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Abstract (English)

Staphylococcus aureadStaphylococcus epidermidasemajor human pathogens and are
the leading causes of implant associated infectidfter insertion into the body, implants
become coated in host proteins, whhaureusandS. epidermidisise to establish
infections.They utilise many suaice and secreted proteins that interact wigse host
proteins to increase attachment to impkunfacesincrease biofilm accumulation, and evade
the immune system.

S aureussecreteswo coagulases, Coagulase (Coa) and von Willebrand factor
binding protein (VWbp), which hijack the host coagulation cascade and trigger the formation
of a fibrin network thais a key structure i8. aureusiofilms andshields bacteria from the
immune syteem. We explored which factors cause coagulase expression, thsalomaland
dynamics of fibrin formation in growing biofilms, and ce#ll variation in fibrin binding
using coagulation assays, tit@g@se confocal microscopy, and single molecule intagfn
Coa:SNAR Coa:msfGFPand vWbp:CLIP fusion proteins. Host factors increased coagulase
production and loosely associated Coa and vWbp to cell surfaces. Coa mainsgdbicali
cell surfaces to produce a surface attachedfipseudocapsule, but cowdtsoform fibrin in
the wider biofilm matrix vWbp produced matriassociated fibrin in the absence of Coa, but
associated to cell surfaces to accelerate pseudocapsule production when Coa was also
present. These findings indicate a more collaborativebetiseen Coa and vWbp in building
the fibrin network than previously suggestiidt all bacteria appeadto contribute to
forming fibrin: we identified a slowhor nondividing subpopulation of bacteria thadid not
form a pseudocapsulé/e speculated thahese bacteria either lack the surface proteins
required to bind fibrin, do not produce coagulases and therefore cannot produce fibrin, or
both.

Extracellular matrix binding protein (Embjs)a giant surface protein expressed by
S. epidermidishat ataches biofilms to fibronectin coated surfaces. We aimed to visualise
Embp inS. epidermidibiofilms tofurther investigate its biological role in biofilm formation
by constructing fusion proteins with the SNAP tag and monomeric superfolder GFP
(msfGFP) but the fusion proteinsould not be visualised hiswas likely due to improper
placement of the protein tagwhich were placed before a putative cleavage site after the
signal peptideHowever, we demonstrated that msfGFP could be successfully sdayeted
S. aureuseither when fused to a Sec signal peptide or to Coa, which demonstrates that it is
good candidate for labelling extracellular proteins. We asalised the SNAP tag when
secreted at the cross wall during cell divisioryyaureusthe same mechanism used to
secrete Embp, and therefore envision that it is possible to visualise Embp with one of these
two protein tags if the tag is placed after the cleavage site instead.



Abstract (Dansk)

Staphylococcus aurewg Staphylococcus egermidiser betydningsfuldumanepatogener
ogden hyppigste arsag til implantaiaterede infektioneNar et implantat indaetted
kroppen deekkedetaf veertsproteinelS. aureuog S. epidermidisnteragerer med disse
veertsproteiner via overfladepenter og udskilte proteiner. Interaktionen udnyttes til at
etablere infektione, gge fasthaeftningen til implantatoverfladege akkumuleringen af
biofilm og undvige immunsystemet.

S. aureugudskillerto koagulaserCoagulase (Coa) og von Willebrand fadbinding
protein (VWbp) Ved at kapreveertens koagulationskaskadangseetter dissgannelsen af et
fibrinnetveerkog herved dannelsen af 8naureusbiofilm ngglestruktuder kserme
bakterienefra immunsystemet. Vi undersedtvilke faktorer, depavikedekoagulase
dannelsglokalisering og dynamik af fribrindannelsen i voksende bigfgamtintercellulaer
variation i bindingen af fibrinved brugaf koagulatiosassays, time lapd@nfocal
mikroskopi og single molecule imaging af Coa:SNABoa:msfGFPog vWbp:CLIP fugons
proteirer. Veertsfaktorer ggke produktionen af koagulase og assodiedest Coa og vWbp
til overfladen af cellen. Coa lokaliseiehovedsageligt ved celleoverfladéar prodiktion af
encelleoverflade bunddibrin pseudokapsel, matiffunderale ogsdeek fra celleme for at
danne fibrin i biofilmmatrixen. vWbpgannede i fraveer af Coaatrix-associeret fibrin, men
medCoa til stede, associeredes vWigeledesmed celleoverflade ogaccelererde
produktionen af pseudokapsler. Disdgeervationerantyderet teettere samspil mellem Coa og
vWhbp, i dannelsen adtfibrinnetveerk, end tidligere foreslaet. Ikke alle bakterier virkede til at
bidrage til dannelsen af fibrin: vi identificerede langsoetier ikke-delende subpopulationer
af bakterer, der ikke dannede pseudokapsiémypotiserede at disse bakterier enten
mangler de overfladeproteiner, som er ngdvendige for at binde fibrin, at de ikke producerer
koagulaser og derfor ikke kan producere fibrin, eller at begge dele er tilfeeldet.

Extracellular matrix binding protein (Embp) ereztormtoverfladeproteinudtrykt af
S. epiderndis, derhaefter biofilm til fibronectin belagte overflader. ¥inskedet visualisere
Embpi S.epidermidishiofilm, ogvidere undersggdens biologiske rolledannelsen af
biofilm, ved at konstruere fusispproteirermed SNAP tagget og monomeric superfolder
GFP (msfGFP)Men fusionsproteinet kunne ikke visualiseres. Dette skyldes sandsynligvis en
uhensigtsmaessig placering af protein tagmden et formodet sftaingssted efter
signalpeptidet. Vi demonstrerede imidlertidSataureusned succes kamdskille msfGFP
sammensat med 8ec signalpeptid eller Coa, hvilket demonstreredeatudgar enplagt
kandidat for maenking afextracelluleere proteiner. Vi visliserededesuderSNAP taget
udskilt ved tveerveeggen under celledelin@gafureusvia densame mekanisme som
anvendes til andskille Embp ogforudserderforenmulig visualiseing af Embp med en af
disse to proteinmeerker, hvis meerket istedet er plaetestspaltestedet.
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1. Introduction

1.1 Introduction to biofilms

Biofilms are the predominant form of bacterial ljig, which is no surprise because the

biofilm is excellent at promoting the survival of the bacteria wifRjn Biofilms contain
aggregates of bacteria (or other microorganisms like fungi, algae, or archaea) encased in an
extracellular matrix, are capable of withstanding stress, and promote survival in a variety of
different environmentf3]. Biofilms can be found almost evevigere: in soil and on plants,

on ship hulls and in pipes, as commensals of the gut flora, and in infd@johsfact, it is

difficult to imagine a place completely free of biofilms: even highly inhospitable
environments such as des@a vents and hot springs contain biofi[#i$5]. Biofilms have

even been found in outer space, where they contaminated equipment whilst still on Earth an
caused damage that led to equipment malfunction once if@jrbit

Biofilms provide an excellent environment in which to survive by taking advantage of
their surroundings and of lin@tl nutrients. Biofilms incorporate minerals from their
environment and retain them within their extracellular matrix, and retain debris from lysed
cells that can be reused as a nutrient source[BtaBiofilms are also comprised of up to
97 % watef2], and the extracellular matrix limits both the intake and loss of water, giving
bacteria time to adjust to sudden environmental changes and preventing dehydration
Biofilms providethe proximity to other bacteria needed for horizontal gene transfer and to
facilitate celtcell communication, which allows bacteria to respond to environmental triggers
like nutrient gradients, changes in oxygen levels, or the presence of harmful da§2hica
Bacteria in biofilms are heterogeneous and adopt different phenotypes based on
environmental cues. Bacteria in the centre of the biofilm grow more slowly due to limited
nutrients[8], and other subpopulations of bacteria that serve different purposes can emerge.
These includ metabolically inactive persister cells that are distinct to the slow growing
bacteria in the centre of biofilms, and which do not contribute to biofilm formation. Instead
they benefit the population overall by surviving chemical threats like exposangibotics
[9].

The extracellular matrix is composed of many different molecules including
polysaccharides, extracellular DNA (eDNA), and prot¢#jsSome of these components are
selfproduced, ath others derived externally from the environment. Biofilm development
usually begins with the reversible attachment of a bacterium to a surface via weak van der
Waals force$10]. This is followed by irreversible attachment by birgdto environmental
components via surface receptors, flagella, or secreted matrix compjdiignigext the
biofilm accumulates by producing extracellular matrix while the bacteria divide and grow,
andfinally, biofilms degrade their matrix to disperse and release cells into the environment,
allowing them to spread and establish new biofilms elsewh8telt is worth noting that not
all biofilms require a surface, for example, biofilms formedAsgudomonas aeruginosa
infections of the lungs of cystic fibrosis patients are not surface attfchledot all
biofilms are comprised of the same molecules; each biofilm adapts to its own environmental
niche. In addition to the aboveenticned extracellular matrix components, environmental
biofilms can contain inorganic debris from the environment like clay particll2gsand



they often contain multiple species of bact¢tid]. On the other hand, medical biofilms
found in infections are simpler and are usually mspecieg13].

When bacteria colonise living tissue and form biofilms, they can cause chronic
infections that evade the immune system and tolerate antibiotic treatment. Many infections
involve biofilms, including endarditis, chronic wounds, and implant infections on catheters,
mechanical heart valves, shunts, and orthopaedic imglatjtsl.51 2.5 %of patients with
implanted medical devices get infections, which due to theametinature reduce quality of
life as well as cause death and huge healthcare[@®$tS hese biofilms are characterised
vivo by the presence of small, dispersed agagegof matrixenclosed bacteria of up to
200 nm in diametdil 6], surrounded by a layer of immune cells at the biofilm suffick
and are extremely tolerant to antibiotics. Biofilms can be up to 1000 times more tolerant to
antibiotics than when lsteria are in a planktonic stdte8], and these dosages are much
higher than can be achieved clinically. Téxracellular matrix restricts the penetration and
diffusion of some antibioticgl9][20], and many antibiotics do not target the metabolically
inactive cells within biofilmg8]. Furthermore, the presence of subpopulations of persister
cells within biofilms complicates abtiotic treatment$21]. Most antibiotics disrupt
processes carried out in metabolically active cells and therefore are ineffective against
dormant persister cells. These bacteria persist after the antibiotics are removed, waking up t
repopuiate the biofilm and are thought to be a major reason behind chronic infections. Failure
to eradicate a biofilm therefore leads to a temporary reduction in symptoms during antibiotic
treatment, but the infection recurs shortly after treatment is stoppedh) the case of
implant infections, the surgical removal and replacement of the infected device may be the
only treatment option lef22]. Prolonged antibiotic treatment also increases the risk of
acquiring genetic resistances to antibiotj28], and therefore it is imperative to understand
biofilms in order to develop better treatment options.

