B) obtained from the
screening of extracts from Streptomyces. In green and orange dots, extracts with an inhibitory activity equal to or greater
than 70% are reported. Specifically, green dots represent extracts with activity in common between the two strains, and
orange dots, extracts with activity detected only on a single strain.
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Figure 21. Scatter plots showing the percentage inhibition of ST398 strain (A) and JEZ2 strain (B) obtained from the
screening of extracts from rare actinomycetes. In green and orange dots, extracts with an inhibitory activity equal to or
greater than 70% are reported. Specifically, green dots represent extracts with activity in common between the two
strains, and orange dots, extracts with activity detected only in a single strain.
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Figure 22. Scatter plots showing the percentage inhibition of ST398 strain (A) and JE2 strain (B) of the subfractions
obtained through fractionation in the HPLC system. D6 subfractions are shown in the orange box, H6 subfractions are
in the green box, and D8 subfractions are in the red box.
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3.3. Identification of compounds by mass spectrometry analysis

After the identification of active fractions with antimicrobial activity, we proceeded with the
identification of the molecules associated with the activity by mass spectrometry. For the
first compound analyzed, denominated A1, the following signals were detected after
fragmentation 446.3112 m/z and 444.2968 m/z in the positive and the negative ion
modes, respectively, and with the two main signals 272.1855 and 106.0499 upon
fragmentation. At the moment, it has not been possible to identify the compound because
the MS signals detected did not match the MS signals present in the databases used.
The MS/MS analysis of the second compound, B1 detected in the full scan as 742.5098
m/z and 747.4648 corresponding to [M+NH4]* and [M+Na]* respectively, was
characterized by signals reported in Figure 23. and matching with the molecule nigericin
(Harvey et al., 2007). In the end, the third compound, B2, detected an ion of 1047.5850
m/z in full scan and two different ions of 729.3819 m/z and 411.1779 m/z after MS
fragmentation (Figure 24). We confirm that those fragments belong to the elaiophylin
molecule, as described by Boya et al. (Boya et al., 2017).

After confirming the activity of the molecules, by literature search, we found that both
elaiophylin and nigericin are hexaene antibiotics produced by the microorganism

Streptomyces hygroscopicus CH-7 (llic et al., 2016).
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4. Discussion and Conclusion

Methicillin-resistant Staphylococcus aureus is a constantly evolving pathogen in
developing resistance to antibiotic treatment resulting in a wide variety of diseases. In
recent years, some generations of antibiotics have been developed but despite this, there
is an urgent need to discover new antibiotics and molecules to fight these pathogens
(Pasberg-Gauhl, 2014). This study aimed to screen for compounds with known
antimicrobial activity and extracts, generated by NAICONS laboratories and the identified
molecules annotated in their platform Micro4All, against two different strains of MRSA,
ST398 and the JE2 strain. These analyses also allowed the evaluation of strain
differences in the antimicrobial activity of compounds and extracts as a function of strain.
We observed that out of 75 compounds tested, 38 compounds inhibited the growth of JE2
strain with an inhibition percentage equal to or greater than 70%, while 33 of those
inhibited the growth of ST398 strain. A total of 33 compounds were found to have a
common antimicrobial activity against the two strains although different inhibition
percentages depending on the strain were observed.

Among these compounds, it was worth noting that the paramagnetoquinones described
by lorio et al (lorio et al., 2017) showed the highest percentage of inhibition against the JE2
strain (95.3%) and exhibited a percentage of inhibition of 88% against ST398. This
compound was isolated from the actinomycete genus Actinoallomurus and showed very
low minimum inhibitory concentration (MIC) values of 0.015 pyg/mL against Gram-positive
pathogens, including antibiotic-resistant strains. However, it was not tested before against
ST398 and JE2, so we confirmed the activity of these molecules against our strains as

