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Resumo

Staphylococcus epidermidis € um microrganismo oportunista que coloniza a pele e
mucosas. Esta bactéria é capaz de aderir a dispositivos médicos invasivos, formando biofilmes,
que sao comunidades de células microbianas rodeadas por uma complexa matriz extracelular e
tém um efeito protetor contra antibiéticos e o sistema imunitario do hospedeiro. Quando uma
infecdo ocorre, os macréfagos sao recrutados e produzem NO, um composto antimicrobiano.
Contudo, varios aspetos da resposta de biofilmes, especialmente de S. epidermidis, ao NO
continuam inexplorados. Neste trabalho, realizamos uma andlise direcionada do perfil
metabdlico e determindmos a composi¢do do biofilme de S. epidermidis para estudar a sua
sobrevivéncia a acdo nociva do NO. Observamos que em 1457 e RP62A, duas estirpes
clinicas, a quantidade de biofilme foi significativamente diminuida pelo NO, o que néo
aconteceu em 1457-M12, uma fraca produtora de biofilme. Mostramos também que, quando
exposta ao NO, as quantidades 2 vezes inferiores de biofilme produzidas em 1457, devem-se
possivelmente ao seu efeito deletério nas proteinas da matriz e no nimero de células viaveis,
que sdo respetivamente 2 e 4 vezes menores do que em biofilmes néo tratados. Em RP62A, a
reducdo do biofilme na presenca de NO pode ser explicada por uma diminuicao significativa (4
vezes) na viabilidade celular. Os nossos dados metabdlicos indicaram que a resisténcia das
estirpes produtoras de biofilme ao NO foi alcancada através de um aumento na atividade da
glicdlise e da lactato desidrogenase e da inibigdo de varias enzimas no nodo do piruvato, ciclo
de TCA, metabolismo de amino-acUcar e sintese de PIA. Para melhor elucidar este
comportamento, foi iniciada a otimizacdo de um protocolo de extracdo de metabolitos

intracelulares.

Em resumo, este trabalho contribuiu para o avanco do conhecimento sobre a forma
como os biofilmes, uma importante causa de infe¢des resistentes a antibidticos, resistem ao

stress nitrosativo.

Palavras-Chave:

Staphylococcus epidermidis, biofilme, stress nitrosativo, metabolismo central de carbono
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Abstract

Staphylococcus epidermidis is an opportunistic pathogen that colonizes the human skin
and mucosa. When it has the chance, this bacterium adheres to indwelling biodevices where it
starts the formation of a biofilm. Biofilms are functional communities of microbial cells
surrounded by a complex self-produced extracellular matrix of polymeric substances, which act
as a shield against the host immune system and antibiotics. Macrophages, which produce the
antimicrobial NO, are among the first cells to be recruited to fight biofilm infections. However,
guestions such as how biofilms respond to NO and, in particular, how S. epidermidis biofilms
adapt to NO remain unexplored. In this work, we performed targeted metabolite profiling
analysis and biofilm composition determination to uncover how S. epidermidis biofilms survive
the deleterious action of NO. We observed that NO significantly inhibits biofilm production in two
strong biofilm producers, namely 1457 and RP62A strains, but not that in 1457-M12, a weak
biofilm producer. Moreover, we showed that the lower biofilm amounts (2-fold) produced in 1457
exposed to NO, are most likely due to the deleterious effect of NO on biofilm matrix proteins and
number of viable cells, 2- and 4-fold less than in untreated biofilms, respectively. In RP62A, the
lower biofilm amounts in the presence of NO can be explained by a significant decrease (4-fold)
in cell viability. Additionally, our metabolic data indicated that resistance of biofilm-producing
strains to NO was achieved through an increase in the activity of glycolysis and lactate
dehydrogenase, and inhibition of several enzymes at the pyruvate node, TCA cycle, amino-
sugar metabolism, and PIA synthesis. To further elucidate this behavior, the optimization of an

intracellular metabolite extraction protocol was initiated.

Overall, this work contributed to the advance of knowledge on how biofilms, which are a

major cause of antibiotic-resistant infections, resist NO stress of the innate immunity.

Keywords:

Staphylococcus epidermidis, biofilm, nitrosative stress, central carbon metabolism
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1 Introduction

1.1 Staphylococcus epidermidis

Staphylococcus epidermidis is a Gram-positive, facultative anaerobe and cluster-forming coccus
(Fig. 1.1A) of the Staphylococcaceae familyl. This bacterium is the most common species of
Coagulase-Negative Staphylococci (CoNS) found in humans and colonizes asymptomatically every
individual's skin (epidermis) and mucosa!. An important characteristic of S. epidermidis is that it forms
biofilms, which are functional communities of microbial cells surrounded by a self-produced

extracellular matrix of polymeric substances (EPS)?2 (Fig. 1.1B,C).

Figure 1.1 - A) Scanning electron microscope image of Staphylococcus epidermidis cell clusters embedded in
EPS. Adapted from NIAID (https://www.niaid.nih.gov/research/michael-otto-phd), B) and C) Biofilm formed by
Staphylococcus epidermidis 1457. Adapted from Fey, P and Olson, M 2010.

The ability to form biofilms is what makes S. epidermidis a remarkable opportunistic pathogen*>.
Indeed, S. epidermidis is the major cause of biofilm-associated infections since the increased usage in
modern medicine of indwelling medical devices, such as central venous catheters, artificial heart
valves, prosthetic joints, ocular lenses, and pacemakers®’. The infections derived from S. epidermidis
biofilms occur mainly in immunocompromised people and are an important cause of primary
bacteremia®?. These infections are often indolent and can be very hard to diagnose, due to the
possibility of culture contamination, and to treat®. Although in its planktonic form S. epidermidis strains
may be susceptible to antibiotics, such as linezolid and daptomycin, in biofilms they can present
antibiotic resistance!, which implies an increase in minimal inhibitory concentration (MIC) for the
therapeutics. Methicillin resistance, due to the presence of the mecA genel, has been observed in
70% to 92% of S. epidermidis isolates derived from nosocomial infections and is often associated with
resistance to other antibiotics®. In hospital strains, resistance to aminoglycosides, macrolides,
tetracycline, vancomycin, and chloramphenicol has also been found, with variable frequencies!9.

Thus, the solution to treat S. epidermidis infections is very often the removal of the prosthetics.


https://www.niaid.nih.gov/research/michael-otto-phd

S. epidermidis 1457 and RP62A are the two clinical strains used in this work. They were first
isolated from infected intravascular catheters'12 and, since then, they became used, particularly in
biofilm-related research as both were described as strong biofilm producers!?-15, The 1457 strain has
been reported to be compliant with genetic manipulation and susceptible to antibiotics, such as
erythromycin® and methicilliné, and RP62A is a methicillin-resistant straini?17,

1.1.1 Biofilm as the major virulence factor of S. epidermidis

Most of the virulence genes of S. epidermidis described in the literature encode proteins and
exopolymers involved in biofilm formation (e.g. polysaccharide intercellular adhesion PIA) and immune
system evasion (e.g. poly-y-DL-glutamic acid PGA, pro-inflammatory molecules), rather than
components provoking direct harm to the host*5. For instance, unlike in S. aureus, toxins and invasins
production in S. epidermidis has been rarely observed®18, Even exoenzymes (e.g. metaloproteases
(SepA), proteases (Esp), and elastases'®) and phenol-soluble modulins (PSM), which can degrade
host tissues and membranes, respectively, have a special role in assisting biofilm formation in S.
epidermidis?41°. Moreover, the microbial surface components recognizing adhesive matrix molecules
(MSCRAMMS) and teichoic acids, which in many pathogens are known to be important for host
inflammation processes and colonization, have a major contribution to biofilm formation in S.

epidermidis through their adhesive properties (e.g. to host fibronectin)2.20.21,

Although there is a general lack of knowledge on the mechanisms of pathogenicity of S.
epidermidis, it is well established that biofilms represent a major virulence factor involved in

phenotypic resistance against antibiotics0.

1.1.2 Biofilm lifecycle
S. epidermidis varies phenotypically between planktonic and sessile life, the latter giving rise to a
biofilm community. This switch depends on the growth conditions and is marked by alterations in gene

expression?.

In general, biofilm formation is characterized by different phases of development. The first one is
the attachment of planktonic cells to a surface, followed by proliferation of the bacterial cells,
maturation of the biofilm, and then detachment®2 (Fig. 1.2).

The attachment (Fig. 1.2A) of planktonic cells occurs not only in abiotic surfaces, like prosthetics
and catheters, but also in biotic surfaces including the human tissue and the host protein matrix
covering the surface of a medical device!. The connection between the cells and the surfaces starts
with reversible weak interactions?? (i.e. Van der Waals and electrostatic) that are followed by stronger
forces, such as hydrogen or ionic bonds®. Although dependent on the material used?, the attachment
of cells to abiotic surfaces is usually enabled by hydrophobic interactions and by the action of the S.
epidermidis major autolysin (AtIE) and accumulation-associated protein (Aap)?3. When the attachment
occurs on a biotic surface, MSCRAMMs are the key players?. These molecules help the binding of S.

epidermidis to the host’s cells or cell matrix, allowing the bacteria to persist on the surface or inside



the body?. S. epidermidis has several different MSCRAMMSs with specificity to different human matrix
proteins like fibrinogen or fibronectin?.

After the attachment phase, the bacterial cells proliferate, and form aggregates due to adhesive
forces (Fig. 1.2B). This phase is characterized by cell division and secretion of biofilm components,
creating the EPS?. Then, disruptive forces start to occur inside the biofilm, leading to the formation of
its characteristic “channels and towers” three-dimensional structure, that allows fluids to travel through
the biofilm2. This maturation stage is marked by degradation of the biofilm polymers by enzymes, such
as nucleases and proteases, and other surfactant-like molecules, namely PSMs, which attack
noncovalent interactions. These molecules may also participate in the dispersion or detachment of
biofilm cells (Fig. 1.2C) that travel the host organism, eventually starting a second biofilm in a new

infection site2.
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Figure 1.2 - Phases of staphylococcal biofilm formation: attachment, proliferation, maturation, and detachment.
Adapted from Otto, M. et al., 2018

All the phases are regulated by several factors, including the Agr quorum-sensing system, a Sar-
family regulator, and the alternative sigma factor SigB2. The Agr system influences the structure and
disruption of the biofilm through the control of PSMs and proteases? and is regulated by Sar, which
also impacts ica (PIA) transcription. SigB is expressed during the stationary growth phase and under

stress conditions?.

1.1.3 Link between central carbon metabolism and EPS production

S. epidermidis is a facultative anaerobe that besides having a respiratory chain, also possesses
an Embden-Meyerhof-Parnas (glycolytic), pentose phosphate (PPP) and TCA cycle pathways for the
catabolism of glucose (Fig. 1.3). The synthesis of UDP-N-acetylglucosamine, a precursor of PIA,
which is a major EPS component in biofilm structures, is linked to glycolysis via the aminosugar
pathway (Fig. 1.3)23-25, In the transition from a planktonic to a biofilm lifestyle, the cells of S.
epidermidis shift the metabolism from aerobic respiration to fermentation?. Although data regarding the

activity of central metabolic pathways in biofilms is not available for S. epidermidis, in S. aureus



metabolomics and proteomics analysis of biofilms revealed repression of processes like
gluconeogenesis, amino acid biosynthesis, oligopeptide uptake and TCA cycle, when compared with

planktonic cells?6.
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Figure 1.3 — Schematic representation of central carbon metabolic pathways in S. epidermidis. Glucose is
oxidized to pyruvate via the Embden-Meyerhof-Parnas (glycolytic) pathway. Fructose-6-phosphate, an
intermediate of the glycolytic pathway, may be converted to N-acetylglucosamine, a PIA/PNAG precursor, in the
amino sugar pathway. Pyruvate can be reduced to several end-products, such as lactate and formate, and/or
acetyl-coA, which can be converted to acetate or alternatively to citric acid a TCA cycle intermediate. In
exponentially growing biofilms, when comparing with planktonic cells, genes coding for proteins involved in
fermentative reactions are upregulated and those coding for proteins of the TCA cycle are downregulated. PK-
pyruvate kinase; PDH - pyruvate dehydrogenase; LDH - lactate dehydrogenase; ALS - a-acetolactate synthase;
ALSD - a-acetolactate decarboxylase; PFL - pyruvate formate lyase; PTA - phosphate acetyltransferase; AK -
acetate kinase. Image created by the author of this thesis, Ana Rita Oliveira in BioRender.