1.2 Staphylococcus aureus

Biofilm infections associated with implarasemost commonly caused [8faphylococci

with Staphylococcus aureandStaphylococcsi epidermidicomprising approximately0 %
of the infectiong24]. S aureusis a nommotile, Gram positive, rounrshaped bacteria
characterised by its goldeolony colourand grape like clusters of cells when visualised
under a microscop&. aureugolonises the skin and nares of approximately 20 % of the
population as part of the normal fldéb]. However, it is an opportunistic pathogen, and
causes disease when it breaches the skin and reaches the soft tissue or bloj@égtream
causes large range of diseases, from superficial skin and soft tissue infections, to more
serious conditions such as endocarditis, osteomyelitis, and E&fisik has numerous
virulence factors thatnable it to establish infections and cause disease, such as adhesins,
toxins, and immune evasion fact¢2s)].

S. aureuss one of the leading causes of implant associated infections, where bacteria
colonise the surface of implants suclcatheters, artificial joints, and pacemakers, and form
a biofilm [27][29]. Infection of the implant can happen during insertidd. iureudransfers
from t he patimplantsorfacgd]kCnae inside the dody, implants get
covered in numerous host proteins such as collagen, fibrinogen, and fibro8eatineus
expresses many surface receptors which recognise and bind host proteins and therefore att:



the bacteria to #nimplant[29][31]. Once attached. aureuglivide and produce a biofilm,

which helps them evade the immune system and increases tolerance to anf@@ptics

Because the concentration of antibiotics reggito eradicate a biofilm is usually higher than
can be administered to a pati¢s], implant infections can become chronic, and surgical
removal and replacement of the infected device may be the only treatment option. Surgery is
an unpleasant and riskyocedure, whiclis best avoidedl'herefore, we need to increase our
understanding of biofilm infections in order to develop improved treatments and preventative
measures.

S. aureusttaches to host pmihs andiseshemto create protein rich biofilmi&3].
In the presence of plasnta, aureugexpresses a large family sdfirfaceproteins that bind
host proteinsvhich arecalled microbial surface components recognising adhesive matrix
molecules (MSCRAMMSs)31][34]. Clumping factors Ard B (CIfA and CIfB) are two
MSCRAMMs which clump bacteria by binding fibrinogen and aid tissue colonig&in
Clumping is involved in several diseases including endocarditis, soft tissue infections, and
osteomyétis, and appears to protect bacteria from ingestion by immune cells once the
aggregate becomes too large to ingest and increases tolerance to antibiotics by an unknowr
mechanisnj35]. Fibronectin binging proteins and B (FnBPA and FnBPB) not only bind
fibronectin, but also fibrinogen and elastin, and therefore facilitate attachment to host tissues
via a number of host proteif35]. Collagen adhesin (Cna) facilitates attachimaa collagen
and helps to escape immune cs).

S. aureuslso secretes proteitizatbind to host components, called secretable
expanded repertoire adhesive moleculesRSHSs). These include Extracellular adherence
protein (Eap), Extracellular matrix proteloinding protein (Emp), and extracellular
fibrinogen binding protein (Efp). Eap inhibits neutrophils and therefore inhibits the immune
respons¢36], Emp bindshost fibronectin, fibrinogen, and vitronec{i7], which appears to
be important for virulencf85], and Efp inhibits phagocytodi38] and decreases wound
healing[39]. Overall, these SERAMs seem to be important for evading the immune system
and increasing virulence.

1.3 Coagulase and von Willebrand factor binding protein

A hallmark ofS. aureuss its ability to coagulate blood and form a fibrin clobdn, derived

from host fibrinogen, is a key component of the biofilm extracellular mg#@ikand forms

two concentric fibrin structures cell surface attached pseudocapsule, and an extended outer
network, which act as mechanical barriers against immune §ftalclenhance virulence

[42][4], and increase adhesion to surfalgEy. Fibrin is the main constituent of blood clots,
which serve to stop bleeding in response to an injury and promote wound healing. It is a
fibrous protein formed by the enzymatic cleavage of fibrinogen, which then polgsiéis

form fibrin [44]. Fibrinogen is a large 340 kDa glycoprotein that exists in thedoht a
concentration of about 2.5 g/l and -chains conm
[45]. Fibrinogen is usually converted to fibrin in response to an injury to form a blood clot by
the host coagulatiorascad€Figure1). When an injury occurs, tissue factor is released into

the bloodstream, which triggers a cascade reaction of clotting factors within the blood that
ultimately results in the formation of a protein complex thaaves blood protein

prothrombin (fll) into its active form, thrombin (flla). It cleaves thaddminus of
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Figure 1 Simplified diagram of the coagulation casle. In response to an injuprothrombin is cleaved
and activated. Once activated, it cleaves fibrinogen, which subsequently forms fibrin fibers. Howe
and vWhbp bind directly to prothrombin and activate it independently of the coagulation cascade. I
from [35].

prothrombin, and the new cleavedt®minus inserts into a cleitithin the protein

triggering a conformationahange that exposes the active sftthrombin. Thrombin then
cleaves fibrinopeptides A and B off fibrinogen to form fibrin monomers, which self assemble
into fibrin fibers that form the clot. Thrombin further cleaves factor XIII (fXIIl) and activates
it (fXIlla). Activated fXllla forms cowalent cross links between adjacent fibrin fibers to
stabilise the clof46]. Fibrin clots can be subsequently broken down by plasminogen when it
is activated by the tissue plasminogen activpibt.

S. aureusecretes two SERAMs, Coagulase (Caraj von Willebrand factor binding
protein (vVWbp) that hijack the host coagulation cascade to trigger fibrin formation within the
extracellular matrix independently of the host coagulation cag€égiere ). Coa and vWbp
bind directly to prothrombin to fan an activated complex known as Staphylothrombin,
which cleaves fibrinogen and incorporates fibrin into the extracellular matrix. They both
insert their first two Nterminal residues into the binding cleft of prothrombin, triggeang
conformational changend activating if47][48]. S. aureuslso secretes Staphylokinase
(Sak), which activatesdst plasmin to degrade fibrin and aid biofilm dispef44]. It is
interesting thas. aures secretes two proteins to produce fibrin rather than just one: it raises
the question of whether Coa and vWbp serve different biological purposes, or whether their
roles are redundant.

While both Coa and vWbp trigger fibrin formation, they do so witfedgnt kinetics
[48], and have different binding capabilities that suggests diféexein their interactions
with other host proteinf0]. When Coa binds prothrombithe complex becomes active and
able to cleave fibrinogen immediately, whilst activation by vWbp requires further binding to
fibrinogen and therefore occurs more sloy§]. Coa contains a signal sequence (S) at its
N-terminal, which signals Coa for export outside the cell. This is followed hy1Ha2
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a. Coagulase b. von Willebrand factor binding protein
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Figure 2 Domains of a) Coa and b) vWbp. Coa and vWbp both bind fibrinogen and prothrombin, and
vWhbp additionally binds fXIIl, fibronectin, and von Willebrand factor. Image adapted[60n

regions, which bind to the-@rminal of prothrombin, and also to fibrinogen. There is a
central linker (L) region followed by the repeat (R) dom whch consists of multiple
repeats of a 27 residue peptide that binds fibringg&h(Figure ). Thomeret al.(2016)
demonstrated that the R domain is necessdigrtothe fibrin pseudocapsule S. aureus
[50]. They compared bacteria grown in media supplementédhaimanplasma by wildtype
S. aureugindS. aureuwith Coa lacking the R domain. Only the strain with an intact R
domain famed a pseudocapsule, and they hypothesised that the R domain limitsusierdiff
of Coa away from the bacteria to localise fibrin production to the vicinity of bacteria.
However, the R domain is not required for clotting, as Coa lacking an R domaitilhadses
to clot blood. The Nerminal of vWbp is homologous to that of Coa, and it can therefore also
bind prothrombin and fibrinoggh2]. However it lacks any other fibrinogembing
capabilities, and instead has domains that bind other host proteing5f3|ifibronectin

[53], and von Willebrand factor (VWH%2] (Figure 25).

S. aureusnutants lacking Coa or vWbp are less virulent, particularly if both
coagulases are lackipg?2]. Inhibiting the active complex with prothrombin also decreases
virulence in mice, reduseattachment to surfaces, and increases the ability of immune cells to
clear the infectiof54][43]. FurthermoreS. aureughat lacks vWbp coagulates blood more
slowly than the wildtype, anfl. aureusacking Coa coagulates even more sloj@l].
Guggenbergeet al.(2012) found tha$. aureusacking vWbp was unable to form the
extended fibrin network, ar@. aureugacking Coa only partially formed the fibrin
pseudocapsule, suggesting that Coa is primeggponsible for producing the pseudocapsule
while vWbp forms the extended netwd#l]. Coalocalises within the pseudocapsule
[41][42] and accumulates at the periphery of abscess legighsvhile vWbp is distributed
throughout abscess lesions and accumulates at the pelfigpBeryWbp also has a higher
affinity towards surface adsorbed fibrinogen than Coa while theylbod soluble
fibrinogen equally55].

Several biofilm treatments have been proposed that either target fibrin or the
coagulases. For example, the use of fibrinolytic drugs in combination with antibiotics might
break down the firin matrix and improve the antibiotic susceptibility of bactfs&[57],
and inhibition of Staphylothrombin reduces fibrin deposition on implants and increases
antibiotic susceptibility43]. Alternatively, vaccines and antibodies targeting Coa and vWbp
trigger immune cells to kilb. aureusand prevent lethal infections in mif8][50], and
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coating implants in tissue plasminogen activator reduces biofilm formation and increases
antibiotic susceptibility59].

The differences found between Coa and vWbp suggest different roles for Coa and
vWbp, such as Coa forming the pseudocapsule as a first line of defence against the immune
system and vWhbp diffusing further away to producdriitinat attaches the biofilm to
surfaces and provides a secondary barrier against immune cells. However, the mechanisms
they use to carry out these distinct functions are unknown. By studying the mechanisms that
Coa and vWbp use, we will further understéwaav they carry out different functions and
deepen our understanding of wyaureugproduces two coagulases.

1.4 Staphylococcus epidermidis

Staphylococcus epidermidsa Grampositive,coagulase negativaprrmotile cocci that

was originally name&taphyococcus allasdue to forming white colonies thdistinguished

it from the golders. aureusilt is a gaerally harmles§60] and ubiquitous@mmensal of the
skin[61]. Compared to the more pathoge8icaureusS. epidermidisloes nbexpress

aggressive xins that cause diseai9]. In fact,S. epidermidisisually has a rather benign
relationship with its host and there is growing awareness that it plays a role in modulating th
host immune system to promote the survivat@hmensal§62] and provides some

protection against colonisatiday pathogens such & aureu$60].