well. Another known compound that was extremely active against ST398 and JE2 was
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NAI-107. This compound inhibited both strains with an inhibition percentage equal to
94%, highlighting a strong antimicrobial activity against both strains. NAI-107 is a
lantibiotic active against Gram-positive bacteria, including vancomycin-resistant
Staphylococcus aureus (VRSA). Its antibacterial activity consists of disrupting some steps
of cell wall formation, leading to the accumulation of the soluble peptidoglycan precursor
UDP-N-acetylmuramic acid-pentapeptide (UDP-MurNAc-pentapeptide) within the
cytoplasm (Minch et al., 2014). The analysis of known compounds also highlighted two
other compounds, enduracyclinones, and NAI-414, with potential antibacterial activity
against ST398 and JE2. Enduracyclinones, inhibiting the growth of ST398 and JE2 by
73% and 85.4%, respectively active against Gram-positive pathogens (especially
Staphylococcus spp), including drug-resistant strains, with MIC in the range of 0.0005 to
4 pg/mL and streptococci. Studies have suggested a dual mechanism of action by
inhibiting both DNA and peptidoglycan biosynthesis (Monciardini et al., 2019). Finally, the
NAI-414 compound highlighted a good percentage of inhibition, approximately 83%, for
the growth of both strains. It was confirmed to belong to the spirotetronate class exhibiting
anti-staphylococcal activity and anti-tumor activity against microvascular endothelial cells
(Mazzetti et al., 2012).

Regarding the active molecules obtained upon the screening and the characterization
from the extracts, two compounds, elaiophylin, and nigericin, were identified out of a total
of three purified compounds.

Elaiophylin, is a well-known molecule for its antimicrobial activity against Gram-positive
bacteria, especially S. aureus. It is a macrodiolide, and its principal mechanism of action
is based on inhibiting the efflux pump mechanism (NorA efflux protein), which appears to
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be overexpressed in S. aureus during biofilm growth (Gui et al., 2019). This mechanism
causes a reduction and/or inhibition of bacterial growth. Currently, another mechanism of
action has also been suggested to inhibit bacterial growth, which involves the creation of
pores in the lipid bilayer of the membrane, as by Grigoriev et al. (Grigoriev et al., 2001).
Elaiophylin also possesses anti-cancer activities with moderate toxicity cells, autophagy
inhibitory effect, and antiangiogenic activity besides immunosuppressive and anti-
inflammatory effects (Gui et al., 2019). Numerous studies have also confirmed that it is a
drug to combine with other antibiotics, such as norfloxacin and ethidium bromide, to
enhance the effect of pharmacological treatments (Rodrigues dos Santos Barbosa et al.,
2021). The second molecule purified responsible for the antibacterial activity, nigericin, is
involved in the reduction of ATP production and electron transport chain. This compound
exhibits antibacterial activity against Gram-positive bacteria and no activity against Gram-
negative bacteria (Zhu et al., 2022). During the purification steps, both elaiophylin and
nigericin showed a reduction in antimicrobial activity compared to the starting extracts.
This could be associated with various aspects that were not considered during the study,
such as the stability of the molecules during the drying and resuspension processes, their
degradation, and even the combination of their antibacterial activity with other compounds
present in the extract. Therefore, considering these aspects, it will be necessary to carry
out other studies in the future to investigate and understand these fundamental aspects
for the characterization of an antibacterial compound. The evaluation of the already-
known compounds and those purified from the analyzed extracts allowed us to show the
potential of at least 7 compounds in counteracting the growth of MRSA strains. Of these
compounds, the antibacterial activity of 6 molecules is already known, in particular, these
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are able to counteract the growth of Gram-positive bacteria such as Staphylococcus spp.,
as well as being active on other bacterial strains. Therefore, the study, in addition to
confirming the potential of these molecules, provided new evidence of their antibacterial
activity against specific MRSA strains, such as ST398 and JE2.

This study's contribution lays the foundation for future studies focused on the research,
purification, identification, and therapeutic exploitation of known and unknown bioactive

compounds that may provide new potential tools to combat antibiotic resistance.
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5. Supplementary Data_3

ST 5. Average inhibition percentage of known compounds on MRSA strains ST398 and JE2 (4 biological replicates).