S. epidermidis’ EPS is formed mainly by three different types of molecules, namely
exopolysaccharides, proteins, that are actively secreted, and extracellular DNA (eDNA), derived from
dead cells? (Fig. 1.4). Noteworthy, these components are not only part of the biofilm structure but also

play an important role in the inhibition of human antimicrobial peptides and phagocytosis®?.



One of the main exopolysaccharides of S. epidermidis is PIA2, a type of poly-B(1-6)-N-
acetylglucosamine (PNAG)?7, which is synthesized from UDP-N-acetylglucosamine by proteins
encoded by the ica operon (composed by the genes icaA, icaB, icaC, and icaD)!. The production of
PIA is high during the exponential phase of growth when glucose is plenty available and redirected to
aminosugar metabolism?82° (Fig. 1.4). This redirection of the metabolism has also been associated
with a decrease in glycolysis and tricarboxylic acid (TCA) cycle activity?®2° (Fig. 1.4). Once produced,
PIA confers to the biofilm its sticky properties?, due to its cationic nature, and promotes bacterial cell-
cell interactions by binding to the negatively charged elements on the surface of the bacteriad. PIA is

also a hemagglutinin and can reduce the activity of antimicrobial peptides (AMPs) and neutrophils?.

The protein content of S. epidermidis EPSs may be very diversified'. A very important class of
proteins in S. epidermidis biofilms is the PSMs, that are actively involved in immune evasion, biofilm
structuring and although rarely, may also be cytolytic'-?°. Another relevant protein is Aap which, due to
its ability to self-polymerize and form fibrils, is involved in intracellular adhesion®. MSCRAMMS, such
as the fibrinogen-binding protein SdrG/Fbe?! and surface protein J (SesJ)®, are cell wall-anchored
(CWA) proteins involved in attachment of the bacterial cells to the host, intracellular interactions, and
biofilm formation and maturation3. The extracellular matrix-binding protein (Embp) is involved in biofilm
formation by being part of the mechanism of adherence to fibronectin!, a host's protein that plays

important roles in cell adhesion3?.

In S. aureus the higher production of biofilm proteins was correlated with increased activity of the
TCA cycle®. Generally, high activity of the TCA cycle was observed for cells exposed to nutrient-
limited conditions, such as glucose depletion in the transition from exponential to stationary phase of

growth28:33,

Lastly, eDNA, with its strong anionic character, supports the formation of the biofilm?2 by interacting
with other biofilm components, such as proteins and polysaccharides34. Moreover, it has been
proposed that eDNA has also a role in gene transfer, innate immune response modulation, and
nutrient supply3®. The eDNA originates from cell lysis? and although in S. aureus TCA cycle
inactivation increases the amount of dead cells in the biofilm, it does not influence the amount of
eDNAS®, In Bacillus subtilis, increased eDNA production has been correlated with an increase in

nucleotide production and a more active TCA3S,

In general, the proportion of the polymeric substances in the extracellular matrix of S. epidermidis
varies among strains and depends largely on the growth nutritional and environmental conditions and

to some extent, on genomic differences, such as the presence of the icaADBC genes3"3,
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Figure 1.4 — Schematic representation of the EPS showing its main components: exopolysaccharide, protein,
and eDNA. Adapted from Koo et al., 2017.
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1.2 Immune System response to invasion by biofilm-producing bacteria

Overall, the immune system can be divided into innate and adaptive. Innate immunity, the first to
evolve, is very conserved, for example in the animal phyla, and is composed of the complement
cascade, toll-like receptors (TLR), and phagocytic cells394°, The innate immune system can distinguish
between self and nonself molecules but not among nonself molecules. This inability, if not regulated,
leads to an indiscriminate fighting of pathogens and beneficial microorganisms®. The adaptive
immunity is composed mainly of lymphocytes B and T. These cells can distinguish different nonself
molecules or antigens and initiate a response tailored to each pathogen, due to the production of
specific receptors (immunoglobulins and T-cell receptors, respectively)3®. Moreover, they can create a
long term memory of the pathogens they encounter during infections and respond faster to further

infections39.

Although being different, innate and adaptive immune systems cooperate, namely through
antigen-presenting cells (APCs). The APCs belong to innate immunity and stimulate the adaptive
immune cells by presenting them molecules that result from pathogen digestion. On the other hand,

the adaptive immune system influences the cells of its counterpart aiming to fight a specific target3°4°.

When biofilm-producing bacteria enter the host organism, they are recognized by pattern-
recognition receptors (PRRs), namely TLRs, on the surface of keratinocytes, fibroblasts, and
endothelial cells, resulting in the activation of innate immune cells?° (Fig. 1.5). T-cells, which produce
the interferon gamma cytokine responsible for enhancing phagocytes functions, have also been
identified in biofilm infections*!. Generally, S. epidermidis is recognized by TLR-2 through bacterial

soluble and cell wall components, such as PSM and lipoproteins, respectively?® (Fig. 1.5). However,
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other immune activation routes have also been described. For instance, the biofim EPS
exopolysaccharides, proteins and eDNA were shown to be recognized by TLR-2, TLR-5*2 and TLR-943
receptors, respectively. Then, neutrophils and macrophages trigger an inflammatory response
involving the coagulation and complement cascades, platelets, extracellular traps (NETs), AMPs,
oxygen and nitrogen radicals, and release of cathelicidin and lactoferrin that attack EPS, thus

preventing biofilm formation?220:41:43.44,

S. epidermidis

S. epidermidis soluble
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Figure 1.5 — lllustration of the human immune response to Staphylococcus epidermidis infection of the skin. After
penetration in the intercellular gaps of the skin, S. epidermidis (in purple) produces soluble factors (in red) that are
recognized by TLR (in green). Neutrophils (in blue) are recruited to the infection sites, AMPs (hBD3 in pink and
hBD3 in dark blue) production is induced, and the complement system (in orange) is activated. Adapted from
Nguyen, T. et al., 2017 and Reffuveille, F. et al., 2016.

Specifically, inside phagocytes, two main antimicrobial enzyme pathways are activated, the
NADPH phagocyte oxidase (Fig. 1.6A) and the inducible nitric oxide synthase (iNOS) (Fig. 1.6B). The
activity of these enzymes initiate a cascade of reactions that lead to the formation of reactive oxygen

species (ROS) and reactive nitrogen species (RNS), that kill bacteria*®.
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Figure 1.6 — lllustration of enzymatic reactions occurring inside phagocytes when exposed to bacteria (A)

Synthesis of superoxide (O2) by NADPH phagocyte oxidase, from NADPH and O2 and (B) Synthesis of nitric
oxide (NO) by nitric oxide synthase, from L-arginine, oxygen and NADPH. Adapted from Kellner, M. et al., 2017
and Grayfer, L. et al., 2018.

Nitric oxide synthases catalyze the conversion of L-arginine to L-citrulline and NO-, by reducing
oxygen and oxidizing NADPH*6 (Fig. 1.6B). There are three different human isoforms of nitric oxide
synthases, however it is the inducible isoform 2 or INOS that produces larger amounts of NO and is
involved in the killing of bacteria by phagocytes*. In accordance with its name and function, iNOS is
not always present in the cells, only being expressed when its transcription is stimulated by molecules,

such as proinflammatory cytokines or bacterial lipopolysaccharides*546.

NO is known to be involved in several processes, from pathogen control to autoimmune
diseases*’, acting as an anti-viral or antimicrobial, pro- or anti-inflammatory, and cytotoxic or
cytoprotective substance*’. Being a diatomic free radical, NO diffuses the bacterial membranes and
modifies intracellular targets*®. Generally, the response of biofim forming bacteria (e.g.
Staphylococcus aureus, Bacillus subtilis, and Nitrosomonas europaea) to NO involves changes in
their lifestyle*. For instance, bacteria exposed to low levels of NO (in the nanomolar range) show an
increased transition from biofilm to planktonic lifestyle®%4° through mechanisms like two-component
signal transduction, quorum sensing, and/or cyclic-di-GMP concentration variation®. Other studies
suggest that high (micromolar) concentrations of NO mutate the DNA of pathogens or prevent DNA

repair by altering protein synthesis regulation and modification47:51.52,

Nitric oxide is converted into other deleterious reactive nitrogen species (RNS), such as nitrogen
dioxide (NO2") and peroxynitrite (ONOOQO). These radicals react with different targets inside the cell,
namely thiols, metals (e.g. in zinc metalloproteins), tyrosines, nucleic acids, and lipids*547:53 (Fig. 1.7),
thus interfering with cellular processes, such as respiration and DNA replication. Under low oxygen
conditions and in the presence of RNS, S. epidermidis presents low biofilm formation. In general, cell
death and dispersal, induction of icaR transcription, and downregulation of the genes coding for Aap

and AtIE have been proposed as mechanisms involved in biofilm reduction triggered by NOS51,5455,
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However, in S. epidermidis, there is still a big gap in knowledge in what concerns the effect of nitric

oxide on the biofilm matrix.
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Figure 1.7 — Intracellular targets of nitric oxide in bacteria. Image created by the author of this thesis, Ana Rita
Oliveira in BioRender.

1.2.1 Immune system evasion mechanisms of S. epidermidis biofilm infections

One of the main strategies of S. epidermidis to evade the immune system is through biofilm
formation3. The high cell density and dense extracellular matrices of the biofilms prevent C3b, a
molecule involved in the complement system action, and immunoglobulin G (IgG) deposition, hamper
phagocytes movement and bacterial engulfment?3556 and allow horizontal gene transfer and
conjugation between bacteria in the biofilm35. Moreover, the effect of deleterious molecules, such as
AMPs and antibiotics, on the biofilms is less lethal than in floating cells. For instance, the MICs of
antibiotics against biofilms are increased 10 to 1000 times relative to those against their planktonic
counterparts? (Fig. 1.8). Furthermore, biofilms contain “persister” or dormant cells, which due to their
low activity in the flow of genetic information and energy metabolism are less responsive to

antibiotics3®.
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Figure 1.8 — S. epidermidis biofilms evading the immune system. The biofilms protect bacteria against
opsonization, phagocytosis, complement deposition, and AMPs action. Adapted from Le, K. et al., 2018.

1.2.2 Defenses against nitrosative stress of the innate immunity

Most microorganisms have evolved strategies to survive exposure to the antimicrobial nitric oxide
(NO), which includes detoxifying enzymes, repair proteins, and metabolic adaptations50:57-59,

Strategies used by planktonic cells of different bacteria to overcome NO stress are described below.

Detoxifying enzymes

Several NO detoxifying enzymes have been described, among them globulins, flavorubredoxin,
and other NO-reducing proteins, being flavohemoglobin the most studied®. Flavohemoglobin (Hmp) is
a hemoglobin-like protein, which has in its N-terminal a heme-containing globulin and in its C-terminal
a NAD and FAD binding domains (oxidoreductase domain). This protein exists in several
microorganisms, and is responsible for the detoxification of NO>>57, by converting nitric oxide into
nitrate (NOs3?) (Fig. 1.9) and nitrous oxide (N20), under aerobic and anaerobic conditions,
respectively®’. In E.coli and S. aureus flavohemoglobin was shown to be active under nitrosative

stress conditions, however, its role in S. epidermidis is unknown®7,
2NO + 20, + NAD(P)H - 2NO3 + NAD(P) + H*

Figure 1.9 — Chemical equation of NO detoxification by flavohemoglobin, under aerobic conditions.
Repair proteins
DNA and protein damage by nitrogen reactive species prompts the activation of several bacterial

systems to repair the altered cell components®®. Repair of iron centres (RIC) family of proteins®? and

the iron-sulphur cluster (ISC) system®® are found in several bacteria as nitric oxide is known to attack
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the metal centres of proteins®. Moreover, DNA damage by nitrosative stress limits bacterial growth in
the host, justifying the need for bacterial DNA repair mechanisms. Mutation-Frequency-Decline (Mfd)
protein, among other functions, resolves transcriptions halted by DNA damage, and the base excision

repair system is responsible for the removal of damaged nucleobases from the DNA backbone®5-67,

Metabolic adaptations

In several microorganisms, nitric oxide is known to attack proteins involved in central carbon
metabolism through several different mechanisms. In S. aureus, studies showed that NO decreases
the activity of the respiratory chain by downregulating ndhF, which codes for NADH dehydrogenase
subunit 5%8. Moreover, NO was also shown to inhibit the activity of aconitase (TCA cycle), pyruvate
dehydrogenase and pyruvate formate lyase (pyruvate node)®®79, and to increase the glycolytic
activity®8. Furthermore, nitrosative stress activates important enzymes, namely lactate dehydrogenase

(LDH) and alpha-acetolactate synthase (ALS), involved in redox (NAD*/NADH) and pH balance of the
Ce||58,59,7l—73_

1.3 Aims

Staphylococcus epidermidis is an opportunistic pathogen that was for a long time seen as
innocuous®. However, in recent years many studies proved that this microorganism is a significant
cause of biofilm-associated infections related to the use of indwelling medical devices and called

attention to the need of combating this pathogen.