Despite its apparent harmlessné&ssgpidermidiss the most frequent cause of
implant associated infections. It causes up to 70 % of catheter related infections, over half of
central nervous system shunt ictiens, and is the leading cause of orthopaedic implant
infections[63]. S. epidermidiss a major source of infection because it is so abundant on our
skin, but disease tends to occur in patients with predisg characteristics such as
premature birth, infection with HIV, or taking immunosuppression medicggijn
S. epidermidisnfections are persistent and difficult to eradicate with antibigdidsand it is
has become apparent ti&atepidermidignain route to virulence is its ability to form biofilms
[65]. Overuse of antibiotics to tre&t epidermidisnfections has also lead to the development
of numerous antibiotic resistant straj68], and there is growing concern o\& epidermidis
infections as the population ages and the use of implanted medical devices increases.

S. epidermidigorms biofilms with matrices comprised of a combination of
polysaccharide intercellular adhesin (PIA), proteins, and eDNA, all of velnehesistant to
phagocytosi$60][66]. About one third of device related@ations are caused by strains that
do not produce PI466], and genes encoding hiofi forming proteins such as Accumulation
associated protein (Aap) are widespread in clinical isoJ&#sSimilar toS. aureus
S. epidermidigxpresses a numbef surface associated MSCRAMMs as well as other cell
wall anchored proteins, which interact with host extracellular matrix compde&t&ap is
a cell wall anchored protein that binds fibrinogen, fibronectin, and vitron@€&jnand
promotes attaghent to both epithelial cells and artificial surfaf@3][69]. It promotes
attachment to abiotic surfaces via itgddminal A domairj69] and also increases biofilm
accumulation when the A domain is cleayéd]. Autolysin E (AtIE) releases eDNA from a
fraction of cells within the population to aid primary attachment to abiotic surffatkand
might also bind surface immobilised fibronectin, fibrinogen, and fibrongg@j
S. epidermidiserineaspartate repegtotein(SdrG) initiates implant infections by binding to
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Figure 3 Diagram of Embp domains taken frg64].

immobilised fibrinogerj72] and its interaction is strengthened by shear stress, which allows
it to withstand mechanical streissvivo[73].

1.5 Extracellular matrix binding protein

Extracellular matrix binding protein (Embp) is a giant 1 MDa surface protein of

S. epidermidi$74] present in 90 % of clinical isolaté®4] that increases attachment to
fibronectin coated surfaces, promotes biofilm accumulation, and inhibits uptake by
phagocytosi$75][76]. It contains an Nerminal YSIRK/GS export signal followed by 21
found in various architecture (FIVAR) repeats and 38 repeats with alternating FIVAR and
G-related alburmm binding motifs (FIVARGA). Its Gterminal contains a domain of
unknown functiorfollowed by a putative transmembrane donia@) (Figure 3.

Overexpression aggmbpincreases bacterial adhesion to fibromectated surfaces,
but not artificial polystyrene surfacg&b]. Fibronectin is a host glycoprotein that circulates
the blood i a globular conformation and exists in the host extracellular matrix in a fibrillar
conformation[77]. It isinvolved n a variety of biological processes such as adhesion to the
extracellular matrix, mobility, growth, and differentiatipt8]. Embp binds surface
immobilised fibronectin via its FIVAR modul¢gg5], which probably aids bacterial
colonisation of fibronectin coated implamtsvivo. Embp is also an intercellular adhesin and
promotes biofilm formation by an unkwn mechanism involving interactions of the
FIVAR-GA domains with adjacent cellg5]. The FIVAR domains are sufficient tanil
surface immobilised fibronectin but do not promote biofilm formation alone. Embp mediated
clumping also serves to protect bacteria from the immune system by inhibiting phagocytosis
[76]. Embp localises to both cell surfaces and within the extracellular matrix when visualised
with antrEmbp antibodie§76][79][80]. Embp has also been suggested as a potential target
for biofilm prevention strategies after ambp antibodies were shown to inhibit
S. epidermididiofilm formation[81].

Embp is only expressed at very low levels when grown in ordinary lab fr&dia
This raises the question of whembpis expressed. Expressionehbpincreases when
grown in the presence of human sefui®, the fluid component of blood with red blood
cells and clotting factors removed. Therefore, exposure to host components might trigger
Embp production during an infection. Suthibitory concentrationsf the antibiotic
tigecycline also increasesnbpexpression, and therefore treatments with insufficient
concentrations of certain antibiotics might stimulate biofilm formation rather than treating the
infection[80]. Expression also increases under osmotic stress in biofilms, but not planktonic
cultures[79]. Skin has fluctuating water and salt levels and therefore fluctuating osmotic
stress. This findig could therefore indicate an additional role of Embp in skin colonisation
whereS.epidermidiss a harmless commengab].
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In vitro evidence indicates multiple biological roles for Embp in mediating attachment
to surfaces and host tissues containing fibronectin, increasing biofilm formation, and evading
the immunesystem. However, there is still much to discover about Embp. There still remain
guestions over the quantity of Embp that is produced and under what conditions, whether all
cells produce Embp, how its localisation is related to its function, and the nsuokahat it
uses to interact with host proteins, especially undeivo or in vivo-like conditions. By
answering these sorts of questions, we will further understandwépidermidiproduces
Embp, how it functions, its clinical significance, and milglarn new ways to target Embp
for biofilm treatment or prevention.

1.6 Fluorescence microscopy

Fluorescence microscopy is a valuable tool for imaging whole cells or biological molecules
that are tagged with a fluorescent dye or protein. Fluorescence ooigyosas allowed
researchers to visualise bacteria and extracellular matrix components in biath andin

vivo biofilms. For example, fluorescence microscopy has been used to reveal the spatial
distribution and localisation of extracellular matrix qunents such as extracellular DNA,
polysaccharides, and proteii@2][83][56], to study the penetration of antibiotitsdugh

biofilms [84], different metabolic activities within biofilm{85], biofilm formation[86], and

the distribution of multiple species of bacteria tagged by different cdl®dfsFluorescence
microscopy therefore allows researchers to probe the environment of living and fixed sample
in a minimally invasive way, to study several fluorescently taggedaulge simultaneously

via multicolour imaging, to study structures within the extracellular matrix, and in some case!
to follow dynamic processes.

Fluorescence is light emitted from atoms as their electrons transition from an excited
state to the groundate, and can be desaibby a Jablonski diagrarRiure 4). An
electron is excited when it absorbs an incoming photon, which provides the energy required
to transition to a higher energy state. Once excited, the electron loses a small amount of
energy de to vibrational losses before transitioning back to the ground state by emitting a
photon. The energ@of a photon is related to its wavelengtbyO @) _."G s Pl an c k
constant andbis the speed of light. Because the excited electrastsergy beforele
exciting, the emitted photon therefore has lower energy and a longer wavelength than the
absorbed photon. Fluorescence microscopes utilise this process to visualise samples labelle
with a fluorescent tag. There are many different fluorescence microscope designs, but they
share the same basic principles. A laser is used to excite samplesvihéieen labelled with
a fluorescent dye or fluorescent protein. Fluorescence emitted from the sample is collected
through an objective lens and focussed onto a camera, which records an image of the
fluorescence. Excitation and emission light usuallyspaghrough the same objective lens,
and a dichroic mirror is used in combination with excitation and emission filters to
distinguish the two. The excitation filter is placed in the excitation pathway and blocks
undesired excitation wavelengths, the ernoisdilter is placed in the imaging pathway to
block excitation wavelengths and transmit emission wavelengths, and the dichroic mirror is
placed between the excitation and emission filters. It reflects excitation light towards the
sample whilst transmittingmission light. Imaging samples and collecting emissions through
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Figure 4 a) Jablonski diagram illustrating fluorescence. b) Basic optical setup of an epifluorescence
microscope.

the same objective lens is called epifluoreseeand when imaging with a parallel beam of
light it is called widefield microscopyr{gure 4).

Signal to noise ratio is an important consideration in microscopy, defined as the ratio
of fluorescence signal detected to noise arising from backgroumedicence, variation in
the incident photon flux (shot noise), and the detector itsstiput and dark noise). To get
the best image quality, signal to noise ratio should be maximised. Some noise is inevitable:
shot noise is present in all imaging syssdmecause it is a fundamental property of light
arising from statistical fluctuations in the number of emitted phd&8ls Readout noise is a
fundamental property of chargeupled devices (CCDs), sensors commonly used in camera
chips, generated when converting charge carriers to a voltage [S§ghdbark noise arises
from thermally generated charge carriers in the CCD detector that are produced in the
absence of indent light, but can be reduced by cooling the J88). One way to overcome
noise ad increase signal to noise ratio is to use a high numerical aperture (NA) objective
lens.The NA of an objective lens is given byi “Qé&vheret is imaging medium refractive
index and—the halfmaximum angle of a ray of light that the objectivesiean capturg89].
High NA objectivesmprove signal by capting more photons, with the tragdf of having a
smaller depth of focu89]. Another strategy is to use bright fluorescent dyes that provide a
large fluorescent signal. Cells have intrinsic fluorescence known as autofluorescence if they
contain fluorescent biomolecules such as collagen, elastin, flavins, NADgP3rhmatic
amino acidg490], that reduces signal to noise ratio. Most autofluorescence occurs when
exciting with shorter wavelengths of approximatgd0i 500 nm and emits at approximately
35071 550 nm[90]. Therefore, if autofluorescence is a large prohlembetter to select dyes
that are far red. A further source of noise arises from out of plane fluorescence. In an
epifluorescence microscope, the planes above and below the focal plane are also excited,
producing out of plane fluorescence and decreasgmal to noise ratio. Therefore, one
major way to improve signal to noise ratio is to change the optical design of the microscope
such that background from out of focus fluorescence is reduced.
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Confocal laser scanning microscopy (CLSM) is a commonasoape design that
blocks out of plane fluorescence, and is generally considered to be the gold standard for
imaging biofilms[91]. In CLSM, the laser is focussed within the sample and scanned to build
up a 2D optical section. A pinhole is placed in the imaging pathway in a conjugate focal
plane to block out of focus fluorescencel amly allow fluorescence from the fogadhne to
reach the detectoA second pinhole is placed in the excitation pathway to improve optical
sectioning. Therefore, CSLM has improved signal to noise ratio compared to widefield
epifluorescence. An additiohadvantage is that optical sections taken in differeptahes
can be processed to produce a 3D image, which is particularly useful when studying a
complex 3D structure such as a biofilm. A disadvantage of CLSM is that it is slow because it
requires scamng to build up an image. Therefore, fast, dynamic processes cannot be
measured, and it also has a limited depth of focus. It also suffers from disadvantages comm:
to all fluorescence microscopes; fluorophores accumulate chemical damage during
fluorescere that causes them to lose their ability to fluoresce, which is known as
photobleaching, and extended exposure to light is phototoxic tq22JJ]93]. Hence,
samples cannot be imaged for long stretches of time without decreasing emissions due to
photobleaching antherisk of damage to cells or cell death due to phototoxicity.
Nevertheless, CLSM is an excellent tool for imaging biofilms anglidely used today.