percentage of percentage of
Compound
inhibition_ST398 inhibition_JE2

a-817 octacyclomycin 96.2 73.0
NAI-107 93.3 92.8
thermorubin 91.8 91.7
actinomycin D 91.1 91.0
thiostrepton 90.9 88.9
monensin 90.0 84.7
Cloramphenicol 89.7 87.7
purpuromycin 89.5 89.2
clindamycin 89.0 71.5
salinomycin 88.7 87.6
NAI-113 88.0 95.3
neomycin 87.7 87.2
nosiheptide 87.5 87.0
fusidic acid 87.1 86.8
Rifamycin O 85.7 85.5
lincomycin 85.6 76.6
Rifamycin S 85.3 85.4
GE2270 84.8 94.8
rifampicin 84.6 84.6
vancomycin 83.9 84.6
Corallomycin 83.0 66.4
NAI- 414 82.8 84.0
Gargantulide 79.4 84.1
novobiocin 79.1 87.3
teicoplanin 78.6 90.1
0-698 (p5+6) 78.4 82.4
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gentamycin 76.3 82.6

Ramoplanin 75.9 78.7
phosphomycin 73.7 77.8
NAI-491 73.0 85.4
chrolactomycin 71.0 86.6
linezolid 70.9 82.7
kanamycin 70.7 80.1
luxomycin 68.5 91.5
NAI-857 66.5 20.9
tunicamycin 65.7 47.4
Manumycin 63.3 60.4
nalidixic acid 62.3 70.7
A40926 58.3 771
puromycin 55.2 73.0
levofloxacin 52.7 81.7
gramicidin 51.3 29.9
NAI-808 51.3 51.5
streptothricin 48.0 27.3
gardimycin 39.8 10.0
apramycin 39.1 62.4
Roxaticin 38.1 20.0
erythromycin 26.9 20.7
daptomycin 247 20.8
amphotericin B 19.5 16.7
streptolydigin 18.1 40.0
GE23077 10.7 30.1
Bafilomycin 10.5 10.2
colistin 10.4 12.6
spectinomycin 10.3 16.4
tetracycline 10.3 50.5
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viomycin 8.7 11.2

penicillinG 8.4 80.7
butenolide 8.3 29.1
streptomycin 8.0 55.5
Cl-tetracycline 7.9 59.1
NAI-112 7.3 12.7
nystatin 6.3 6.0
metronidazole 6.0 271
6-ammino penicillanic 5.8 11.8
acid
ciprofloxacin 4.0 25.2
kasugamycin 1.7 6.9
kirromycin 1.4 4.0
cycloheximide 1.1 4.0
cycloserin 0.7 25
nisin 0.7 7.2
polymixin 0.4 9.0
PUM -1.2 8.9
concanamycin -2.7 4.7
nocardamin -3.5 4.8

(desferoxamine)
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ST 6. Serial dilutions (checkup points) of the 11 hits from the streptomyces plate, initially identified for inhibiting both
ST398 and JEZ2 strains, represented by the full extract and its serial dilutions.

ST398 1/2 1/4 1/8 116 1/32 JE2 1/2 1/4 1/8 116 1/32
245 272 269 -26.2 244 | A7 9.7 -3.1 -8.0 -6.4 -11.7 -8.6
B1 137 -11.3 -174 -243 -239 | B1 5.8 10.2 0.2 -7.8
B3 -26.2 272 248 -284 | B3 14.5 44 -11.0 -154 -161
B4 205 -158 -19.3 -21.7 | B4 88 -16.5 -10.9 -7.3 -9.8
B5 188 -16.5 -19.1 -22.0 -18.8 | B5 -84 -13.1 -16.6
C1 -9.1 -9.2 9.6 | C1 122  -104 -181
C3 C3 5.1 9.6 9.3
C4 C4 -128  -11.5 -14.6
D6 D6 -15.4 -6.5 -7.2
G1 G1 2.0 -84 -14.9
G5 G5 204 -18.0 -24.9
H6 Hé 02 -11.4 -16.8
H7 -15.7 -21.0 -204 -17.3 -11.4 -11.9 -30.1 -31.3 293 -30.7 -28.3
H9 -27.9 1.3 -11.0 -13.0 -6.9 -13.0 2565 -26.0 -232 252 -249

ST 7. Serial dilutions (checkup points) of the 8 hits from the rare actinomycetes plate, initially identified for inhibiting
both ST398 and JE2 strains, represented by the full extract and its serial dilutions.