Therefore, it is of main importance to study the mechanisms of biofilm pathogenicity.
Regarding the lack of knowledge on how Staphylococcus epidermidis biofilms respond to nitrosative

stress, an important antimicrobial of the immune system to fight pathogens, in this work we aimed to:

e Construct a S. epidermidis mutant of hmp (flavohemoglobin), coding a protein known to
contribute to NO protection in several microorganisms, and assess the contribution of Hmp to
biofilm formation

¢ Investigate the effect of nitrosative stress on the biofilm formation capacity of Staphylococcus
epidermidis cells by:

o determining the amounts of total biofilm and matrix components formed by cells
exposed to NO
o accessing the viability of the biofilm and biofilm released cells under stress conditions

e Study how S. epidermidis metabolism adapts and responds to nitrosative stress by:

o performing metabolite profiling analysis of extra and intracellular metabolites of S.
epidermidis cells exposed to NO stress
o analyzing the impact of the metabolic alterations caused by NO on biofilm matrix

components
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2 Materials and Methods

2.1 Bacterial strains, media, and growth conditions

The strains of bacteria used in this study are listed in Table 2.1 and were stored in 25% (v/v)
glycerol (Merck) at -80°C. Pre-inoculum cultures of Staphylococcus epidermidis and Escherichia coli
were routinely started at 1% (v/v), from -80°C stocks, in TSB (Difco) and LB (Carl Roth), respectively,
and let grown overnight or until exponential phase (4-5 h) at 37°C and 150 rpm. On Petri dishes, S.
epidermidis was grown on TSA (Difco) whereas E. coli cells were grown on LA (Difco), at 37°C. When
using thermosensitive plasmids, in transformation experiments, S. epidermidis and E. coli were grown
at 30°C, and when appropriate, liquid and solid media were supplemented with erythromycin (5 pg/mL,
Sigma-Aldrich) or with a combination of erythromycin (5 pg/mL, Sigma-Aldrich) and spectinomycin
(100 pg/mL, Sigma-Aldrich).

Table 2.1- Strains and plasmids used in this study

Strains/Plasmids Description Source

S. epidermidis
Rohde, H. University of

1457 Clinical isolate from a central venous catheter infection, Hamburg, Germany

methicillin-sensitive, biofilm (+) and icaADBC (PIA) (+)

1457-M12(also referred 1457 ApurR::Tn917 mutant, erythromycin resistant, Rohde, H. University of

in this work as M12) weak biofilm producer and PIA defective, amenable to Hamburg, Germany
transformation

Gotz, F. University of

RP62A Clinical isolate from an intravascular catheter- Ttbingen, Germany

associated infection, methicillin-resistant, biofilm (+) and
icaADBC (PIA) (+)

S. aureus
RN4220 Restriction-defective derivate of NCTC8325-4, Asaul
hsdR
E. coli
DH5a Transformable E. coli K12 derivative Rohde, H. University of
Hamburg, Germany
DC10B Restriction-defective derivative of E. coli K12 DH10B, T F_oster, Trinity - College
Dublin, Ireland
Adcm
Plasmids
PMAD-hmp Thermosensitive pMAD plasmid harboring the hmp Laboratory stock
gene; SpcR
- . Rohde, H. niversi f
PBASEG Temperature-sensitive shuttle vector derived from ohde University o

Hamburg, Germany

Rohde, H. University of
Hamburg, Germany

pKOR1 and pBT2

pBASEG6-erm/lox1 or pBASEG6-derived plasmids; ErmR
pBASEG6-erm/lox2

Abbreviations: SpcR, spectinomycin resistance; ErmR, erythromycin resistance.
purR, repressor of the pur operon (purine synthesis); dcm, Dcm methylase (restriction systems)
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2.1.1 Growth conditions for biofilm experiments

S. epidermidis cells were grown statically at 37°C in 4 and 2 mL of DMEM (Gibco, ref.
31966021) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, ref. 10270106)
on 6- and 24- well polystyrene tissue culture plates (Sarstedt), respectively. Alternatively, cells were
grown on 96- well plates (Sarstedt) containing 200 pL of TSB. The DMEM+FBS and TSB media were
inoculated to an ODsoo Of 0.05 from freshly diluted exponential (4-5h) pre-inoculum cultures of S.
epidermidis before the filling of the wells (3-4 wells per strain and condition). After 2 hours of
incubation at 37°C, the cells (circa 10"8 CFUs/mL) were left untreated or exposed to 1-2 mM (DMEM
and TSB media respectively) of freshly prepared DETANONOate (40 mM in 0.01 M NaOH, ACROS
Organics) and the plates incubated for more 46 h. The DETANONOate NO donor has a half-life at
37°C of 20 h.

2.2 Construction of S. epidermidis 1457 hmp deletion mutants
The oligonucleotide primers used in this work are listed in Table 7.1.

2.2.1 Construction of S. epidermidis 1457 hmp deletion mutant using pMAD

The construction of the pMAD-hmp plasmid (12124 bp) for allelic replacement mutagenesis of the
1457 hmp gene and its transformation into E. coli DH5a and S. aureus RN4220 were not performed in
this work and are described in chapter 7.1.1. After transformation of the plasmid into S. epidermidis
1457-M12 (chapter 7.2.1) and confirmation of pMAD-hmp positive colonies by colony PCR using the
primers pairs pMAD_fw and pMAD_rev (chapter 7.2.5), the transformants were grown overnight (o/n)
at 30°C in TSB containing erythromycin and spectinomycin, and two methods for the extraction of the

pMAD-hmp plasmid from the cells were employed:

1. QlAprep Spin Miniprep Kit (QIAGEN) combined with peptidoglycan hydrolytic enzymes and
bead beating. 4 mL of the o/n culture were centrifuged at 6800 x g for 3 min. The resulting cell
pellet was resuspended in 250 uL of buffer P1 (QIAGEN) and digested with lysostaphin (0.08
mg/mL, Sigma-Aldrich), lysozyme (4 mg/mL, Sigma-Aldrich) and mutanolysin (0.08 KU/mL,
Sigma-Aldrich), at 37°C for 1 h. Cells were then disrupted by bead beating (Minilys personal
homogenizer, BERTIN INSTRUMENTS) with two 1-min cycles at 5000 rpm, with 1-min
intervals on ice. After bead removal (centrifugation at 11337 x g for 10 min), 250 pL of buffer
P2 (QIAGEN) was added to the supernatant and the protocol was finished according to the

QIAprep Spin Miniprep Kit manufacturer’s guidelines.

2. Alkaline lysis plasmid extraction method. The alkaline lysis extraction method was performed
as in Lindgren, J. 201474 and is described as follows., 8 mL of the o/n culture were centrifuged
for 10 min, at 6000 x g. Then, cell pellets were homogenized in 1 mL of 3% (w/v) sodium

chloride (Carl Roth), centrifuged again at 6000 x g for 10 min and resuspended in 150 pL of a
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solution containing 20 mM Tris—HCI (Carl Roth, CARLO ERBA), 50 mM EDTA (Carl Roth) and
0.58 M sucrose (Sigma-Aldrich), pH 7.5. Afterward, lysostaphin (0.07 mg/mL, Sigma-Aldrich)
and lysozyme (13 mg/mL, Sigma-Aldrich) were added, and the homogenized cells were
placed on a 37°C water bath for 30 min to allow high activity of the enzymes. Once the
enzymatic digestion was completed, the samples were suspended in 300 pL of fresh 0.1 M
NaOH (EKA) and 1% SDS (Carl Roth) solution and incubated on ice for 5 min. Then, 225 pL
of potassium acetate (1.5 M, pH 4.8, Merck) was added to the digested samples and these
were again incubated on ice. The cell lysate was centrifuged at 10000 x g for 10 min and the
supernatant was transferred to a new microcentrifuge tube containing 500 pL of a
phenol:chloroform:isoamyl alcohol (25:24:1, Carl Roth, Merck, Sigma-Aldrich) solution, to
allow for separation of proteins. The tubes were vortexed and centrifuged at 11337 x g for 5
min and the top aqueous layer that contains nucleic acids was transferred to a new
microcentrifuge tube, where two volumes of 100% ethanol were added to precipitate the DNA.
The tubes were then frozen at -80°C for 20 min. Subsequently, the samples were centrifuged
for 15 min at 12000 x g and 1 mL of 70% ethanol (Merck) was added to the pellet. After
centrifugation in the same conditions, the tubes were left open in the hotte for about 1 h until

all the ethanol has evaporated. The DNA pellet was dissolved in 40 pL of milli-Q water.

The extracted DNA was quantified in a Nanodrop ND-1000 UV-visible spectrophotometer
(Thermo Fisher Scientific) and visualized on a 1% agarose gel in TAE buffer after a run at 80V, 400

mA for 40 min.

2.2.2 Construction of S. epidermidis 1457 hmp deletion mutant using pBASE6 and
pBASEG6-derived plasmids

pBASEG6

In 1457 strain, the hmp gene forms a monocistronic operon. For the construction of the
pBASE6-hmp plasmid (8554 bp), the upstream (1156 bp, fragment A) and downstream (867 bp,
fragment B) regions of the hmp gene were PCR amplified from the 1457 genomic DNA using the
following pairs of primers: hmp_fw_A / hmp_rev_A and hmp_fw_B / hmp_rev_B (Table 7.1 and 7.2).
The resulting PCR products and pBASEG6 plasmid, which was extracted from E. coli DH5a using the
QIAprep® Spin Miniprep Kit (QIAGEN), were digested with EcoRI, Xmal and EcoRV. Afterward these
fragments and the linearized pBASEG6 were ligated (Table 7.3) using T4 DNA ligase (NEB), at 16°C for
16 hours in two different ways. First, by performing a single reaction with both fragments and the
plasmid and secondly, by ligating fragments A and B and then the resulting AB fragment to the
plasmid (Fig. 2.1). This construction was then transformed by chemical competence into E. coli
DC10B, which was grown at 30°C (chapter 7.2.4). The screening for positive colonies was performed
by colony PCR (chapter 7.2.5).
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Figure 2.1 — Schematic representation of the construction of the pBASE6_hmp plasmid. Fragments A and B
represent the upstream and downstream regions of the hmp gene (in blue) from S. epidermidis 1457 genome.
The arrows indicate primers used to amplify the A and B fragments. Enzymatic digestion of the fragments A and
B and of pBASE6 plasmid exposes blunt and cohesive ends that allow ligation of both fragments and to the
digested pBASEG6 plasmid, creating the pBASE6_hmp plasmid.

pBASEG6-erm/lox1 and pBASE6-erm/lox2

The pBASEG6-erm/lox plasmids 1 and 2 (9855 bp) are derived from pBASE6 plasmid and
contain erythromycin cassettes (chapter 7.1.2), allowing for selection of erythromycin resistant clones.
For the construction of pBASE6-erm/lox1_hmp and pBASE6-erm/lox2_hmp plasmids, up- (1167 bp,
A) and downstream (878 bp, B) DNA fragments of hmp were obtained by PCR amplification using the
primer pairs 2hmp_fw_A / 2hmp_rev_A and 2hmp_fw_B / 2hmp_rev_B (Table 7.1) and gDNA of 1457
as template. Then, the resulting fragments A and B were digested with Sall/Nhel and Sacl/EcoRl,
respectively, and cloned one at a time into the Sall/Nhel and Sacl/EcoRI sites of pBASEG6-erm/lox
plasmids (Fig. 2.2). E. coli DC10B (chapter 7.2.4) was used as the cloning host. Transformants were
selected in LA with erythromycin and screened for plasmid incorporation by colony PCR (chapter
7.2.5). Alternatively, fragments A and B amplified with the primer pairs 2hmp_fw_A / A Erm and
B_Erm / 2hmp_rev_B, respectively, were by means of splicing by overlap extension polymerase chain
reaction (SOE-PCR) fused to an ErmR gene amplified from pBASEG6-erm/lox2 with the primers Erm_fw
and Erm_rev (Table 7.1). The resulting fragment (Fig. 2.3) was visualized on a 1% agarose gel in TAE
buffer (ran at 80V, 400 mA for 40 min), extracted and purified using the QIAquick® Gel Extraction Kit
(QIAGEN).
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Figure 2.2 — Schematic representation of the construction of the pBASE6-erm/loxl_hmp and pBASEG6-
erm/lox2_hmp plasmid. Fragments A and B represent the upstream and downstream regions of the hmp gene (in
blue) from S. epidermidis 1457 genome. The arrows indicate primers used to amplify the A and B fragments.
Enzymatic digestion of the fragments A and B and of pBASEG-erm/lox1 and pBASE6-erm/lox2 exposes cohesive
ends that allow for ligation of the fragments, one at a time, around the ermB cassette (in pink), in the digested
pBASE6-erm/loxl1 and pBASE6-erm/lox2 plasmids, creating the pBASE6-erm/lox1_hmp and pBASEG6-
erm/lox2_hmp plasmids.
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Figure 2.3 — Schematic representation of the construction of the AermBB fragment using SOE-PCR. Fragments
A and B represent the upstream and downstream regions of the hmp gene (in blue) from S. epidermidis 1457
genome and ermB represents the erythromycin resistance cassette (in pink) in the pBASE6-erm/lox2 plasmid.
The arrows indicate primers used to amplify the A, B and ermB fragments. A and B fragments include a sequence
complementary to the ermB fragment (in pink) which allows for a SOE-PCR reaction to ligate the three fragments,
forming the AermBB fragment.