Other microscopy techniques such as single molecule fluorescence microscopy enab
the detection and quantification of single molecules and could enable researchers to study
biofilms on smaller length scales. Barkal.investigatedhe assembly of proteins and
polysaccharides in the extracellular matrix of eafilyrio choleraebiofilms using stochastic
optical reconstruction microscof94], a single molecule detection technique, but overall
there seems to be a lack of single molecule fluorescence microscopy in besiarah.

Single molecule fluorescence microscopy has the potential however to reveal more about th
molecular mechanisms and interactions that biofilms use to initiate themselves, produce the
extracellular matrix, and interact with host cells and prstein

1.7 Single molecule fluorescence microscopy

Single molecule fluorescence microscopy allows the detection and characterisation of single
proteins and other biomolecules in living cells with high spatial and temporal res¢@&jon
Single molecules can be detected inside cells to reveal their subcellular localisation,
stoichiometry, and spatial distributi¢®6][97]. Single moleculérajectories can also be

tracked using movies with millisecond frame rates to reveal information on dynamics,
molecular interactions, diffusion properties, and binding kin¢@8§99]. Sinde molecule
detection also provides information on protein copy number and heterogeneity within
molecular subpopulatiorf88], which is not possible with bulk ensemble methods.

Single fluorophores do not emit a very bright sigt@hpared to the el of
background noiseand a challenge in single molecule microscopy is to detect this signal over
the relatively large autofluorescence background by increasing the signal to noigEOjtio
Signal to noise ratio can be increased with improved camera detectors and the use of bright
variants of fluorescent proteins or organic fluorophores. There are also some optical designs
that increase sigth to noise ratio. Total internal reflection microscopy (TIRF)1] is a
common single molecule detection method in which the laser is directed towards the sample
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at an angle greater than the critical angle such that it undergoes total internal reflection. This
creates an evanescent field at the sample that decays exponentially with distance from the
sample, and excites the sample up to a depth of about 100 nm. Because the excitation field
so thin, there is minimal out of focus fluorescence and the signaige ratio is large. TIRF

is particularly good for imaging cell membrane proteins when the cells are imsedlnh a

cover glas$100]. Howevera disadvantage when imaging biofilms would be that you are
limited to only imaging the very bottom surface of the sample when there may be interesting
features deeper within the sample. Other optical methods to increase signal to noise ratio
involve shrinkng the excitation beam to a diameter of abouidOfor narrowfield
epifluorescence, which increases the local beam intensity to levels sufficient for single
molecule detection with millisecond samplifig2]. A similar method is slimfield
epifluorescence, in which the incident laser under fills the back aperture of the objective lens
to produce an expanded focus within the sarfi8].

The above methods alone are still diffraction limited, that is to say that if fluorescent
spotsproduced by single moleculese separateby less than the diffraction limited optical
resolution then they canndie spatially resolved. Light emitted from a fluorophore diffracts
as it passes through the objective lens to produce an Airy disk difigeitern, which has a
bright central spot surrounded by concentric rings of increasing radius. The limit of optical
resolution is given by the Rayleigh criterion, which approximates the minimum separation of
two spots required to be spatially resolveas 1@ pj U ¢, the distance at which the
central maximum of one Airy disk aligns with the first minimum of the ofb@®]. _ is the
wavelength of the light and 6the numerical aperture of the objective lens. This means that
the optical resolution is limited to roughly half the wavelength of light (about 30® nm),
which can inhibit detection of single molecules wherauoales are closer together than this.

Apparent spatialasolution can be improved upon by image processing methods used
after data acquisition. Light emitted from a single fluorophore appears as a blurry spot larger
than its real size due to diffractiamd convolution with the point spread function, a property
of the imaging system that describes the shape of a point source as determined by the
wavelength of light and numerical aperture of the objective lens. To process this data, an
approximate of théheoretical point spread function is fitted to the spots and the positions of
their centres estimated with high spatial precision that is higher than the optical resolution
limit. These methods work provided that there is a relatively low concentratsimgbd
fluorophores. Complexes containing several fluorophores can sometimes still be
distinguished because they will appear as single spots with higher fluorescence intensities
than single fluorophores, but there is an upper limit where this analysismésaweffective
[89].

To overcome overcrowding issues, thare imaging techniques that allow fewer
fluorophores to be excited at once. TIRF delimits the excitation field to a shallow depth of
around 100 nm, thus reducing the number of fluorophores detected by omitting detection
outside this range. This does nmiprove the lateral resolution but it is often sufficient to
overcome the issue. Other techniques incktdehastic optical reconstruction microscopy
(STORM)[104] and phovactivated locasation microscopy (PALM]105]. These
techniques both take arbe number of images where a limited number of fluorophores are
excited so that their spots do not overlap. PALM uses photoactivatable fluorophores that em
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light when activated by laser irradiation and bleach shortly afterwards, whilst STORM uses
photosvitchable fluorophores that switch between bright and dark states. These processes a
stochastic, therefore only a small subpopulation of fluorophores fluoresce at one time.

1.8 Fluorescent fusion proteins

Fusion proteins are a method of visualisingteins in which a protein tag is fused to a
protein of interest and then imaged using fluorescence microscopy. Fusion proteins have
enabled researchers to probe microorganisms on the subcellular level and study protein
biologyin vivo by shedding light oprotein localisation, dynamics, and associations to other
proteins[106]. To create a fusion protein, the gene for the protein tag is inserted in frame at
the start or end of the gene for the protein of interest. The end iegdbecause proteins
usually fold with their termini exposd@07], and if there is a functional domain at one end of
the protein, the tag is inserted at the other end so that it doespaat the function of that
domain. The protein and tag are usually separated by a linker, a short sequence of amino
acids that provides flexibility and allows both the protein and tag to fold without steric
hindrancg108]. Fusion proteins are often ovexpressed from a plasmid introduced into the
cell, which is separate from the celthromosome. Oveaxxpression ensures that there is
sufficient fluorescence intensity to detdmiif can cause artefacts such as aggregit@s;.
Overexpression artefacts can be avoided by expressing the fusiemgrom the
chromosome under native expression lejEl9], which allows the study of the protein of
interest with expression levels more similar to their usual levels.

The first fluorescent protein tag was green fluorescent protein (GFP). GFP is a proteit
that emits green light when excited by blue light. It has excitation peaks at 395 nm and
475 nm and an emission peak at 5008. GFP is a 2 4 nm long barrel shaped protein that
contains a chromophore formed by thneéghbouring amino acids thigtresponsible for
fluorescencgl11]. Shimomura purified GFP from the jellyfigtequorea victorian 1962,
where they discovered that the protein would emit green fluorescence upon illumination with
ultraviolet light[112]. In 1994 Chalfie expressed GFPHacherichia coliand
Caenorhabditis elegarend confirmed that the organisms could fluoresce, used the fusion
products to monitor gene expression, and suggested that GFP could be used tot&undy pr
localisation[113]. T9en and ceworkersalso engineered GFP to fluoresce at different
wavelengths with enhanced spectral propeffiéd], and for this work combined,
Shimomura, Chalfie, and en were awarded the Nobel prize in Chemistry in 2008. Since
then an even broader palette of fluorescent proteins have been developed, including
fluorescent proteinfom other marine speci¢$15] and proteins engineered to have
enhanced brightne$$16], different colourg114], or other propertied 17] that make up an
ever growing toolbox of proteins to use for fusiph¥8]. Not all fusion proteins need be
fluorescent: there are also nflnorescent protein tags such as the SNAH14§] and
HaloTag[120], which can be labelled with a substrate conjugated to a fluorescent dye that
can offer brighter fluorescence than fluorescent proteins with theafadéneeding to be
labelled before imaging.

Other methods of labelling proteins for fluorescence microscopy include antibody
labelling and prdabelled protein conjugates. Proteg@ be visualised directly via primary
antibodies that recognise the protein of interest and are conjugated to a fluorescent dye, or
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indirectly via secondary antibodies conjugated to a fluorescent dye, which recognise a non
fluorescent primary antibodyah binds the protein of intere3the organic dyes that are
conjugated to antibodies are usually very bright and therefore provide a high signal, and this
signal is amplified when labelling with secondary antibodies because multiple secondary
antibodies ca bind to one primary antibody. Howeventiody staining can lead to non

specific staining121], where the antibody bils to targets other than the protein of interest

and decreases signal to noise raidditionally, cells are often fixed during staining to

preserve cellular structur€s?1], which kills cells, and therefore fast and dynamic processes
cannot be monitored in living cells. Furthermore, antibodies can have difficulty penetrating a
biofilm extracellular matrix due to their laggize of about 10 nfi22], ard therefore may

not always be a suitable method. Addition of-jateelled proteirdye conjugates avoids

issues such as napecific staining, however, results in an artificially increased quantity of
protein due to the presence of both native, unlabeletip and the added plabelled

protein, which does not reflect the native environment of the cell. Therefore, advantages of
using fusion proteins are the ability to study proteins in their native environment in living
cells, the study of dynamic process and lack of labelling when fluorescent fusion proteins
are usedThe labelling efficiency when using fluorescent proteins is also 100 % because the
fluorescenfusion protein is encoded into the DNA of the cAl.important disadvantage to

be aware ofs that fusion sometimes impairs the biological function of the protein of interest
or forms aggregatd423], therefore, if possible, it is importamt verify that the fusion

protein functions as expected before proceeding with imaging experifh@éisit is also

possible for the protein tag itself to misfold, or, in the case of fluorescent protein tags,
otherwise fail to beome fluorescent in some environmejii24]. The periplasm of Gram
negative ba&ria was a challenging environment to image because it is oxidising and
promotes the formation of disulphide bonds, which prevents the use of many GFP variants a
protein tags in this environment. In the periplasm, GFP gets trapped infao@scent st

and the chromophore does not form correctly due to cysteine residues in GFP forming
disulphide bonds with each other, cysteine residues in adjacent GFP molecules, or other
cysteine containing proteins during foldifi®4]. However, proteins in this region have been
imaged using a specific variant of GFP called superfolder GFP B3{GE4], which folds

quickly enough that its cysteines do not form disulphioleds. Fluorescent proteins are also
generally dimmer than organic dyes and photobleach qUi@&ly The maturation time is

also an important consideration. It is the time taken for the fluorescent protein to fold into its
3D conformation and for the chromophore to form and become fluorescent, and can be a
short as d&ew minutes tas long aseveral hours depending on the fluorescent prfia).