ST308 172 14 18 116 | JE2 12 14 18 116
I-\3—- 41.8 301 27.5 245 | A3 58 27 14 26 33
B2 64.7 49.2 389 356 234 | B2 57 37 24 20 5
ct 1.7 106 | c1 7 23 12
D8 420 209 | D8 # 28 43
E10 11.3 10 06 07 -25)|E10 26 26 28
F10 94 118 98 17.5 | F10 10 13 3
G5 143 143 183 144 | G5 7 2 7
H7 360 331 312 344 | H7 17 14 18
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ST 8. Serial dilutions (checkup points) of the six fractions from each active selected extract, were tested against both

ST398 and JE2 strains.
ST398 H6 1/2 1/4 1/8 1/16 D6 1/2 1/4 1/8 1/16 JE2 H67 1/2 1/4 1/8 1/16 D6 1/2 1/4 1/8 112
-13.0 -4.2 -0.2 5.5 3.9 -10.8 0.2 4.4 4.8 7.2 - - -6.5 -5.1 5.4 - 2.3 1.1 2.9 6.0
P1 P1
15.3 10.1 147
7.2 -1.4 0.8 8.0 4.2 -3.2 0.4 2.0 3.4 71 - -8.1 -6.3 0.5 -5.0 -6.4 -4.4 2.1 -5.2 1.0
P2 P2
11.4
48.4 229 6.9 4.7 -4.5 -8.9 - -4.9 2.7

101 10.4

ST398 D8 1/2 1/4 1/8 1/16 JE2 D82 1/2 1/4 1/8 1/16
P1 -8.1 -2.8 0.5 0.5 1.7 P1 72 33 -81 1.9 3.9
0.1 3.7 5.6 10.4 25 52 03 - 5.2 -1.8

P2 P2

112

P3 P3 2.0 1.2 96 3.0 -6.6
P4 P4 2.5 1.3 0.8
4.6 -5.1

P5 P5

13.6

- 9.2 8.0 -7.0

P6 P6

13.0 10.1
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Chapter 5: Discussion, Conclusions, and Future Perspectives

The research presented in the previous chapters provides insights into MRSA’s stress
response to environmental stressors such as lowered pH, temperature, and increased
salinity. These conditions simulate the stress encountered at wound sites, offering
potentially crucial knowledge to understand bacterial responses during skin infection
models: both an in vitro 3D skin model and an in vivo mouse model. Additionally, we
tested compounds with known antimicrobial activity and extracts from various species
with unknown activity, providing valuable insights into the potential and direction for using
antimicrobials to develop new treatments.

The first study, "Comparative Proteomic Profiling of Methicillin-Resistant Staphylococcus
aureus Under Varied Experimental Conditions," allowed us to characterize and study the
differentially expressed proteins (DEPs) during the stress response to evaluate and
understand how the bacterium shifts its metabolism in such situations. We found that
decreased pH and temperature led to reduced bacterial growth, which was explained by
a reduction in purine metabolism for the de novo synthesis of IMP. IMP serves as the
substrate for inosine 5'-monophosphate dehydrogenase (IMPDH), a growth rate-limiting
enzyme crucial for expanding the cellular guanine nucleotide pool, making IMPDH an
intriguing target for novel antimicrobial drugs (Juvale et al., 2019). This was further
highlighted in EC3 with added NaCl, demonstrating the bacterial metabolic shift response.
Moreover, in both conditions and strains, we observed significant decreases in DEPs
involved in sulfur metabolism, including cysteine synthase (CysK), known for its role in
oxidative stress defense (Tikhomirova et al., 2024). Both strains compensated for the

downregulation of cysteine by significantly increasing the expression of catalase protein
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(katA) and aldo/keto reductases, primary scavengers for H202 and detoxification,
respectively (Mandell, 1975; Lapthorn et al., 2013). We also noted a significant increase in
DEPs associated with arginine biosynthesis in both strains. Arginine plays a role in
producing ammonia (NH3), which raises levels of ammonium ions (NH4+), serving as a
buffer to regulate pH levels inside and outside of cells under acidic conditions (Cotter and
Hill, 2003). Apart from these similarities, we also noted differences in amino acid
metabolism responses. The JE2 strain showed increased expression of DEPs involved
in histidine and lysine metabolism besides arginine, while the ST398 strain downregulated
DEPs involved in valine, leucine, and isoleucine metabolism, indicating differences in their
stress management and adaptation strategies.