2.3 Assays for the quantification of biofilm components

S. epidermidis biofilms of 1457-M12, 1457, and RP62A strains, exposed and unexposed to
NO, were grown on 24- and 96- wells flat plates in DMEM+FBS and TSB, respectively, as described
above. For the determination of the relative amount of protein, the 48 h biofilms were treated with
sodium periodate (40 mM, Sigma-Aldrich) for 24 h at 4°C. On the other hand, biofilm
exopolysaccharide levels were determined by treatment with proteinase K (1mg/mL, Sigma-Aldrich)
for 4 h at 37°C. Subsequently, biofilms were washed 1 to 2 times with PBS (1x — 10 mM NazHPO4
(Carl-Roth), 1.8 mM KH2PO4 (Sigma-Aldrich), 137 mM NacCl (Carl Roth), 2.7 mM KCI (Carl Roth), pH
7.4) and heat-fixed at 65°C for at least 2 h. Biofilms were then stained with crystal violet (CV) as
follows: 2 mL (for 24-wells plates) or 200 uL (for 96-wells plates) of CV (1% (v/v), Merck) were added
to each well and stained biofilms incubated for 20 min at RT. Afterward, each well was washed twice

with 1 volume of PBS (1x) and 1 volume of glacial acetic acid (33% (v/v), Carlo Erba) was added. After
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10 min of incubation, the crystal violet resuspended in the glacial acetic acid, and CV absorption was

read at 590 nm. Untreated biofilms were also stained with CV to obtain the total amount of biofilm.

2.4 Biofilm and biofilm released cell viability

Cell viability in the biofilms and in the supernatant was determined. The medium in each well was
collected to a microcentrifuge tube. The biofilms were collected from the 24- and 96- well plates to
microcentrifuge tubes in 1 mL or 100 yL of PBS (1x), respectively. Then, the buffered biofilms were
vortexed for 30 sec, sonicated (Bioruptor® Plus Sonication System) for 12 cycles (10 sec ON, 30 sec
OFF, on high setting), vortexed again and centrifuged at 11337 x g for 1 min at RT. The resulting cell
pellets were suspended in 2 mL or 200 pL of PBS (1x). For both cases, serial dilutions were plated,

and colony-forming units formed per mL were counted.

2.5 Preparation of samples for quantification of extracellular
metabolites by 'H-NMR

S. epidermidis biofilms were grown as described above for 48 h and 100 pL of the floating media
were collected and centrifuged at 1000 x g for 1 min. After that, 200 uL of cold (-80°C) LC-grade
methanol (Merck) were added to each supernatant, the mixtures were incubated in dry ice for 30 min
and then centrifuged at 16000 x g, at 4°C for 20 min for the precipitation of FBS. The supernatants
were placed in a N2 streaming for approximately 2 h until all the methanol had evaporated and the
precipitates were stored at -20°C until further analysis. The metabolites present in the samples were

analyzed by H-NMR, as described befores.

2.6 Optimization of intracellular metabolite extraction protocols from S.
epidermidis 1457 biofilms

S. epidermidis 1457 biofilms, untreated or treated with NO, were grown in 6-well plates in
DMEM+FBS, as described above. Extraction of intracellular metabolites was performed by four

different techniques, based on previous protocols’-77, as follows.

1. Biofilms were resuspended in 10 mL of a saline solution (0.85% (w/v), Carl Roth) at 30°C,
filtered (0.22 micron filter, Millipore), washed twice with the same saline solution, and frozen in liquid
nitrogen. To extract the metabolites, 1 mL of methanol at -20°C (Merck), 1 mL of chloroform at -20°C
(Merck) and 0.9 mL of ice-cold Milli-Q water were sequentially added to the biofilms. After each
addition, the cells were immediately vortexed for 1 min. The mixture was centrifuged at 7215 x g at —
10°C for 10 min.

2. The biofilms were resuspended in 6 mL of ice-cold PBS (1x) and centrifuged at 3200 x g for
10 min at 4 °C. Then 1.6 mL of ice-cold aqueous methanol (Merck) at 80% (v/v) were added to the
pellets and the solutions were incubated at -80°C for 1 h. After incubation, addition of 2.4 mL

chloroform (Merck) to the cells was performed and the mixtures vortexed five times for 30 sec with 1-
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min intervals on ice. Subsequentially, the cells were mixed with 2 mL of 0.2 M ammonium hydroxide

(Honeywell Fluka), vortexed as before and then centrifuged at 3200 x g for 15 min at 4 °C.

3. Biofilms were resuspended in 6 mL of sterile PBS (1x) and centrifuged at 1482 x g and
25°C for 10 min. The pellets were immediately frozen in liquid nitrogen, washed with 24 mL of 60%
ice-cold methanol (Merck), centrifuged at 1677 x g at 25°C for 10 min and resuspended in 1 mL of a
2:1 ice-cold methanol/chloroform solution (Merck). The cells were then sonicated for 15 min in a bath
sonicator (Branson 5200 Ultrasonic Cleaner) and afterward 1 mL of 1:1 aqueous chloroform solution

(Merck) was added to the cells. The samples were centrifuged at 1677 x g and 25°C for 10 min.

4. Biofilms were collected in 6 mL of ice-cold PBS (1x) and centrifuged at 3200 x g and 4°C for
10 min. The pellets were resuspended in 1 mL of 2:1 ice-cold methanol/chloroform solution (Merck),
sonicated 3 x 10 sec (30% power, ~50 pulse, Dr Hielscher UP200S) and then 300 pL of a 1:1 aqueous
chloroform (Merck) solution were added to the cells. The mixtures were vortexed 3 x 10 sec and
centrifuged at 3200 x g and 4°C for 10 min.

All the final supernatants were lyophilized and stored at -80°C until analysis by 3'P-NMR, as
previously described’s.
2.7 Statistical analysis

The program used for statistical analysis was GraphPad Prism (GraphPad software version
5.01, California, USA). Comparison of the results was made using two-tailed unpaired t-tests with a

95% confidence interval.

2.8 Author contributions

Ana Rita Oliveira performed all the work of this thesis, with the exception of the construction of
pMAD-hmp plasmid and NMR analyses. The pMAD-hmp plasmid was constructed by Claudia Freitas

and NMR analyses were done by Dr2 Sandra Carvalho.
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3 Results and Discussion

In hosts, Staphylococcus epidermidis biofilms are exposed to nitric oxide and other deleterious
reactive nitrogen species generated from cells of the innate immunity51.7989, |In general, bacterial
pathogens defend against NO by activating detoxifying enzymes and repairing proteins and by means
of complex metabolic adaptations®%5°5, Despite the clinical relevance of S. epidermidis, due to biofilm
infections, proteins and metabolic adaptation mechanisms involved in the survival of this bacterium to
NO remain largely unknown. In this work, we proposed to elucidate: 1) the physiological function of
Hmp in S. epidermidis biofilms exposed to NO by deleting the hmp gene of strain 1457; 2) the role of
central carbon metabolism in the adaptation of S. epidermidis 1457 to NO and its implications in

biofilm formation.

3.1 Construction of a hmp mutant of S. epidermidis strain 1457

The S. epidermidis 1457 genome contains a gene predicted to encode a flavohemoprotein like
protein (hmp, B4U56_10385). Thus, this gene was selected for allelic replacement mutagenesis to

determine its function.

3.1.1 Construction of S. epidermidis 1457 hmp mutant using the pMAD plasmid

Stocks of the pMAD-hmp plasmid (12124 bp) were already available in our laboratory. The
construction of this plasmid and its transformation into E. coli DH5a and S. aureus RN4220 is
described in chapter 7.1.1 and was based on literature protocols®. In this work, the pMAD-hmp
plasmid was transformed into S. epidermidis 1457-M12, and SpcR positive transformants were
identified by colony PCR (Fig. 3.1). It should be noted that the choice to transform 1457-M12 prior to
1457 was based on the description that electroporation to deliver plasmids into other S. epidermidis
strains, such as 1457, is more efficient after their passage in PIA- and biofilm-defective mutant 1457-
M128283, The positive colonies showed bands in the agarose gel between 2000 and 3000 bp, which
match the expected size of the colony PCR product (2727 bp) that confirms the presence of the
pMAD-hmp plasmid (Fig. 3.1).

1 < 3 g 5 8 78 9101112131415

Figure 3.1 — Agarose gel showing the products amplified by 1457-M12 colony PCR using the primers pMAD_fw
and pMAD_rev (Table 7.1) to confirm the presence of the pMAD-hmp plasmid. Colony PCR products from 14
colonies (lanes 2 to 15) are shown, from which 7 showed the expected band size of 2727 bp. The electrophoresis
was performed in 1% agarose gel in TAE buffer, 80V, 400 mA for 40 minutes using a 1 kb ladder (lane 1).
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To extract the pMAD-hmp plasmid from the S. epidermidis 1457-M12 strain we have
employed several extraction methods designed for staphylococci, but only two resulted in significant
extraction of DNA (chapter 2.2.1 and Fig. 3.2).

Optimization of DNA plasmid extraction with a commercial kit

In S. epidermidis 1457-M12 strain, the extraction of the pMAD-hmp plasmid using the QlAprep
Spin Miniprep Kit (QIAGEN) technique, which involves chemical lysis, combined with lysozyme and
lysostaphin digestion, did not result in significant amounts of DNA (data not shown). In our laboratory,
this method has been successfully used to extract plasmid DNA from Staphylococcus aureus RN4220
(up to 2.6 pg). Lysozyme is a MurNAcB(1—4)GIcNAc peptidoglycan hydrolase and lysostaphin is a
glycylglycine endopeptidase that cleaves the cross-linking pentaglycine bridges of the peptidoglycan
of several staphylococci species®*. Even though the resistance of staphylococci to traditional
methods of lysis, such as lysozyme and detergents?485, is common and the resistance of S.
epidermidis to lysostaphin is dependent on the amount of glycine residues that are replaced by serine
in the pentapeptide cross-bridges®87, an unsuccessful extraction of the plasmid from 1457-M12 strain
was not expected. Thus, we hypothesized two scenarios: cell lysis in S. epidermidis was hampered by
the presence of matrix polymers surrounding the cell wall, namely polysaccharides and poly-y-DL-
glutamic acid (PGA), which are far more abundant in S. epidermidis than in S. aureus?28889 and/or S.
epidermidis possesses a resistance mechanism that shielded, inhibited or destroyed the activity of the
peptidoglycan hydrolytic enzymes. In accordance with these hypotheses, the addition of a step that
consisted of mechanical disruption with beads, used in several DNA extraction methods®-92, and
mutanolysin, an enzyme that targets the peptidoglycan MurNAcB(1—4)GIcNAc linkages in O-
acetylated peptidoglycans, widely used to lyse Streptococcus pneumoniae cells%:°4, increased the
yield to 2.6 pg of DNA. It should be noted that the amounts of DNA extracted by adding bead beating
and mutanolysin separately to the initial protocol, involving the use of the Qiagen kit with added
lysozyme and lysostaphin digestion, were significantly lower (at least 6.5-fold) than those obtained by

adding both bead beating and mutanolysin.