This can be an issue when imaging fluorescent proteins in living cells;talk@nip to 40

minutes for half of a population of freshly produced enhanced GFP molecules to mature, anc
therefore it is likely that there will be a portion of GFP that have not become fluorescent yet
during imagindg89].
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2. Aim

The overall aim of this project is to investigate key mechanisms of ni@atniration by

proteins inbiofilms formed byS. aureusandS. epidermidisspecifically Coa, vWbp, and

Embp aided by advanced methods from the physical scief@dasn is a major component

of S. aureudiofilms, and it § interesting to understand wBy aureusecrete two coagulases
to trigger fibrin formation, and whether Coa and vWbp direct fibrin production to different
locations in biofilms or not. | expect that Coa is necessary to form the fibrin pseudocapsule
and will therefore localise to the surfacedatteria teenablepseudocapsulmrmation

while vWbp will be required to form fibrin in the extended network and will therefore
localise in the wider biofilm. Embp is present in most clinical isolaté&s epidermidisyet

much is still unknown aboutstrolein vivo. Embp binds to fibronectin, increases biofilm
accumulation, and aids immune evasion, but it is not known how abundant Embp is, when it
gets expressed, or whether all cells produce Embyhp is a surface protein that can get
cleaved off andocalise elsewhere, where it might contribute to matrix format@ualising
Embp can help address these questions, and | anticipate that Embp will localise to cell
surfacesand the wider biofilm matrixand be produced only when in the presence of host
factors.

To do investigate the roles of Coa, vWbp, and Embp in matrix production, | will
develop and use the tools to visualise these proteins. | will create fusion proteins and visuali
them in biofilms grown unden vivo-like conditions using confotand single molecule
microscopy, and | will construct a novel, bespoke single molecule fluorescence microscope |
order to overcome the poor signal to noise ratio that arises when imaging complex biofilms.
The project is broken down into more specific aias follows:

1. To analyse the location, dynamics, and-cell variation of fibrin formation in
biofilms growing undem vivo-like conditions usingime lapse confocal microscopy
of wildtype S. aureu9213 as well as mutants lacking Coa, vWbp, or (Gtrapter
3).

2. To determine the localisation of Coa and vWbp in planktonic cultures and biofilms
using coagulation assays and by constructing and visualising genomically encoded
C-terminal fusion proteins with mCherry and GFP (Coa:mCherry and vWbp:GFP)
(Chapters 3, 4, and 5).

3. To establish whether monomeric superfolder GFP (msfGRmyight, monomeric,
and fast folding GFP varianis a suitable protein tag for secreted proteins in Gram
positive bacteria. Successful secretion of msfGFB.laureu29213will be assessed
when fused to Tatand Seesignal peptides and when fused to Coa (Chapter 6).

4. To create a genomically encodedétminal fusion protein between Embp and GFP
(GFP:Embp) irS. epidermidid4.1.R1 and visualise it in biofilms grown undier
vivo mimicking conditions (Chapter 7).

5. To develop and test a novel, bespoke fluorescence microscope that is tailored towarc
imaging single molecules in biofilms (Chapter 8).
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3. The dynamics of fibrin production during biofilm

formation

In this Chapterl investigated how Coa and vWbp direct fibrin production to different
locations within biofilms, how they affect the dynamics of fibrin production, and whether
there is celicell variation in fibrin production. The results confirmed that Coa is necetssary
form the fibrin pseudocapsule, and | discovered that vWbp accelerates the formation of the
pseudocapsule in the presence of Coa. A small proportion of bacteria do not form a
pseudocapsule, and | hypothesise that these bacteria do not produce tegpsaréats

required to bind fibrin.

3.1 Introduction

The hostderived fibrin network is a key structure$n aureudiofilms that protects the

bacteria from host immune defences, enhances their virulence, and increases adhesion to
surfaceg42][54][43]. S. aureusecretes both Coa and vWhbp, which hijack the host
coagulation cascade to trigger fibrin production and incorporate it inextrecellular

matrix in two concentric structures: a surface attached pseudocapsule and an extended fibril
network[41]. It is thought that Coa produces the pseudocapsule whilst vVWbp produces the
extended networfd1], but it is still unclear whether Coa and vWbp have different biological
purposes or whether their roles are reduhdan

| collaborated with a number of colleagues to tackle this question. We began by
experimenting with mutants &. aureughat do not produce Coa, vWbp, or both, which
allowed us to monitor phenotypic changes that occurred when one coagulase wasllacking.
visualised the growth of the fibrin network$ aureusiofilms and compared the
phenotypes to infer the roles of each coagulase individually. | investigated how removing on:
coagulase changed how fibrin localised within the biofilm and altereditie §rowth
dynamics. Not all of these changes could be assessed by eye, so | adapted a bespoke softw
written by the Leake group at the University of Y§IR6] to analyse the data. A hallmark of
S. aureuss its ability to coagulate blood or plasma, &dureughat lacks vWbp coagulates
blood more slowly than the wildtype, and even more slowly when lackingSDpavly
colleagues and | also conducted similar coagulation assays to assess whethern®dbm
associate to cell surfaces or are secreted to cell culture supernatants to give more insight int
their biological roles and mechanisms that they use to influence fibrin localisation. As the
experiments progressed, | discovered that there wagpapuiation of slowly or non
growing bacteria within biofilms that did not form a fibrin pseudocapsule, and which could
be distinguished by their bright fluorescence intensity. My colleagues and | further explored
why these cells did not have a pseudoclpsuhy their signal was so bright, and what their
biological role could be.

| contributed to all aspects of these projects. | optimised and conducted time lapse
imaging experiments of fibrin growth and analysed the data. For the analysis, | adapted som
MATLAB software for single particle tracking that was originally written by Adam Wollman
(University of York)[126]. | adapted his code to identify bacterial cells in biofilms, to
identify bacteria belonging to growing and rgimowing subpopulations, and wrote additional
code to quantify fibrin belonging to the fibrin pseudocapsule. Adam contributed some
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additionaloriginal code to quantify the relationship between fluorescence signal from fibrin
and distance to the nearest cell. Amanda Khamas (Aarhus University) transformed a plasmi
with gfpinto S. aureuso that the cells could be visualised with fluorescenceascopy

without the need for staining, and she also conducted the coagulation assays to assess
coagulase localisation. | determined that there was a subpopulation-gfavang bacteria

in S. aureusiofilms, and Sofia Elena Muccioli (Aarhus Universipgrformed experiments
assessing the response of this subpopulation to antibiotic exposure. | had a supervisory role
Amanda and Sofiads projects.

3.2 Aim and hypotheses

The overarching aim was to determine the different roles of Coa and vW8paaeus
biofilm formation. Based on previous reseaichypothessed that Coa was located on the
cell surface and is critical fdhe formation of the fibrin pseudocapsul&hile vWbp is
released teohe wider biofilmand will causehe production of fibrin bat is not associated
with the cells, buts nevertheless important ftine formation of the wider biofilm matrix. We
addressed this question by studying the dynamics of fibrin formati@ss whole biofilms
and in associatiowith adhered bacteria, usimgutantsof S. aureu9213that lack one or
both coagulases.

3.3 Materials

All bacterial strains and plasmids are listedable 1 Assoc. Prof. Janne Klitgaard
(University of Southern Denmaykindly produced and provided us with mutant strains of

S. aureu9213 that lack one or both coagulases, or lack other surface préielecteria

were stored in 1525 % glycerol at80 °C. Bacteria were plateshto brain heart infusion

(BHI) (53286, Sigma Aldrichagar plates and grown overnight at°€7 Liquid cultures

were made by inoculating a single colony from a plate intmlBHI, and grown overnight

at 37°C with 180rpm shaking. Media was supplemented with® % human serurfor Coa

and vWbp expression, with 8@ heparin stabilized human glaafor biofilm growth and to
mimic in vivo conditions, and with 1Qg/ml chloramphenicol (Cm)C0378, Sigma Alrich)

for plasmid selectiorBlood was donated from Aarhus University Hospital and was collected
in collection tubes (BD Vacutainétood collecion tube$. Plasma and serum were separated
from blood by centrifugation at 2000gat 4°C for 15 minutes. For plasma separation, blood
was collected in tubes that were coated with an anticoagulant, whilst for serum separation,
tubes were not coated widm anticoagulant so that the blood clotted before centrifugation.
After centrifugation, the plasma or serum were pooled, divided into aliquots, and stored at
-80°C. Before use, plasma and serum were thawed in°&€ SWater bathBHI for growing
biofilms wassupplemented with 2/hM CaC} (C1016, Sigma Aldrichaind 0.4mM MgCl;
(M8266, Sigma Aldrichjo create modified BHI (mBHI) and further mimic physiological
conditions.
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Table 1 All bacterial strains and plasmids used thiowg thisChapter.

Bacterial Strain

Staphylococcus
aureusATCC
29213

S. aureusATCC
29213qgxroa

S. aureufATCC
29213qpwbp

S. aureufATCC

29213qroaqvwbp

S. aureufATCC
29213qzxlfA

S. aureufATCC
29213qzxIfB

S. aureufATCC
29213qgdnbpA

S. aureufATCC
29213qgfnbpB

S. aureusATCC
29213qdnbpAB
S. aureusATCC
29213gsak

S. aureusATCC
29213pSB2019
Staphylococcus
xylosus
Plasmid

pSB2019

3.4 Methods

Description

Clinical wound isolate. Standard laboratory strain

S. aureu29213coadeletion mutant.

S. aureu9213vwbpdeletion mutant.

S. aureu9213coaandvwbpdouble deletion
mutant.

S. aureu9213clfA deletion mutant. CIfA is a
fibrinogen bindhg MSCRAMM [31]. Contains
pSB2019.
S. aureu9213clfB deletion mutant. CIfB is a
fibrinogen binding MSCRAMM31]. Contains
pSB2019.

S. aureu9213fnbpAdeletion mutant. FnbpA is a

fibrinogen binding MSCRAMM31]. Contains
pSB2019.

S. aureu9213fnbpBdeletion mutant. FnbpB is a

fibrinogen binding MSCRAMM31]. Contains
pSB2019.

S. aureu9213fnbpAandfnbpBdouble deletion
mutant.Contains pSB2019.

S. aureu®9213sakdeletion mutant. Sa#ctivates
human plasminogemvhich in turndegrades fibrin
[127]. Contains pSB2019.

S. aureu®9213 that contains pSB2019 and
produces intracellular GFP.

Coagulase negatiwstaphylococasthat contains
plasmid pSB2019.

Description

Gram positive shuttle vector, constituitigg3
expression, ampicillin and chloramphenicol
resistance.