These observations were further highlighted in the skin infection models examined in the
second study, "Exploring S. aureus Proteome During Skin Infection: Comparative
Analysis of In Vivo and In Vitro Infection Models." We confirmed that arginine is essential
for bacterial growth, adaptation, and enhanced virulence during infection. We identified
proteins involved in arginine biosynthesis, such as carbamoyl transferase (ArgF) and
carbamate kinase (ArcC), in both strains and infection models, confirming our findings
from the first study. Furthermore, we found proteins involved in betaine biosynthesis, such
as BetA, which converts choline to betaine aldehyde (Rosenstein et al., 1999). This protein
was found in both strains and models and increased in EC3 in the first study. Betaine is
required for maintaining cellular integrity under osmotic stress, protecting proteins and
nucleic acids from salt stress, and maintaining osmotic homeostasis (Feng et al., 2022b).
This further confirms our findings, as there was previously insufficient evidence about the
osmotic characteristics of human skin infection sites. These similarities in protein
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expression served to validate our work. Additionally, we detected several proteins from
the in vivo model involved in different biological processes contributing to skin infection
development, including biofilm formation, oxidative stress, and other adaptive processes.
One such protein is FumC in the ST398 strain, validated to be involved in skin infection
and previously seen in patients with AD and cystic fibrosis (Howden et al., 2023), indicating
its potential as a target.

We also characterized the increasing DEPs from the in vitro skin infection, identifying
several interesting proteins that could contribute to skin infection. One of them is acid
phosphatase (SapS), found only in ST398. This protein decreased in EC2 and EC3 in the
first study, indicating it wasn't needed during stress but increased during the infection.
Mansour et al. described SapS as a novel virulence factor (Ahmad-Mansour et al., 2022),
and our findings support this, suggesting it as a potential target. We further compared
findings from the in vitro and in vivo models, identifying proteins expressed in the in vivo
model with significantly increased abundance in the in vitro infection model. Several
proteins involved in pyruvate metabolism were found in both models. Pyruvate regulates
the virulence of S. aureus by enhancing PVL production, necessary for infection (Harper
et al., 2018). Targeting pyruvate kinase (Pyk) and pyruvate fermentation (PfIB) could
disrupt pyruvate biosynthesis and attenuate bacterial virulence.

This study provides a comprehensive approach to tackling MRSA skin infections, whether
through a complex system (mouse immune response) or an easily manipulated skin
infection model resembling human skin infection but with greater feasibility for focusing
on the bacterium (3D skin model). The final chapter, focusing on antimicrobial screening,
provided insights into screening methods and purifying molecules exhibiting anti-
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microbial activity against MRSA. We found that paramagnetoquinones and
enduracyclinones are very effective against MRSA. The purification of elaiophylin and
nigericin highlights the potential of bacterial extracts.

This research has significantly advanced our understanding of MRSA stress adaptation,
protein expression during skin infection, and potential antimicrobial molecules for treating

different strains with varying epidemiological contexts.

The work presented in this thesis has great potential for further investigation and testing
in future studies. However, it also has some limitations that should be considered. For
instance, including more than two MRSA strains would be valuable, given that the two
studied MRSA strains are from different origins and exhibit different proteomic and
genomic profiles. Therefore, validating our studies on additional MRSA strains might
reveal similarities of targets across different strains. Another limitation is the investigation
of solely the intracellular proteome of the bacterium. A complementary study including the
extracellular proteome of the bacteria could provide a complete overview of the secreted
proteins and the changes in the bacterium's proteome and pathogenesis as well.
Therefore, we encourage future research to include more strains, perform full proteomics
analysis, and focus on using this data in a Genome-Scale Model (GSM) of S. aureus to
understand protein essentiality and redundancy for skin infection. This should be followed
by knock-out experiments of the identified potential proteins using the 3D skin model to
validate these targets. Additionally, testing the identified antimicrobial compounds' MIC
and their safety on skin infection, followed by studying the proteome to understand protein

expression differences in that context, could enhance the development of targeted
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antimicrobial therapies and improve our abilty to manage MRSA skin infections

effectively.
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