Plasmid DNA extraction by alkaline lysis

The alkaline lysis method for the extraction of DNA in S. epidermidis strains8’, which involves
chemical lysis®, was used to isolate the pMAD-hmp plasmid from S. epidermidis 1457-M12, yielding 8
pg of DNA, a value 3-fold higher than that obtained with the QIAprep Spin Miniprep Kit (QIAGEN)

combined with lysozyme, lysostaphin, mutanolysin, and bead beating.

Although we obtained significant amounts of DNA to proceed with S. epidermidis 1457
transformation, the extracted DNA from 1457-M12 did not correspond to the pMAD-hmp plasmid
(12124 bp), as shown by the band profile, on agarose gel, when comparing with that of pMAD-hmp
previously extracted from S. aureus RN4220 (Fig. 3.2). Further confirmation was performed by
digesting the DNA with EcoRV, which did not originate the expected two bands of 4233 bp and 7891
bp, as obtained from the digestion of pMAD-hmp extracted from RN4220 (Fig. 3.3). Most likely, the
isolated DNA corresponds to the cryptic plasmid (> 10 kb) of S. epidermidis 14579,
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An answer to the question as to why we lost the pMAD-hmp plasmid present in 1457-M12
colonies is difficult to put forward. A possible explanation is the loss of the pMAD-hmp plasmid during
the 36 h growth of 1457-M12 at 30°C in TSB containing erythromycin and spectinomycin before
extraction. Competition of the cryptic plasmid with pMAD-hmp by two different strategies was also
hypothesized. As it has been described, two different but related plasmids cannot coexist stably in the
same host cell, especially when competing for replicatory machinery®’. However this is not very likely,
as pMAD is derived from pE19481, a plasmid that names one of the four main groups of small (<8 kb)
staphylococci plasmids, defined by their replication initiation gene, and the extracted plasmid is bigger
than 10 kb and hence probably in a different incompatibility group®. It may also happen due to
partitioning incompatibility®®1%, since there is no information about the segregation strategy of the
extracted plasmid. Considering the difficulty of plasmid curation from S. epidermidis strains, we

proceeded with a new approach to construct the hmp mutant.

A B

Figure 3.2 — Plasmid DNA extracted from S. aureus RN4220 (A, lane 2) and S. epidermidis 1457-M12 (A, lane 3
and B, lane 4) using the QlAprep Spin Miniprep Kit from QIAGEN combined with hydrolytic enzymes and bead
beating (A) and the alkaline lysis method (B). The electrophoresis was performed in 1% agarose gel in TAE buffer
at 80V, 400 mA for 40 minutes. 1 Kb ladder (lane 1) was used as marker.

Figure 3.3 — DNA fragments that resulted from EcoRV digestion of the extracted plasmid DNA. Lane 2, digested
DNA plasmid extracted from S. epidermidis 1457-M12; lane 3, digested pMAD-hmp from S. aureus RN4220.
Expected size of the fragments: 4233 and 7891 bp. The electrophoresis was performed in 1% agarose gel in TAE
buffer at 80V, 400 mA for 40 minutes. 1 Kb ladder (lane 1) was used as marker.
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3.2 Construction of S. epidermidis hmp mutant using pBASE6 and pBASE6-derived
plasmids

The use of pBASE6, a markerless plasmid, and pBASE6-erm/lox1'%* and pBASEG6-
erm/lox2192, which contain a selection marker (ermB gene), to construct S. epidermidis mutants by
allelic replacement mutagenesis has been performed beforel9-193  and is also described in chapter
7.1.2. In this work, recombinant plasmids, namely pBASE6-hmp, pBASEG6-erm/lox1-hmp, and
pBASEG6-erm/lox2-hmp were constructed by cloning the flanking regions of hmp into pBASE6 and
pBASEG6-erm/lox1 and 2 or by fusing the flanking regions of hmp with an ermB fragment (SOE-PCR)
and then cloning into pBASE6-erm/lox2 (please see chapter 2 for details). Briefly, the upstream (A
fragment) and downstream (B fragment) regions of the hmp gene were PCR-amplified from 1457
gDNA (Fig. 3.4A-C) and the ermB gene was amplified from pBASE6-erm/lox2 (Fig. 3.4D). The
pBASE6, pBASE6-erm/lox11%1 and pBASEG6-erm/lox21%2 plasmids were extracted from E. coli DH5a
(Table 2.1, Fig. 3.4E-F).

A B C

1000 b

6000 bp?

1500 b
1000 b

Figure 3.4 — Upstream and downstream fragments of hmp and extracted pBASE6 plasmids. (A) fragments A (2,
1156 bp) and B (3, 867 bp) for the construction of pBASE6-hmp. (B) fragment A (4, 1156 bp) and B (5, 867 bp)
for the construction of pBASE6-erm/lox1-hmp and pBASE6-erm/lox2-hmp. (C and D) fragment B (6, 878 bp), A
(7, 1167 bp), and ermB (8, 1301) for the construction of pBASE6-erm/lox2-hmp via SOE-PCR. (E) pBASE6
plasmid (9, 6600 bp). (F) pBASE6-erm/loxl (10, 7880 bp) and pBASE6-erm/lox2 (11, 7880 bp). The
electrophoresis was performed in 1% agarose gel in TAE buffer at 80V, 400 mA for 40 minutes and ran with a 1
kb ladder (lane 1).

24



The fragments and the plasmids were then digested (Fig. 3.5), ligated to create pPBASE6-hmp,
pBASEG6-erm/lox1-hmp or pBASE6-erm/lox2-hmp and transformed into E. coli DC10B, as described
beforel1.102, The passage of plasmid DNA through E. coli DC10B prior to electroporation into S.
aureus and S. epidermidis has been shown to bypass the S. epidermidis type IV restriction system
due to the absence, in DC10B, of a functional Dcm methylase, which is responsible for methylating the
second cytosine of the CCTGG and CCAGG sequences'®®. To check for pBASE6-hmp, pBASEG6-
erm/lox1-hmp and pBASEG6-erm/lox2-hmp positive clones, 42, 15 and 12 isolated colonies were
selected, respectively, and colony PCR with pBASEG6 hybridizing primers was performed. However,
none of the colonies were found to contain the expected band sizes (Fig. 3.6 and 3.7). Moreover, no
bands were observed by PCR of DC10B colonies transformed with the empty plasmid (data not
shown). These results suggest that transformation was not efficient and/or the triple ligation of A and B

fragments to the plasmid, simultaneously or one at a time, did not occur.

Although it is commonly used, the cloning method based on restriction and ligation becomes
more difficult as the number of fragments increases!®. Moreover, the efficiency of the ligation step can
be influenced by DNA concentration and purity%6.107, Even though all the used DNA was analyzed by
gel electrophoresis, the presence of nucleic acid contaminants with similar sizes than the expected
fragments cannot be excluded and can result in the disturbance of subsequent enzyme-catalyzed

reactions by blocking access to restriction sites or overhangs1,

A B

Figure 3.5 — Digested fragments and plasmids obtained for the construction of pBASE6-hmp and pBASEG6-
erm/lox1 and 2-hmp plasmids (A) Fragment A (2, 1142 bp, EcoRI/ Xmal) and B (3, 855 bp, Xmal/ EcoRV) and (B)
pBASES6 plasmid (4, 6553 bp, EcoRI/Eco RV), for the construction of pPBASE6-hmp. (C) Fragment A (6, 1144 bp,
Sall/ Nhel) and B (7, 851 bp, Sacl and EcoRIl) and pBASE6-erm/lox1 (8, 7864 pb, Sall/ Nhel), and pBASEG6-
erm/lox2 (9, 7864 pb, Sall/ Nhel) plasmids, for the construction of pPBASE6-erm/lox1-hmp and pBASE6-erm/lox2-
hmp. The electrophoresis was performed in 1% agarose gel in TAE buffer, at 80V, 400 mA for 40 minutes .1 Kb
ladder (lane 1) was used as marker.
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Figure 3.6 — PCR products obtained using the extracted pBASE6 plasmids and the pBASE6 fw and
pBASEG6_rev primers of pBASE6. (A) Lane 1, 100 bp ladder; lane 2, amplified product from pBASEG6 (96 bp). (B)
Lane 1, 1 kb ladder; lane 4 and 5, amplified products from pBASE6-erm/lox1 (1376 bp) and pBASE6-erm/lox2
(1376 bp), respectively.
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Figure 3.7 — Screening of E. coli DC10B colonies transformed with pBASE6 plasmids. PCR products obtained
from colonies PCR on (A) 14 out of 42 colonies tested for the presence of pBASE6-hmp plasmid (expected size
of 2050 bp) (lanes 2 to 15) and (B) 7 out of 27 for the pBASEG6-erm/lox1-hmp and pBASEG6-erm/lox2-hmp
plasmids (3351 pb predicted fragments). The electrophoresis was performed in 1% agarose gel in TAE buffer,
80V, 400 mA for 40 minutes and ran with a 1 kb ladder marker (lane 1).

To bypass possible ligation problems, an attempt was made to create the AermBB fragment
via SOE-PCR1%, The expected fragment (3306 bp) was obtained, however, extra bands were seen on
the gel (Fig. 3.8A), which led us to successfully extract the fragment of interest (Fig. 3.8B) from the gel
using a silica spin column, most applied for gel extraction1%, This line of work could not be completed

at the time but will be continued in the future.
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Figure 3.8 — PCR products obtained from SOE-PCR with A, ermB and B fragments. (A) SOE-PCR products (lane
2). (B) purified AermBB fragment (lane 3, 3306 pb). The electrophoresis was performed in 1% agarose gel in TAE
buffer, at 80 V, 400 mA for 40 minutes. Lane 1, 1Kb ladder.

3.3 Staphylococcus epidermidis biofilms exposed to nitrosative stress

The effect of NO in S. epidermidis biofilms was studied in three strains, namely 1457, RP62A, and
1457-M12. The strains 1457 and RP62A are both strong PIA and biofilm producers, isolated from
severe biofilm-catheter infections213, The mutant 1457-M12, also referred in this work as M12, is
described as being a low PIA and biofilm producer®. M12 has a biofilm phenotype that resembles
that of non-virulent skin commensal isolates, which typically lack the icaADBC genes?2199, coding for

PIA, which is the main exopolysaccharide produced by S. epidermidis2.

All the strains were grown for 48 h on DMEM+FBS, a physiological medium widely used for the
maintenance and growth of animal cells, including the macrophages of the innate immunity110111 and
exposed to 1 mM DETANONOate. Due to the characteristics of DETANONOate, i.e., half-life of 20h at
37°C and pH 7, NO was produced over the time of biofilm formation as attested by nitrite quantification
(data not shown). For comparison purposes, biofilms grown on TSB, the preferred medium for growth
of staphylococci in vitro!12, and exposed to NO, were also analyzed.

3.3.1 TSB

In TSB and in the absence of NO, 1457 and RP62A strains produced similar biofilm amounts
(around 2.5 of Absseo), 2-fold higher than those of 1457-M12 strain (Fig. 3.9A). Nevertheless, the
viability of biofilm cells (Bc) of 1457 and RP62A strains was 4- and 7-fold higher than that of 1457-M12
strain (p-value < 0.001), respectively (Fig. 3.9C). These data may result from higher amounts of matrix
polymers, to which crystal violet binds, per biofilm in M12 and/or the presence of significant amounts
of dead cells in M12 biofilms. In accordance with the first hypothesis, our results show that M12
biofilms contained significantly more proteins than 1457 and RP62A biofilms (circa 2.8- and 3.9- fold,
p-value <0.01) (Fig. 3.9E). Since eDNA, which has been described as a minor component of biofilm

EPS!13, derives from dead cells? future determinations of this polymer will be performed.
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Thus, we show that although being a PIA underproducing strain, M12 compensates for its inability
to synthesize PIA by increasing considerably the production of protein per biofilm cells88114, Indeed,

ica negative S. epidermidis isolates tend to have higher amounts of proteins in the biofilm25.