Reference

Janne K.
Klitgaard

Janne K.
Klitgaard

Janne K.
Klitgaard

Janne K.
Klitgaard

Janne K.
Klitgaard

Janne K.
Klitgaard

Janne K.
Klitgaard

Janne K.
Klitgaard
Janne K.
Klitgaard

This study

Reference
[128]

3.4.1 Coagulation tests to assessether growth phase or presence of host
factors alter Coa and vWbp expression
Experiments were performed to investgathether Coa and vWbp expression require factors
from blood, and if they are affected by growth phase. Cultur&s afireu29213,S. aureus

2 9 2 1cBa Sqaureuk 9 2 Iv@bp @ndS. aureu 9 2 IcBagqebpwere grown to
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exponential (Olgy 0.3- 0.4) or gationary phaséovernight)in BHI or BHI supplemented

with 5% human serunaphylococcusylosus which is coagulase free, was also included
as a further negative control. Cells and supernatant were separated by centrifugation at
4000x g for 10 minudes. The supernatanasremoved and filtered through a GréZn

cellulose acetate filter to remove as many remaining cells as possibld.si4#rnatant was
incubated in sterile Hungate tubes witmll1:6 heparin stabilized human plasma in normal
saline(0.85%) with 10 pg/ml chlorampheniccht 37°C without shaking, and coagulation

was assessed after 4 and 24 hoQhdoramphenicolas added to inhibit the production of
new Coa or vVWbp after inoculation, so any coagulation seen was due Coa or vWhipefrom t
culture only

3.4.2Coagulation tests to assess Coa and vWbp localisation in cell cultures

We investigated if Coa and vWbp locald to the bacterial cell surface oergsecreted to

the supernatant by testing the coagulation ability of cells takentlyi from culture,

supernatant, and cells separated from supernatant. Overnight cultBremuoéu9213

groa S. aureu® 9 2 1v®@bp endS. aureu 9 2 IcBaqpvragbpwere diluted 10X in BHI
supplemented with % serum and grown to exponential phasB{§0.3- 0.4). Some of

each culture was kept aside to use as a control in the coagulation tests, and the rest of the ¢
pelleted by centrifugation at 4000y{or 10 minutes. The supernatant was removed and
filtered through a 0.2nm polyether sulfonenembrane filter to remove remaining cells. The
pelleted cells were resuspended in BHI and some kept aside. The remaining resuspension Vv
washed twice in BHI to remove any surfdmeund Coa or vWh@00pl cells (culture,

pelleted, or pelleted and washed)143ul supernatant samples were inoculated in sterile
Hungate tubes with dnl 1:6 heparin stabilized plasma in normal saline (0&%vith

10 ug/ml chloramphenicgland incubated overnight at 3¢ without shaking. Coagulation

was observed byiting the tubes.

3.4.3Transforming S. aureusfor GFP expression

The plasmid pSB2019 &ble ) was transformedsing a modified version ¢129] via
electroporation int&. aureu9213,S. aureu® 9 2 1c8a Sqaureu® 9 2 Iv@bp end

S. aureu® 9 2 Ic@apvagmopso cells would constitutively express GFP and be visedli

using confocal laser scanning microscopy (CLSM). pSB2019 was extracte&. fxgtasus
using the GeneJET Plagd Miniprep Kit (Thermo Fisher Scientific). Electrocompetent

S. aureugells were prepared by first diluting an overnight culture tgf@5, and

incubating until it reached Qfgy 0.6. 50ml cells were harvested by centrifugation at

4000 xg at 4°C and washed 3 times in &l ice-cold Milli-Q water. Cells were then
harvested and resuspended imildce-cold 0.5M sucrose, and again inrbl, 2 ml, and

finally 0.25ml sucrose. 5@u electrocompetent cells were then incubated on ice witio up
5ug pSB2019 for 10 minutes, transferred to a chilledn electroporation cuvettand
electroporated at 2KV, 25puF, and200300q using the ECM 360 BT
Apparatus). The resistance msahkichindcatede d t o
successful transformatidth29]. Immediately after electroporationynd preheated BHI with
0.5M sucrose was added and incubated &@Wwith shaking at 100150 rpm for 2 hours,

and then cells were pkd at different dilutions onto BHI plates containgsidoramphenicol
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and incubated overnight. Colonies that grew were screened for GFP fluoresgaression
by viaCLSM (LSM700, Zeiss) using 488 nm excitation and 5080 nm emission.

3.44 Time lapseconfocalmicroscopy of growing biofilms

Early biofilms of GFRoroducingS. aureu9213,S. aureu® 9 2 1cBa aguS. aureus

2 9 2 Iv@bpapntaining pSB201%ere grown and visuad using time lapse CLSNbo

were mutants 0%. aureu9213 lacking partidar MSCRAMMSs or StaphylokinasexIfA,

axlfB, fngpA fnbpB fnopAB a n dsakd microscope stage top incubator (Okolab) was
mounted on the CLSM in which to grow samples while simultaneously imaging them.
Microtiter plates (pSlide 8 Well,80821,IBIDI) were mounted inside the incubator and
preconditioned with 1801 mBHI containing 50% plasma and 0.4g/ml Alexa Fluor 647
conjugated fibrinoge(35200 Thermo Fisher Scientifid)y incubating at 37C for

30 minutes. Overnight cultures of batdewere adjusted to Qfgy 10, and 2l inoculated in

the wells to reach an Qg of 1. Cells were given a few minutes to settle on the bottoimeof t
well, then located in brigheld, and time lapse fluorescence imaging was started 10 minutes
after inocuation. Z-stacks were obtained automatically every 10 minutes for 160 minutes,
and the setup autofocussed between each readimg\L888nm and 5 mW 638m lasers
were used for excitation at2a and 3% power respectively, and a Plapochromat 63x{.40

oil immersion objective for imaging. The images obtained were processed with a bespoke
software (see Chapter 3.4.5 below).

Because the time lapse data was intended for computational analysis and
guantification, several considerations were needed. Fiitstlys imperative that the growth
conditions and imaging settings were identical for each time lapse, so that the data could be
compared. Secondly, the signal must not saturate, or else information about the range of
fluorescence intensities would be Idsinally, data was taken with 4t depth resolution in
order to capture as much detail in the pixel values as posEitdanaster gain was adjusted
in a preliminary test to ensure the signal did not satutzéa good range of pixel values
were usedand the same settinggereused for each experiment. A fairly high scan speed
with a pixel dwell time of 6.31s was used throughout in order to slow down photobleaching
of the fluorophores caused by continuous imaging, at the sacrifice of a smallilnsgef
quality. Three replicate time lapses were obtained per strain on different days to ensure that
the data was reproducible.

3.45 Computational analysis of time lapse data

In order to analyse the time lapse data, | adapted bespoke MATLAB singtdepastcking
software previously written in the Leake grdag6]. The purpose of the adapted algorithm

was toquantify how the mean intensity of fibrin signal in the vicinity of cells (the
pseudocapsule) varied over the course of the time lapses. Time lapse data was acquired as
16-bit greyscale images in two imaging channels, one for green emissions (GFP from
baderia) and one for red (Alex@47 from fibrinogen). The green channel was used to create
a cell mask: a binary matrix with the same dimensions as the original image consisting of 1s
where the code detected a cell and 0 everywhere else. To do this, anyinteashold above
which cells could be differentiated from
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method[130]. Bradleydéds method separates foregr
locally adaptive intensity threshold for each pixel in the image. For each pixel, it computes a
threshold based on the local mean intensity in the neighbodidfdhat pixel for a
neighbourhood size of about 1/8 the total image size. If the pixel value is 15 % less than the
local mean, it is set to 0, and otherwise it is set to 1. The sensitivity of the algorithm was
decreased slightly in order to encompagghtlly more pixels in the foreground because the
fibrin pseudocapsule localised to the surface of cells, not within them, and a morphological
opening was used to remove small fluctuations in background that were misidentified as
foreground objects. Aftehe cell mask was generated, it was used to mask the red channel
and calculate the mean signal intensity from fibrin within the cell mask.

| also adapted the algorithm to segment cells based on their GFP fluorescence
intensity and Adam Wollman (Universiof York) wrote some code to plot the sum intensity
of fibrin fluorescence vs. distance from cells. To segment cells with the brightest GFP
fluorescence, multilevel t hrOasshuddlsdimeg hwidt
commonly used algorithrinatiterates through all possible threshold values and calculates
the variance of the pixel levels on either side of the threshold (background vs. foreground
pixels), and aims to find the threshold where the sum of the variances on each side is at its
minimum|[131].Ost uds met hod i s a global threshol
histogram of the entire imagad usually gives a single threshold. However, it can also
generate multiple thresholds when variation in pieetls of objects in an image is of
interest e.g. to separate background, dim objects, and bright objects. | calculated two
thresholds and used the higher one to segment the green channel and generate a cell mask
bright cells. To plot the sum intengidf fibrin fluorescence vs. distance from cells, a distance
transform was applied to the cell mask (either the mask for bright objects or the one for all
objects calculated previously with Bradle
each piel is given by its distance to the nearest object. Then the distance values were binne
and the sum of pixel intensities from the red channel calculated for pixels within those
distance ranges.

3.46 Calculation of photobleaching correction factors for tme lapse CLSM
analysis

Correction factors were calculated for each time point in the time lapses to account for
photobleaching of the fluorescently labelled fibrin. 70 ul Al64& conjugated fibrinogen

(1.5 mg/ml) was incubated in the dark for 1 houagolylysine coated microscope slide
(Superfrost Ultra Plusl,0149870 Thermo Scientific) at room temperature. It was then

washed three times with 100 pl PBS and imaged under the usual time lapse conditions. Dat:
was processed using a bespoke MATLAB ctigd | wrote that calculated the mean signal
intensity per frame. Signal decreased exponentially, which is described by the exponential
decay equation

0 OmQ h P
where’00 is the mean intensity at frande'Ort is the initial meanntensity, and_the

exponential decay constantwas calculated by fitting exponential functions to the signal
data, and the correction factor per frame calculated using
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X ogg ¢
The mean pseudocapsule intensity data for eaatefsmas multiplied by the corresponding
correction factor, and their errarscombined using the propagation of uncertainty equations:

"Q 06 o

3.47 Visualising dead cells in biofilm sibpopulations after antibiotic

treatment

We tested what proportion of growing and fgnowing bacteria irs. aureuf9213 pSB2019
biofilms died after antibiotic treatment by staining the dead cells after treatment and
visualising them with CLSM. Microwell§-Slide 8 Well,80821,I1BIDI) were

preconditioned with 1501 BHI containing 50 % plasma by incubating at°87for

30 minutes. The media was then removed and stored in a sterile falcon tube for use later.
100ul of an overnight culture db. aureu9213 pSB2019 was added to the wells and
incubated at 37C for 30 minutes to allow cells to attach to the preconditioning layer.
Afterwards the culture was removed and the wells rinsed thoroughly by pipetting jith 300
BHI and then pipetting ibut again, taking care to remove as much liquid from the well as
possible. 15l BHI containing 10- 50 % plasma was added to the wells and incubated for
3 hours at 37 °@h orderto activae the surface attached cells so they entered the exponential
growth phase. Then any liquid was removed and fresh BHI containing 50 % plasma was
added and the samples incubated further for up to 24 hours@t 3fie media was
supplemented with either %@/ml vancomycin {8138 Sigma Aldrich), 3ug/ml

dicloxacillin (D9016, Sigma Aldrich), 25g/ml piperacillin £8396 Sigma Aldrich) (all 25 x
minimum inhibitory concentration), 1% Triton-X00 (a positivecontrol) (T8787, Sigma
Aldrich), orwas not supplemented as a negative control. Dead cells were stained with eithe
50 uM propidium iodide L7012, Life Technologies), M TOTO3 (T3604 Thermo Fisher
Scientific), or 1 uM Sytox Orangé&(1368 Life Technologies) at room temperature

30 minutes prior to imaging and samples were imaged before treatmentuds &fter
treatment, or 24 hours after treatment.

3.48 Visualising dead cells in planktonic subpopulations after antibiotic
treatment

Death of growing and negrowing subpopulations &. aureu9213 pSB2019 in response
to antibiotics was also assesseglanktonic cultures via dead cell staining and CSLM
visualisation. Three replicate overnight cultureSoaureuf9213 pSB2019 were diluted
50 x in 10 ml BHI prewarmed to 3T and incubated for 1.5 hours at 37 with 180 rpm
shaking. As a positiveontrol, cells were lysed by incubation at®®5for 15 minutes and
then likewise incubated for 1.5 hours at°87 After incubation, the cells were pelleted by

28



centrifugation at 4000 g for 12 minutes and resuspended in 1 ml BHI and incubated for up
to 8 hours at 37C with 180 rpm shaking. The BHI contained eitb@rug/ml vancomycin,

3 pg/ml dicloxacillin, 25 pg/ml piperacillinor no antibiotics as a negative control. Roughly
every hour, 20Qul of each sample was extracted, stained for 20 minutds50uM

propidium iodide, and imaged with CLSM.

3.5 Results

3.5.1Coa and vWhbp are loosely associated to the cell surface

We investigated whether Coa and vWbp associate to the cell surface or if they are secreted
the supernatant because this migivetal more about the mechanisms they use to produce
different fibrin structures it5. aureubiofilms. We separated cells from the supernatant by
centrifugation and filtration and tested the coagulation abiliy.@ureusnutants lacking

either vWbp, Cogaor both Table 3. Chloramphenicol was added to the coagulation tests to
inhibit protein synthesis and ensure that coagulation only occurred due to Coa or vWbp
transferred from the culture where cells were grown to the exponential phase in BHI with 5 9
serum. The culture conditions were selected based on a preliminary experiment, which
revealed that host factors increased the production of Coa and vWbp, particularly in the
exponential growth phag&able 3.

As expected, the double mutant did not causeyalation at all, confirming that Coa
or vVWbp were responsible for coagulation in the other samptesgulation occurred in
samples containing either Coa or vWiibenadding either diluted bacterial culture, pelleted
bacteria, or supernatarstuggestinghat bothcoagulasepartly associate with the cell surface
of S. aureusnd some are secreted into the supernatantest how firm the association with
the cell surfacevas,we washed the cells liwo centrifugation and resuspension steps prior
to the oagulation test. After this procedure, the ceitsrtbt cause coagulation. Therefove
concludel that Coa and vWbp are only looselysociated to bacterial cells.

Table 2 Tube coagulation tests f&. aureusnutant strains added human plasma containing
chloramphenicolS. aureusvas cultured in BHI with 5 % serum until the exponential growth phase before
transferring to human plasma. Samples wereeiiaken directly from theulture, or cells were separated
from the supernatd by centrifugation and filtration. In one experiment, cells were washed by two
centrifugation and resuspension steps to remove loosely bound surface proteins

Coagulation (+£)

Diluted Pelleted Pelleted and Supernatant
bacterial bacteria washed from first
culture bacteria centrifugation
gvwbp + + - +
groa + + - +

groagvwbp - - - -

29



Table 3 Tube coagulation tests for human plasma with filtered supernatant from cult&esuwéus

S. aureusnutants lacking Coa ana/@Wbp, and coagulase negatSexylosusCultures were grown to
exponential or stationary phase in either plain BHI or BHI supplemented with 5 % human serum, and
coagulation assessed after 4 and 24 hours.

Coagulation (+£)

Exponential phase Stationary phase
No serum 5 % serum No serum 5 % serum
4 h 24 h 4 h 24 h 4 h 24 h 4 h 24 h
Wildtype - + + + - + + +
qvwbp - + + + - - + +
groa - + - + - - - +
groagvwbp - - - - - - - -
S. xylosus - - - - - - - -

3.5.2 Coa is essential for fibrin pseudocapsule formation

Coagulation leads to the formation of a fibrin network, anf.iaureusiofilms the fibrin

forms a psadocapsule around cell clustensd an extended network of fibrin fibers in the
wider biofilm matrix[41]. Previous studies have suggested that Coa is primarily responsible
for pseudocapsule formation, while vVWbp promotes the formation of the extended fibrin
network, because Coa assoesato cell surfaces and presumably vWbp doe§idt Our
coagulase tests did not indicate sachifference in the location of the two proteins. To
explore their potentially different roles $ aureusiofilms, | visualised fibrin in biofilms of

S. aureuwildtype andmutants lacking CoaWbp, or both, after 160 minutes of incubation

in media containing 58 human plasma.

Fibrin fibers surrounded cell surfaces and extended in between cell clusters in
S. aureudiofilms (Figure5a). When vWbp was lacking, the biofilm phepp¢ Iooked
similar to the wildype, with fibers connected to cell surfaces as well as |diges
extending in betweer{gure5a). Cell clusters likely originate from a single cell because
they share a pseudocapsule: when the cells divide, they remain thdlpseudocapsule
rather than each producing their own pseudocapsule. However, when Coa was lacking, the
phenotype was different. The cells did not forpsaudocapsuldédowever, some fibrin
formed in between cells-{gure5a). As expected, no fibrin forngdein the double mutant
(Figurebc). This is in agreement with prior observations, namely that vWbp promotes the
formation of an extended fibrin network but not a pseudocapéijeln contrast to the
previous study, our results indicate that Coa contributes to the formation of both the
pseudoapsule and the extended fibrin netwdfluorescence from fibrin was much dimmer
when Coa was lacking. This is probably because vWbp has a slower activation time than Cc
[48] and it therefore did not have time to produce such a dense matrix in the short incubatior
time.

| additionally observedlbrin at the interface between the bottofrthe biofilm and
surface of the microscope slide. These fibrin fibers grew upwards into the biofilm to produce
a Af i b rperpendicolar ® thé glass substrate surfeagure5d andse). Presumably,
vWbp and Coanchored this fibrin to the hostctars contained within the preconditioning
layer,which implicatesa role in attaching biofilms to surfaces within the host. v\&ihg Coa
have been identified at the periphery of 8naureugissueinfection in a mouse modgt2]
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Fibrin + bacteria

Eibrin o'n’Iy

Rt 15 pm
Fibrin + bacteria

Figure 5 a) Maximum intensity Z prejctions ofS. aureudpiofiims formed after 160 minutes ofcubation

in 50% human plasma, b) enhanced fibrin brightness to compare phenotypes, ¢) mutant lacking Coa and
vWhbp after 160 minutes incubation, d) orthogonal view of wildtype, e) 3D projectitmas@d°® around

the X axis to show fibrin fibers arranged perpendicular to the glass substrate surface, and f) enhanced
brightness to compare fibrin phenotypes. Bacteria are green and fibrin is red.
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where it was likely to also have been interacting \itkt proteins likdibrinogen and
fibronectin

3.5.3 vWbp accelerates pseudocapsule formation in wildty# aureus

The kinetics of fibrin formation in different locations of the biofilm can reveal more about the
roles of Coa and vWbp. Coa is requiregtoduce the pseudocapsule, $etaureusbiofilms
lacking either vWbp or Coean bothproduce an extended fibrin network. Fibrin growth
dynamics at the cell surface would indicate whether Coa and vWhbp truly play individual roles
in biofilm formation, or vinether there is a synergistic effect of their actiditherefore

guantified the amount of fiin localised at cell surfaces in theeudocapsulef growing

biofilms formed byS. aureusvildtype and the mutants lacking either Coa or vWbp using

time lapseconfocal microscopy.

Fibrin formed at cell surfaces and in between cells throughout the time |&ppa® (
6d). Initial temporal analysis afell surfaceassociated fibrin showed that theragintensity
increased rapidly before plateauing after appnately 80 mimtes Figure 7. However,
applying a photobleaching correction to the data revealed that the fibrin signal rose
continuously throughout the 160 minute time lagsgyre 7, which is more in line with
our qualitative assessment of the iragt 80 and 160 minutdsigure 63. However there
were challenges when collecting the data to calculate the photobleaching correction factors
due to large variations in the quantity of photobleaching measured in each expefigumet (
70), which lead tovery largevariation especially ashie imaging time progresseand it is
difficult to conclude how valid the phobleaching corrected data is. | troubleshooted this
problem, and varying between using old vs. new stocks of fibrinogen, main room lights on
vs. off, and heating vs. no heating when collecting photobleaching data did not cause this
variation.Incubation times, concentrations, volumes, and imaging conditions were always the
sameand it is unclear why the correction factors fell into two distoategories with
apparently different rates of photobleaching.

In the mutant lacking Coa, pseudocapsule formation was absent. The signal intensity
from surfaceassociated fibrin increased slowly and araged from fibrin fibers in the
extended networlwhich intercepted witls. aureusells. Therefore, the data from this strain
was much more variable than for the other strains. The strain ladkibg eventually
reached the saarsignal intensity from surfa@ssociated fibrin as the wildtype, but thensily
increased much more slowly. If Coa was splelsponsible for pseudocapstdemation, we
would expect that the increasesignal intensity from surfa@ssociated fibrin would be
similar in the wildtype and thBvwbpstrain.However, this was not thease In fact, the sum
of the curves fr omwhpdredcdagdonot egual thewmtldtygetcunei n s
during the first 2 hours of the experiment. Hence, the two coagulases appear to work
synergistically to accelerate the formation of the pseapsule. Although vWbp did not
promote pseudocapsule formation on its own, it deesnto contribute when Coa is present.

Another intersting observation from the tinl@pse analysis is that cell clusters with a
shared pseudocapsule originated fromlsiglls that had formed a pseudocapsule while
undergoing multiple cell divisiong-{gure 6. Pseudocapsule formation therefore resulted in
the formation of small aggregates during the 160 minute incubation. pbesdocapsule
encase@ggregates were abr#t in theDcoamutant, and Coa is thus essentialtfo
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a) 10 minutes | 80 minutes 160 minutes

Wild type

Figure 6 a) Frames from time lapses ®f aureubiofilms growing in media supplemented with &0
plasma. Z slice 5/30 presented. The yellow square represents an area that is magnifiedan showis
clusters of cells residing within shared pseudocapsules indicated by white arrows. Bacteria are green anc

fibrin is red.