Interestingly, the number of viable biofilm-released cells (BRc) of 1457 and 1457-M12 strains was
significantly higher than that of the biofilms per se (about 1.7 and 8-fold, respectively), suggesting
dispersion of cells from the biofilms at this stage (48 h of growth). Although the same tendency was
observed for the RP62A strain, the difference was not statistically significant (p-value > 0.05) (Fig.
3.9C). In agreement with these results, it has been observed that the proportion of detached cells

relative to biofilm-encased cells is smaller for thicker biofilm-producing strains16,

In TSB and in the presence of NO, the total biofilm of strains 1457 and RP62A decreased
significantly relative to untreated cells (Fig. 3.9A). Nevertheless, this effect was more accentuated for
RP62A (2.6-fold decrease) than for 1457 (1.6-fold decrease), which can be in part explained by the
decrease of the viability of RP62A biofilm cells exposed to NO, which was not observed for 1457 (Fig.
3.9C). In accordance, is the observation that RP62A, grown in TSB and exposed to S-nitroso-N-

acetylpenicillamine (SNAP), an NO donor, show a major decrease in viability1’.

Interestingly, the total biofilm of strain 1457 exposed to NO dropped to values close to those of
its isogenic mutant M12. Moreover, the M12 biofilm biomass remained unaltered by NO (Fig. 3.9A).
These data suggest that the mutation in 1457-M12 of the purR, a gene regulator of purine synthesis
shown to indirectly affect eDNA production!® and ica genes expression under specific conditions!??,
may have a role in S. epidermidis resistance to nitrosative stress. Accordingly, in E. coli, the purR

operon was found to be repressed in the presence of NO120,

In what concerns the effect of NO on the production of the matrix polymers of the biofiims, we
show that NO inhibited significantly the accumulation of proteins and/or exopolysaccharides in the
three strains (Fig. 3.9E). In line with these observations, inhibition of PIA synthesis by nitrites has been
described in S. aureus®®. As a consequence, NO led to a decrease in total biofilm of the strains 1457
and RP62A relative to control (Fig. 3.9A). However, this was not the case of M12 strain. Since the
viability of 1457-M12 was not affected by nitric oxide (Fig. 3.9C), this discrepancy can be explained by
differences in the amounts of dead cells and/or eDNA17:121 to be determined in the continuation of

this work.

Interestingly, the effect of nitric oxide on the viability of biofilm released cells did not always
exhibit the same pattern as that observed for Bc (Fig. 3.9C). This is coherent with previous findings
which report that biofilm released cells, present in the supernatant, have an intermediary phenotype
between planktonic and biofilm cells, reflected, for example, in antibiotic resistance??123, Biofilm-
independent protection mechanisms of staphylococci against nitrosative stress have been previously

described®”. However, to our knowledge, no studies have been made on BRc response to NO.
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Figure 3.9 — Biofilm amounts, viability and EPS composition in S. epidermidis exposed to NO. Biofilms of 1457,
1457-M12 and RP62A strains were grown for 48h in TSB (A,C,E) and DMEM+FBS (B,D,F) and exposed to 1mM
DETANONOATE. Total biofilm (A, B) was measured by crystal violet staining and absorbance at 590 nm, n=8.
Cell viability (C, D) in the biofilm encased (Bc) and released cells (BRc), in colony forming units (CFU)/mL, n=2.
Amount of each polymer (protein or exopolysaccharide) per total amount of biofilm (E, F) determined by sodium
periodate and proteinase K treatments, respectively, n=3. Statistical analysis was performed using two-tailed
unpaired t-tests with a 95% confidence interval. Asterisks represent statistical significance of data by comparison
with the control; *P<0.05, **P<0.01 and ***P<0.001.
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3.3.2 DMEM+FBS

When grown in DMEM+FBS and without NO stress for 48 h, 1457 and RP62A strains formed
similar biofilm amounts (Fig. 3.9B), which were about 2-fold higher than those formed by the M12
strain (p-value<0.001) (Fig. 3.9B), a pattern similar to that observed for the TSB-grown biofilms (Fig.
3.9A). In agreement, it has been described that PIA independent biofilms are weaker than the ones
containing this exopolyssacharide!'®. Interestingly, the number of viable Bc 1457 and RP62A cells was
significantly higher than that of viable BRcs (p-value<0.001) (Fig. 3.9D), which indicates less
dispersion or detachment of biofilm cells to the surrounding medium when comparing with TSB-grown
biofilm cells. Accordingly, the dispersion process was shown to be influenced by nutrient availability
and the media used'?3. The total cell viability also showed great variability among the three strains,
being higher for RP62A and lower for M12. These differences in the cell viability between the strains

may be attributed to the presence of dead cells, an issue that requires further detailed analysis.

Regarding the EPS matrix composition, for all strains, the protein levels per biofilm after 48 h
of growth were circa 3 times higher than the levels of exopolysaccharides (Fig. 3.9D). Moreover, after
48 h, we observed a significant depletion of glucose and other nutrients in the medium surrounding the
biofiims (data not shown). These results are in line with the observation that nutrient-limited
environments inhibit PIA production32124, Furthermore, protein and exopolysaccharide levels per
biofilm were higher in strain M12 than in 1457 and RP62A strains, as also observed for biofilms
formed in TSB.

When grown in DMEM+FBS and under NO stress, S. epidermidis 1457 and RP62A revealed a
significant decrease in total biofilm amount, which was not observed for strain M12 (Fig. 3.9B).
Interestingly, this decrease was considerably lower than that observed for the biofilm cells viability in
the presence of NO (about 3.9-fold for 1457 and 16-fold for RP62A) (Fig. 3.9D). As for the amounts of
the matrix polymers of the biofilms exposed to NO, there was no change in RP62A and for the 1457
strain, a significant decrease of the protein content per biofilm was observed (Fig. 3.9E). In general,
these results indicate the presence of dead cells in the biofiims of 1457 and RP62A strains.
Altogether, we conclude that NO kills biofilm cells of 1457 and RP62A strains and inhibits protein
accumulation in the EPS of the 1457 biofilms (Fig. 3.9). Moreover, the alteration of the 1457 matrix
caused by NO was visible during the manipulation of strain 1457 in the laboratory (Fig. 3.10B). In the
absence of NO, 1457 strain biofilms formed aggregates of difficult resuspension but loose from the
bottom of the plate wells. However, when grown with NO, the 1457 biofilms became easier to
homogenize, showing a phenotype closer to the one observed for M12 (with and without NO). In turn,
RP62A biofilms were very attached to the wells but, once removed, easily resuspended in buffer (Fig.
3.10).

Unlike the 1457 WT, the protein content of the EPS of 1457-M12 was not affected by
nitrosative stress (Fig. 3.9F). This was an intriguing result that might be explained by the effect of the
mutation of purR, on the protein content, of M12. For instance, the expression of proteins, such as

Aap and Bhp, is known to impact the surface charge and hydrophobicity of the bacteria, thus altering
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their capacity to adhere to surfaces, form biofilms, and resist antimicrobials!'®>. To understand the
protective effect of the M12 biofilm against NO, the expression of biofilm proteins in cells treated and

untreated with NO will be analyzed in future studies.

A B C

Figure 3.10 — Picture showing biofilms of S. epidermidis strains 1457-M12 (A), 1457 (B) and RP62A (C) grown in
DMEM+FBS, in 24 well plates for 48h, exposed or not to NO and then resuspended in PBS.

Overall, our data showed that, albeit differently and dependent on the media, the cell viabilities
of all the tested S. epidermidis strains, were affected by nitrosative stress. In both media, the presence
of NO did not affect the total biofilm of M12, whereas it significantly decreased the amounts of 1457
and RP62A, the strong biofilm producers. Total biofilm reductions were shown to be caused by the
effect of NO in the amounts of different EPS components, according to the growth media. Previously,
it was demonstrated that the growth media influences biofilm formation and resistance to stressors in
S. epidermidis??5-128_ |n the presence of NO, alterations in protein and exopolysaccharide of the matrix
were prominent when grown in TSB, while variations of the viability were higher in DMEM+FBS.
Exceptionally, when S. epidermidis was grown in DMEM media, EPS protein declined significantly,
with the addition of nitric oxide, in strain 1457. Finally, M12 biofilms revealed to be less susceptible to
NO when referring to the analyzed characteristics, than their wild type counterparts, possibly due to a
purR mutation, and consequent alteration in the protein content of the biofilm. Nevertheless, future
analysis of the biofilm content, including eDNA and dead cells quantification and identification of the

different exopolysaccharides and proteins is required to clarify the effect of NO in the biofilm.

3.4 Quantification of extracellular metabolites in DMEM-grown S.
epidermidis biofilms

Metabolic studies of bacteria require a media with clearly defined chemical compositions. DMEM,
unlike the rich TSB, is a medium with a well-defined composition and with low concentrations of
paramagnetic ions, thus being suitable to grow bacteria for NMR studies. Moreover, DMEM+FBS is
considered to resemble the nutritional environment encountered by bacteria in the human body?*1°.
Therefore, to elucidate how S. epidermidis M12, 1457 and RP62A biofilms sustain nitrosative stress,
they were grown in DMEM+FBS for 48 h in 24-well plates and exposed to 1 mM DETANONOate, and

their metabolic state was studied by *H-NMR quantification of glucose consumption and excreted end
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products (Fig. 3.11). For that, supernatants from biofilms exposed and unexposed to NO were treated

with methanol to precipitate FBS and stored for further analysis.

After 48 h of growth of each strain without NO addition, all glucose was consumed (data not
shown). Moreover, the increased amounts of produced lactate when compared to acetate (Fig.
3.11A,B) indicates that the three strains present a fermentative metabolism for energy production???,
consistently to what has been described in staphylococci biofilms130.131, | actate, acetate, and formate
were ubiquitously present in the extracts of the three strains (Fig. 3.11), indicating the presence of
activated LDH, PTA, AK, and PFL, and have already been described as fermentation products of the

metabolism of S. aureus grown under fermentative conditions!?.

The values of consumed glucose normalized per biofilm varied among the studied S.
epidermidis strains, being significantly higher for 1457-M12, the PIA underproducing strain, than for
the strong biofilm producers, i.e. 2- and 2.9-fold higher than the values obtained for 1457 and RP62A,
respectively (Fig. 3.11A). The same trend was observed for the accumulation of extracellular lactate
and acetate (Fig. 3.11B). Although in smaller quantities, excreted formate and succinate were also
measured. Accordingly, lactate was previously described, in S. aureus, to be the major product of
glucose catabolism in anaerobic conditions32, Interestingly, M12, the PIA defective mutant exported
the higher amount of lactate, which can be translated into a higher activity of lactate
dehydrogenase!®3, followed by 1457 and finally RP62A (Fig. 3.11A). Increased activity of LDH was
correlated with decreased total biofilm amounts (Fig. 3.9B). The higher activity of LDH in 1457-M12
may be correlated to its deficient PIA synthesis, as fructose 6-phosphate is not diverted to N-
acetylglucosamine synthesis, and thus is available to complete glycolysis and enter lactic acid
fermentation. Finally, higher fermentation products per biofilm are also associated with a greater
content of protein per biofiim (Fig. 3.9F), as ATP is needed to produce these exopolymeric
substances. In conditions where bacteria need to grow biofilms, ATP is diverted to this goal, even at
the expense of growth ratel3l, Furthermore, strains with greater biofilm amounts may have a higher
percentage of persister cells, defined by being less metabolically activel34. For example, biofilms of

RP62A can contain up to 94% of persister cell when in stationary phase, under stress conditions35,

Succinate was lower in RP62A, followed by 1457 and M12, following the same trend as
lactate, glucose consumption and protein amounts in the biofiim (Fig. 3.11C). Accordingly, it is
described that greater production of succinate is correlated with increased tricarboxylic acid cycle
activity, associated with glucose depletion, and a more proteinaceous biofilm?8. Formate, however,
was found in lower quantities in 1457 than in M12 and RP62A (Fig. 3.11C). These data suggest a
decreased activity of the pyruvate formate lyase of 1457 when compared with 1457-M12 and RP62A
(Fig. 3.12).

Accumulation of acids produced by fermentation (Fig. 3.11) lowered the pH of the media, as
attested by the change of color of the phenol red indicator present in the DMEM media. These
molecules can contribute to EPS environment acidification, which has a stabilizing effect, as the

proteins present have a high pl and thus in acidic environment become positively charged, promoting
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interactions with eDNA and negatively charged extracellular metabolites and surface cell
components?5,
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Figure 3.11 — Quantification, by *H-NMR analysis, of extracellular metabolites produced by S. epidermidis 1547-
M12, 1457, and RP62A, grown in DMEM. Amounts of consumed glucose (A), and produced lactate (A), acetate
(B), formate and succinate (C) were measured. Averages and standard deviations with a minimum of three
independent replicates performed in duplicate are shown. Statistics was made using two-tailed unpaired t-tests
with a 95% confidence interval. Asterisks represent statistical significance of data by comparison with the control;
*P<0.05, **P<0.01 and ***P<0.001.
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The addition of NO to the growth media led to increased production of lactate in strain 1457
and RP62A (circa 2- and 1.6-fold, respectively) relative to untreated cells (Fig. 3.11A), however, all the

strains, produced significantly less acetate, formate, and succinate (Fig. 3.11).

In 1457 and RP62A biofilms exposed to NO, an increase in extracellular lactate accumulation
in biofilms was observed suggesting an increased activity of LDH. Our observations are supported by
previous measurements (QRT-PCR), in our lab, of Idh expression, which was shown to be increased
with nitrosative stress in 1457 grown in DMEM (data not shown). Moreover, the lactate increase in the
presence of nitrosative stress had already been described for planktonic S. aureus®®, and fermentation
was shown to facilitate growth under nitrosative stress by contributing to the redox balance through
the conversion of NADH into NAD*+136,

Curiously, 1457-M12 produced a similar amount of lactate with or without NO, values equated
by 1457 under nitrosative stress (Fig. 3.11A), which is representative of an increased activity of LDH.
Total biofilm amounts followed an inverse trend when compared to lactate amounts, i.e. under NO
stress total biofilm amounts decreased significantly in strains 1457 and RP62A, but not in M12 (Fig.
3.9A). This tendency was also observed among the strains not subjected to NO (Fig. 3.9A) and
reiterates the hypothesis that the biofilm amount is deeply connected with the fermentative activity of
the cell. The connection between increased lactate production and the effect of NO on the biofilm
matrix and viability may be mediated by SrrAB, a regulator expressed by S. epidermidis that is
involved in biofilm formation!¥”. Indeed, we observed a correlation between increased lactate and
decreased succinate production. The inferred increase in LDH upregulation and TCA cycle
downregulation was previously described through proteomic data, in anaerobically grown S. aureus, to
be co-regulated by SrrAB!29,

Extruded succinate decreased in significant amounts, in all the strains, when exposed to NO
(Fig. 3.11C), which indicated a decrease in the TCA cycle activity. TCA inhibition may result from
decreased acetyl-CoA availability, as indicated by a decrease in formate and acetate amounts!2d,
products of pyruvate formate lyase and pyruvate dehydrogenase, enzymes whose reactions also
produce acetyl-CoA (Fig. 3.12). In fact, nitric oxide inhibits the activity of pyruvate dehydrogenase in S.
epidermidis® and, in S. aureus, acetate accumulation is lower®® and these enzymes are

downregulated by NO, limiting the production of acetyl-CoA136,

In short, S. epidermidis biofilms main energy production happens through fermentation, even
though with differences among strains. Nitric oxide effects on lactate production can be correlated with
biofilm production as alterations are seen in 1457 and RP62A but not in M12. However, the effect of
NO on formate and acetate production, and the TCA cycle was consistent in all the strains, suggesting
these processes are independent of the M12 mutation.
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3.5 Optimization of intracellular metabolites extraction from S.
epidermidis biofilms

To further elucidate the metabolic behavior of biofilms exposed to NO, and its impact on biofilm
viability and matrix composition, attempts were made to create a protocol for intracellular metabolites
extraction, such as PIA and matrix proteins precursors, in S. epidermidis, as, to our knowledge none is
available in the literature.

Intracellular metabolites exist in a wide and dynamic chemical range!®® and, therefore, several
aspects, such as pH, temperature, correct separation of the cells from the culture media, washing
procedures and solutions, quenching times and reagents, and cell lysis reagents, their polarity and

metabolite degradation, must be considered when designing an extraction protocol'38-140,
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Methods for the extraction of phosphorylated metabolites were used, as we intended to analyze
the impact of NO in the metabolism of the TCA cycle, glycolysis, and aminosugar pathways, rich in
these molecules. The metabolite extraction protocols tested included filtration, and two different
sonication conditions, along with freezing in liquid nitrogen and solutions of methanol, chloroform, and
ammonium hydroxide. Methanol (-20°C) and a mixture of methanol and chloroform are very commonly
used as quenching and extraction solutions, respectively'4l. Methanol is a polar solvent, used for the
extraction of small organic molecules, and chloroform is used for the extraction of hydrophobic
metabolites. Together, they amount to a high concentration of organic solvents which aids in the

precipitation of macromolecules such as proteins and nucleic acids38.141.142,

Method 1., the use of a combination of methanol and chloroform for metabolite extraction, did
not result in observable metabolites in the cell extract (Fig. 3.13A), possibly due to inappropriate cell
disruption. Authors previously describing similar methods also showed concern that there could be a
metabolic profile alteration as a consequence of the filtration time, especially in quickly metabolized
molecules, such as phosphorylated compounds,”143 and possible metabolite leakage due to the
saline solution used in the washing steps'#*. This ought to be tested in every protocol by NMR
analysis of the washing solution. Ammonium hydroxide was added in method 2. (Fig. 3.13D) as it can
be used as a pH regulator to avoid that some metabolites dissolve in the chloroform phase and is
compatible with downstream applications as mass spectrometry4®, This addition somehow improved
the results but not significantly, suggesting the need to improve cell disruption. For the next methods
tested, sonications were added to the methanol and chloroform extraction in order to improve cell
disruption (Fig. 3.13C,D). Method 3. contained a cell disruption step via a bath sonicator, whereas
method 4. involved a probe sonicator. Sonication as a disruption method to extract intracellular
metabolites has been previously proven efficient’””. These methods appear to have been able to
disrupt the cells to an extent, as some peaks can be seen on the NMR spectra, although with varying
noise levels and showing too few peaks to possibly represent all the metabolites present in the cell4>-
148 suggesting that these methods may be degrading or not properly extracting the metabolites. The
alteration of the extracted metabolic profile by degradation can happen due to sonication as it can
hydrolyze macromolecules as nucleic acids, proteins, and polysaccharides into detectable
metabolites3® which can translate into some of the peaks visible in the NMR spectra. Metabolite
degradation will be analyzed in the future, to aid in the optimization of protocols, by adding substances

in known concentrations to the cells, before extraction, and later quantifying them by NMR

Although the most suitable method for intracellular metabolite extraction from Staphylococcus

epidermidis biofilms was not yet attained, based on these results, successful optimization is expected.
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4 Conclusions

Staphylococcus epidermidis is often the cause of nosocomial and indwelling medical devices
related infections, being one of the most frequent pathogens involved in bacteremia and sepsis. The
pathogenicity of this microorganism is deeply connected with the formation of biofilms, which confer
resistance to the immune system of the host. Nitric oxide, a molecule produced by innate immune
cells, has been shown to disrupt S. epidermidis biofilms. However, there is a general lack of

knowledge on how S. epidermidis resists NO.

In this work, we studied the impact of NO on S. epidermidis biofilms by determining the
viability and the total amount of biofilm and matrix polymers produced, under stress conditions, by
1457 and RP62A, two clinical strains that form strong biofilms, and 1457-M12, a biofilm
underproducing strain with phenotypic resemblance to commensal strains. Moreover, we also

analyzed how the metabolism of the S. epidermidis strains adapts and responds to nitrosative stress.

Overall, we show that nitric oxide inhibited significantly the formation of 1457 and RP62A
biofilms, but not that of M12, suggesting that PIA underproducing strains and clinical strains have a
distinct behavior when exposed to NO. Moreover, the decrease in the total biofilm amounts in 1457

and RP62A strains by NO was dependent on the strain and growth media.

Our metabolite profiling data shows that in DMEM-grown S. epidermidis biofilms, NO inhibited
the extracellular accumulation of acetate, formate, and succinate, suggesting inhibition of acetate
kinase, pyruvate formate-lyase, and TCA cycle activities, respectively. Moreover, the results indicated
that the resistance of strong biofilm producers, such as 1457, to NO is achieved through increased
activity of glycolysis and lactate dehydrogenase. Furthermore, we unveiled a subtle interplay between
lactate production or lactate dehydrogenase activity and biofilm amounts. We propose that exposure
to NO of S. epidermidis PIA producing strains decreases cell viability and triggers glycolysis and
lactate dehydrogenase activity, that results in lower production of matrix PIA exopolysaccharide and/or
proteins, and consequently, lower biofilm amounts. In M12, a PIA underproducing strain, lactate
dehydrogenase was shown to operate at high activity, as indicated by lactate amounts, independently

of the presence of NO, which reflected in unchanged biofilm amounts.

Further studies, such as intracellular metabolites and PIA quantifications, are required to

confirm and complement the data obtained in this work

Exploring the mechanisms that integrate biofilm matrix formation and lactate production,
glycolysis, and other central metabolic pathways will certainly contribute to an improved understanding

of what is controlling biofilm formation.
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5 Future Work

The work presented in this master thesis contributed to the advance of the knowledge of the
effect of nitric oxide on Staphylococcus epidermidis biofilms. We observed an alteration in matrix
protein and exopolysaccharide contents due to nitrosative stress, however, it was not clear which
molecules were affected and which pathways mediated the effect. Thus, in the future, it would be of
great interest to analyze by real-time PCR the expression of potential target genes, focusing on
pathways involved in matrix protein and exopolysaccharide production and the central metabolism,
related to glucose, lactate, acetate, formate, and succinate synthesis, as these metabolites were
revealed to be altered by NO. A direct quantification of the biofilm components would also be
necessary, in order to confirm the results, as well as the quantification of eDNA and death cells in the
biofilm.

Persisters and biofilm released cell are often associated with resistance to antibiotics and the
immune system, and colonization of different infection sites, respectively. Therefore, the metabolomics
analysis of persister and biofilm released cells may also be of interest to better understand the

dynamics of nitric oxide response by the different types of cells present in an infection scenario.

Part of this thesis shows the development of protocols for S. epidermidis. Consequently, the
optimization must be continued to achieve the goals of studying the possible protective role of S.
epidermidis Hmp against nitrosative stress and completing the metabolic data with intracellular
metabolites analysis. Different methods may be tested for the construction of mutants, as transposon
mutations or phage technology. A protocol for the extraction of intracellular metabolites from S.
epidermidis biofilms needs to be optimized, and for that several quenching and extraction procedures

and degradation tests will be performed.

Finally, to complete the information and validate the obtained results in the context of
infection, experiences with S. epidermidis biofilms ex vivo (with macrophages) and in vivo (with mice)

would be also highly relevant.
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7 Appendices

7.1 Primers and mutant construction

Table 7.1 - List of primers used in this study and in the construction of the pMAD_hmp plasmid

Primer Sequence (5’ 23’) Enzyme
pBASEG6- hmp _fw_A GGTGATATCGCTTCCATGTTCCACATGCT EcoRV
hmp hmp _rev_A CGTCCCGGGTCCATACGCTTTTGCCCACG Xmal

hmp_fw_B TGACCCGGGCTGGCGTAGGTATGACACCA Xmal

hmp_rev_B TTTGAATTCCACAGTCACCAACTCCTTGC EcoRI
pBASEG6- 2hmp _fw_A GGTGTCGACGCTTCCATGTTCCACATGCT Sall
erm/lox1 2hmp _rev_A CGTGCTAGCTCCATACGCTTTTGCCCACG Nhel
or 2-hmp 2hmp_fw_B TTAGAGCTCCTGGCGTAGGTATGACAC Sacl

2hmp_rev_B TTTGAATTCCACAGTCACCAACTCCTTGC EcoRl

Erm_fw GCTAGCCCTACCGTTCGTAT -

Erm_rev GAGCTCGGTACCCTACCGTT -

A_Erm ATACGAACGGTAGGGCTAGCTCCATACGCTTTTGCCCACG -

Erm_B AACGGTAGGGTACCGAGCTCCTGGCGTAGGTATGACAC -
Colony pMAD_fw GCAACGCGGGCATCCCGATG -

PCR pMAD_rev CCCAATATAATCATTTATCAACTCTTTTACACTTAAATTTCC -
pBASE6_fw CAATCCGTTCTGCAGGCATG -
pBASEG6_rev ACTCATCGCAGTGCAGC -

pMAD- pMAD_hmp_A TTCGTGGATCCTAATTAAATCTTCTAATATG BamHI

hmp pMAD_hmp_B CCTCACTATTTTGATTAGTAGCTATTATCCTATATTTC -
pMAD_hmp_C GCGTTTATTTCGTTTAGTTTAAAGAATTAAATTATG -
pMAD _hmp_D ATTATGTCGACTGACAGTCATACTATACC Sall

Underlined: Enzyme restriction site
Bold: Overlapping/complementary sequence

7.1.1 pMAD-hmp plasmid

The pMAD plasmid was constructed by Aurnaud, M. and coworkers to allow allelic replacement in
nontransformable low GC, Gram-positive bacteria8l. This plasmid has an Erm resistance gene, is
temperature sensitive and contains the bgaB gene, which allows for the colorimetric white/blue
screening of correctly transformed bacteria using X-Gal8!. Previously, in our laboratory, pMAD was
used for the construction of the pMAD-hmp plasmid (Fig. 7.1) as follows. The upstream (663 bp) and
downstream (828 bp) regions of the hmp gene (1145 bp) were PCR amplified from S. epidermidis
1457 chromosomal DNA by using the primer pairs pMAD_hmp_A / pMAD_hmp_B and pMAD_hmp_C
/ pMAD_hmp_D (Table 7.1), respectively. The resulting PCR products were fused to a spectinomycin
cassette by overlap extension PCR (SOE-PCR)1%, using the outward primers pMAD_hmp_A and
pMAD_hmp_D. The PCR product (2487 bp) obtained, and pMAD were digested with BamHI| and Sall
and ligated as described in Table 7.2. The resulting pMAD-hmp plasmid (Table 2.1) was then
transformed into E. coli DH5a and the insert region of pMAD-hmp plasmid was confirmed by
sequencing (STAB VIDA). After confirmation, pMAD-hmp was sequentially transformed into S. aureus
RN4220 and S. epidermidis 1457-M12, always grown at a permissive temperature (30°C). To confirm
the presence of the plasmid inside cells, the resulting colonies were screened by colony PCR using
the primer pair pMAD_fw / pMAD_rev (Table 7.1, and 7.4). The full protocol for the construction of
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mutants by allelic replacement mutagenesis using pMAD is described by Aurnaud, M. et al®l. Here, we
make a description of the steps that follow mutant construction from the point where we left it. Briefly,
the pMAD plasmid containing the spectinomycin resistance cassette flanked by regions of the gene to
be replaced is transformed into the strain of interest. Transformed staphylococci are then plated on
TSA containing spectinomycin and/or erythromycin and X-Gal and grown at 30°C, the permissive
temperature for replication of the plasmid inside cells. Transformed isolated blue colonies are picked
up and grown in TSB at 42°C in the absence of antibiotic. Cultures are then plated on TSA containing
X-Gal and antibiotic(s) and incubated at 42°C. At this temperature, the plasmid is not able to replicate
and is under selective pressure due to the presence of antibiotic, which prompts plasmid integration
into the bacterial genome. The presence of white colonies indicates candidates where double cross

over events and loss of vector have occurred.

-

ermC
/Ori (pBR322)

Ori (pE194 &)

BamHI

Sall

Figure 7.1 - pMAD-hmp plasmid. The fragment hmp_AB_spec_hmp_CD was previously constructed by SOE-
PCR and ligated into pMAD plasmid. Spec, spectinomycin resistance gene; Original sequences of pMAD plasmid:
Ori(pBR322) and Ori (pE194%), derived from plasmids pBR322 and pE194%, respectively; ermC, an erythromycin
resistance gene, and bgaB, coding for 3-galactosidase, under the control of the staphylococci promotor - pclpB.

7.1.2 pBASE-hmp plasmid

pBASEG61% is a temperature sensitive shuttle plasmid that allows for counter selection with the
antisense secY RNA. pBASE6-erm/lox11°1 and pBASEG6-erm/lox21%2 plasmids were derived from
pBASEG6 by addition of an erythromycin resistance cassette, and differ only in a few amino acids.
These vectors were used in the construction of the pBASE6-hmp, pBASE6-erm/lox1-hmp and
pBASEG6-erm/lox2-hmp plasmids (Fig. 2.1, 2.2, 2.3 and 7.2). Full protocols for the construction of
mutants by allelic replacement mutagenesis using pBASE6 and pBASE6-erm/lox1 and 2 plasmids are
shown in Geiger,T 2012, Zipperer, A. 2016 and Winste, V. 2015101102150 A description of the steps
that follow mutant construction from the point where we left it (chapter 2) is presented here. In brief,
the pBASE6 and pBASEG6-erm/loxl or 2 plasmids, containing the upstream and downstream
fragments of the gene to be deleted, are transformed into Staphylococcus in the absence and
presence of erythromycin, respectively, at 30°C. Transformed colonies are then grown at 43°C, a
nonpermissive temperature for plasmid replication, in the presence of anhydrotetracycline®!. The

anhydrotetracycline activates the plasmid’s Pxyl/tetO promoter, formed from insertion of the tet

52



operator into the Pxyia promotor from Bacillus subtilis?®?, allowing for the transcription of the antisense
secY RNA. Once expressed, the antisense secY RNA hampers the expression of the bacterial
chromosomal secY gene that codes a membrane protein essential for bacterial growth and survival. In
this way, bacteria that only contain the desired sequence inserted into the genome will survive and
those that have integrated the entire plasmid will nott51.152,

A B

EcoRl EcoRI

EcoRV

Figure 7.2 - A) pBASE6_hmp plasmid. The fragment hmp_A-hmp_B, lacking an internal region of the hmp gene,
was ligated into the pBASES6 plasmid, which contains cat, a chloramphenicol acetyltransferase repressor of TetR,
a tetracycline resistance element and an antisense RNA — secY, under the control of the Pxyl/tetO promotor!>?
(not shown) B) pBASE6-erm/lox1_hmp and pBASE6-erm/lox2_hmp plasmids. These two plasmids differ in only
six amino acids in positions 1281 to 1283 and 1286 to 1288. They have the same genetic elements as the
pBASEG6_hmp plasmid plus an erythromycin resistance cassette between the hmp_A and the hmp_B sequences.

7.2 Molecular biology Methods

7.2.1 S. epidermidis 1457-M12 electroporation

To transform the pMAD-hmp plasmid into S. epidermidis 1457-M12, 8.4 ug of plasmid DNA
was added to competent cells of 1457-M12 thawed at RT for 5 min. The cells were transferred to a 1
mm electroporation cuvette (Bio-Rad), incubated at room temperature for 30 min, and then
electroporated at 2 Kv for 2.5 ms (MicroPulser Electroporator, Bio-Rad). Immediately after the pulse,
950 pL of SMMP media (equal parts of 2X SMM buffer — sucrose 1 M, maleic acid 0.04 M and
magnesium chloride hexahydrate 0.04 M — and 4X Penassay broth — beef extract 6 g/L, yeast extract
6 g/L, peptone 20 g/L, glucose 4 g/L, sodium chloride 17.5 g/L, dipotassium phosphate 14.72 g/L and
monopotassium phosphate 5.28 g/L) was added to the electroporated cells, which were then placed at
30°C and 200 rpm for 4 h. After incubation, cells were centrifuged at 5000 x g for 5 min (RT), 900 pL
of the supernatant was discarded and the pellet was resuspended in the remaining supernatant (circa
100 pL). The 100 pL cells were divided (2 x 50 pL), plated in TSA supplemented with erythromycin (5
pg/mL Sigma) and spectinomycin (100 pg/mL, Sigma) and incubated o/n at 30°C.
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7.2.2 S.epidermidis 1457 genomic DNA extraction

Extraction of genomic DNA from S. epidermidis 1457-M12 was made using the NZY Tissue
gDNA Isolation kit (NZY). The cell pellet of 1 mL of overnight culture centrifuged at 6800 x g for 5 min
was resuspended in 25 pL of 50 mM Tris-HCI, pH 8 (Carl-Roth, CARLO ERBA), and then digested
with lysostaphin (0.08 mg/mL, Sigma-Aldrich), lysozyme (4 mg/mL, Sigma-Aldrich) and mutanolysin
(0.08 KU/mL, Sigma-Aldrich), in a 37°C water bath for 1 h. Buffer NT1 was added and the protocol
was finished according to kits instructions.

7.2.3 Fragment amplification, enzyme restriction and ligation reactions

For the construction of the pBASE6-hmp, pBASEG6-erm/lox1-hmp and pBASEG6-erm/lox2-hmp
plasmids, the PCR reaction mixtures to amplify regions of the genome and plasmid fragments are
shown in Table 7.2 and the reactions for enzymatic digestions and ligations of fragments and plasmids
are shown in Table 7.3. The products of the enzymatic digestions were purified with the QIAquick®
PCR Purification kit (Qiagen) and quantified in a Nanodrop ND-1000 UV-visible spectrophotometer
(Thermo Fisher Scientific).

Table 7.2 - Reaction mix (Vieta= 50 pL) of the performed PCRs for fragment amplification

Component Amount (pL)
10uM Primer forward 2.5puL

10uM Primer reverse 25puL
Template DNA 1puL

10 mM dNTPs 1L

Phusion DNA polymerase (NEB) 0.5 pL

5x Phusion HF buffer (NEB) 10 pL

Milli-Q water 32.5 L

Table 7.3 - Reagents and conditions used in fragments and plasmid restriction digestion and ligation reactions

Component Amount Total reaction volume and
incubation conditions

Digestion 50 pL

DNA (insert or plasmid) 1.1 yg 37°C, 2h

10X NEBuffer 5puL

Restriction endonuclease 1 3.5puL

Restriction endonuclease 2 3.5puL

Milli-Q water to 50 pL

Ligation 20 pL

T4 DNA ligase 1L 16°C, 16 h

10X T4 DNA ligase buffer 2 L

Plasmid DNA 50 ng

Insert DNA 20x moles of plasmid
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7.2.4 E. coli DC10B strain transformation

A 1% (v/v) pre-inoculum of DC10B cells in LB media (Difco) was grown until an ODeoo of about
0.5. Then, 1300 pL of culture were collected and centrifuged at 1677 x g for 5 min at RT. The pellet
was resuspended in 750 pL of ice-cold CaClz (100 mM, Merck), incubated on ice for 1 h and the
pBASE6_hmp, pBASE6-erm/lox1_hmp and pBASEG6-erm/lox2_hmp plasmids were added to a final
concentration of 100 ng/puL. The tubes were left on ice for 30 min, followed by a heat shock at 42°C for
45 sec, and recovery on ice for 2 min. Then, the samples were incubated for 1 h at 37°C and 150 rpm
with 900 pL of LB media (Difco) and centrifuged at 1677 x g, for 5 min, at RT. The pellet was
resuspended in 100 uL of the supernatant, plated in LA media (Difco), which was supplemented with
erythromycin, for the growth of the strains transformed with pBASE6-erm/lox1_hmp or pBASEG6-

erm/lox2_hmp, and grown at 30°C.

7.2.5 Colony PCR

To screen for positive clones, S. epidermidis 1457-M12 and E. coli DC10B individual colonies
were picked up from TSA (Difco) and LA media (Difco), respectively. Two different colony PCR
methods were tested. First, each picked colony was scratched in a PCR tube and microwaved at 80 w
for 10 min. Then, the reaction mixtures (Table 7.4), were added into the tubes where the colonies
were scratched. Secondly, each picked colony was resuspended in 50 pL of sterile milli-Q water and
placed in boiling water for 5 min, followed by a spin down. In this technique, 15 pL of the supernatant

was used for a PCR reaction using the primer mix described in Table 7.4.

Table 7.4 - Reaction mix of the performed colony PCRs

Component Amount Total reaction volume
10 uM pMAD_fw or pBASEG6_fw 1.5puL 30 pL

10 uM pMAD_rev or PBASEG6_rev 1.5puL

10 mM dNTPs 0.6 pL

Taq DNA polymerase (NEB) 0.18 pL

10x ThermoPol buffer (NEB) 3L

Milli-Q water or Milli-Q water + supernatant  23.22 pL
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