33



QO
~
)
-~

;; ® Wild type 5 . ®  Wwild type
> 12 A Avwbp = A Avwbp
® Acoa e Acoa
§ 1 PO S e Sy S 2
= ‘ o o ¢ 4 € 6 y
. ] == 4
g 0.8 @ eyt B £ 5!
Q A 'Lé 7
L; 06 $ x5 Lg “ 28
g : O ® |
x © 3 o 37 o0
S o4 it I = . 1
@ L i X 0 2 pe a1 A
& o2 pe : i S . %
= ‘ 2 * b ! L 1 L -~ T
§ L I I A L 1 1 L i E 0 b , : ¥ 7
0O 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (minutes) Time (minutes)
C) 114
10 . Figure 7 Variation in pseudocapsule
o o fluorescence intensity over time in growing
2 8 s ‘ S. aureudiofilms a) without and b) with
€ 1 : photobleaching correction. Photobleaching
2 s . correction factors are shown in c), the mee
o 97 - and error of wigh were used to correct the
3 : e o data in a). Photobleaching correction facto
, LSBT pkad s fell into two categories, shown in red/pink ¢
o ® L, A o L
] at purple.
0 T
0 2 4 6 8 10 12 14 16
Frame

formationtheseof aggregates. Aggregating within a shared pseudocapsule may be essential
for escaping phagocytosis laese phagocytes cannot engulf and therefore desfgjgrggates
that are larger than abobium in diametef132].

3.5.4 Pseudocapsule formation does not rely on a single fibrinogen binding
MSCRAMM

S. aureuproducesa large family okurface receptors known as MSCRAMMsi¢robial
surface componentgcognizing adhesive matrix molecyl@gich bind to host proteins,
including fibrinogen fibronectin, and collagel31]. | hypothesised that Coa associates to cell
surfaces via firinogen that is bound to a fibrinogen binding MSCRAMM to produce the
pseudocapsule. Coa contains two binding domains for fibrinogen, oreeNatéiminal

D1-D2 domain, and one at thet€rminal repeat domain (R domain) that consists of multiple
repeas of afibrinogen binding peptidfs1]. S. aureuproducing a mutated Coa that lacks an
R domain produces fibr, but not a pseodocapsy®], so it most likely associates via its R
domain.

To test whether Coa associates to cell surfaces via a single fibrinogen binding
MSCRAMM to produce the pseudocapsulenaged mutants lacking particular
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AfnbpAB

Figure 8 Biofilms formed byS. aureusdacking certain MSCRAMMs (CIfA, CIfB, FnbpA, FnbpB,
FnbpAB), or Sak, after 100 minutes incubation in media containing 50 % plasma. Samples were imaged :
time lapses and the final frame is shown here. Fibrin is red and bacteria green.

MSCRAMMSs using time laps CLSM. The deletion mutants lacked Clumping factor A or B,
Fibrinogen binding protein A or B, or bothxlfA, cli®, fnbpA fnopB  a fmkpABp

All strainsdisplayed the same phenotype with the majority of cells binding fibrin by
the end of thd 00 nminute timelapse Figure §, thereforea single one of these MSCRAMMSs
does not anchor Coa to the cell surfate However, it is possible that Coa associates via
a combination of all of these proteins, which would noti&iectabldy analysing single
deletion mutantsThere were fewer cells and fibrin in the mutant lacking FnbpB probably
due to the focus drifting upwards over the course of the time lapse.

3.5.5 Some cells do not form a pseudocapsule

The time lapse imaging of fibrin production madepparent that some cells did not form a
pseudocapsule, and that the fluorescence from GFP in these cells remained bright during th
160 miruteincubation, while the signal from other eeih the biofilm became dinf{gure

9a). To quantify the absence agudocapsule formation in this subpopulation of cells in the
biofilm, | segmented the cells in microscopy images based on their signal intensitgf@m
and quantified the surfa@essociated fibrin in the bright celising the MATLAB code
provided by Adan Wollman (University of York) This was done on the final image from
each time lapse of the wildtype strain and comparedetsignal intensity from surface
associated fibrin for all of the cells in that frame. The majority of cells did form a
pseudocapsde, and plotting the fibrin signal as a function of distance to the nearest cell
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Figure 9 a) S. aureusvildtype splits into two distinct subpopulations after 160 minutes incubation with

50 % plasma based on GFP fluorescence intensity. Bright celistd@ve a pseudocapsule (white arrows
point to examples). b & ¢) Sum fibrin fluorescence intensity vs. distance to closest cell for a) all cells and
c) bright cells only. The magenta outline indicates image segmentation based on GFP fluorescence. Cell:
are green and fibrin is red.

showed that the fluorescence intensity was highest at the surface of cells and dedtkeased w
distance from the cell$-{gure 9b. When analysing the bifig cells only, the opposite was

true Figure ). This confirms that thbright green cells are a distinct subpopulation that
does not form a pseudocapsule.

One explanation fawvhy some bacterikack a pseudocapsule could be that this
subpopulatiorproduces Staphylokinase, which activates plasminogen to ddgradeand
hdps S. aureugestablish skin infection®0]. | imagedS. aureu® 9 2 1s8k which does not
produce Staphylokinase, with time lapse CLSM, but the phenotype did not differ from the
wildtype strain Figure 8. Hence, the lack of a pseudocapsule was not caused by fibrin
degradatiopbut rather by the inability to produce bind fibrin at the cell surfacé.
hypothesised that the bright subpopulation did not express the surface proteins necessary tc
bind fibrin/fibrinogen to cell surfaces, and turned atteninsteacdto investigating why some
cells remained bright whiletloers turned dim.

3.5.6S. aureushiofilms contain a small subpopulation of nornor slowly-

dividing cells that can be distinguished by bright GFP fluorescence

To assess whether the variation in GFP fluorescence intensity reflected differences in the
growth rates of the bright and dim subpopulatidnsjagedS. aureugrowing in either BHI

or BHI supplemented with erythromycin, which inhibits protein synthesis and prevents cells
from dividing. As expecteds. aureugirown innormalBHI split into the bight and dim
subpopulationsHigure 10 However, cells did not turn dim when grown with erythromycin
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c) Photobleaching control

a

.a) No antibiotics’ b) Antibiotics

Figure 10a) Final frame (160 minutes) of a time laps&oaureugrown in a) BHI and b) BHI
supplemented with 10 pg/ml erythromycin. Cells remaiieght when grown with antibiotics. c)

S. aureugrown in BHI supplemented with 10 pg/ml erythromycin for 160 minutes and imaged only after
incubaton to test for photobleaching.

(Figure 10b, and a control sample & aureugrrown with erytmomycin but only imaged at
the end of the 160 minute incubation confirmed thitdieming did not occur due to
photobleachingKigure 10¢. Hence the bright cells were slowdyr nondividing, whereas
the other cells were dividingormally. The dividingcells became dim because they divided
faster than they produced new GERting the GFP signal between the daughter cells with
each division and diminishing the sigfidB3]. The GFP variant was GFP3, which is stable
and has a halife of over 24 hourfl28], so cell divigon is a more likely explanation for the
signal dimmng rather than GFP degradation.

| confirmed in a separate experiment that the dim GFP fluorescence was not due to
autofluorescencd.visualisedS. aureughat does not produce GFP under time lapse
condtions, using the same imaging settings determined in Chapter 3.4.4, and verified that nc
signal was seen from bacteria and that the dim signal in GFP producing bacteria was
therefore not aofluorescence

3.5.7The nongrowing subpopulation does not appar to be more tolerant

to antibiotics

Many antibiotics target actively dividing cells. We therefore hypothesised that the cells with
bright GFP fluorescence were an antibiotic tolerant subpopulation of persister cells that serv
as a contingency plan ftine entire biofilm population in the event of exposure to antibiotics.
Persisters are cells that have differentiated into a metabolically dormant state and are
therefoe tolerant to antibioticgL34]. Persistence is not fully understood, but it is thought that
when a bacterial population is exposed to antibiotics, the active cells die but the tolerant cell
persist, and whentrent i bi oti cs are removed, the per
metabolically active state. Then the persisters divide ardtablish the biofilm. Persistence

is therefore one explanation as to why biofilm infections become chronic ahe can

difficult to treat[21]. To test the response of each subpopulation to antibiotics, we visualised
biofilms after exposure to antibiotics with CLSM and identified dead cells with a fluorescent
stainbased on membrane integrity (usually prayoia iodide) We expected that a higher
proportion of dim cells would die compared to bright cells.
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No treatment
¢

Exp. #2;0 hours

Figure 11 a) Visualisation of dead cells in biofilms after 24 hours treatment with vancomycin or 1 %
Triton X-100. A planktonic culture was also lysed teat treatment and visualised with the dead stain.

b) Visualisation of dead cells in planktonic cultures in two independent experiments after treatment with
vancomycin. Dead cells were stained with propidium iodadies).
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There wa®nly a slightincrease ithenumberof dead cells in biofilms treated for 24
hours with vancomycin compared to a control imothat was left untreatedrigure 113 It
was largely dim cells within smaller aggregates that died. Treatment with TH1®® Xid
not appento kill that many cells either, despite the fact that it is a surfactant commonly used
to lyse cells. We tested whether the propidium iodide was working properly in a separate
experiment where planktonic cells were killed with heat treatment. Propiddidei did
indeed stain all cells in this cagadure 113

In case our results were due to the biofilm phenotype protecting the bacteria from the
antibiotic treatmentswve simplified the experiment and treated planktonic cells with
vancomycin foi5 - 8 hours, staining and visualising a small sample ot#lls every hourln
one experiment, the number of dead cells rose during the first 3 hours, and then the signal
from propidium iodidedisappeared in the later time poi(fsgurelbi), and in a repeat
experiment, there appeared to be no increase in dead cells over the duration of the experimi
(Figureldii). We do not know how long it takes for the cells to lose their membrane
integrity after dying, an@vonderedvhetherafter longer incubation times,any dead cells
were unable to retain the stain due to losing their nucleic acid, and so the dead stain had
nothing to bind to inside the cebisd therefore failed to visualise dead cetigshe sample
where many cells died after 3.5 hoursglre 1bi), there appeared to be no significant
difference in the number of dead cells from each subpopulation. Segmenting either bright or
dim cells using the bespoke MATLAB software and quantifying the fraction that had a large
signal from propidium iodide revealédat approximately 93 % of the bright cells and 92 %
of the dim cells were dead, therefore the bright bacteria were not more tolerant to antibiotics
Interestingly, the majority of bacteria after 8 hours of incubation with antibiotics had a
brighter GFP liorescence than they did after 3.5 hours. Cells that remained bright
throughout the experiment might reflect an experimental error in which the bacteria were nof
given sufficient time to activate after dilution into fresh media from the overnight culture
prior to antibiotic treatment, or it might reflect a biological mechanism that somehow caused
bacteria to become bright after the addition of antibiotics.

Both biofilm and planktonic experiments sometimes additionally included treatment
with dicloxacillin and piperacillin, but neither resulted in any increagaapidium iodide
signal after treatment in biofilms nor planktonic cultuidsree different dead stains were
used in different experiments throughout: Sytox Orapgmidiumiodide, and TOTOS3.
None appeared to provide clearer results than one of the others. We concluded that there w
significant difficulties staining the dead cells reliablyd that there seemed to be no
difference in the response to antibiotics in the one sample where we mbgjena stain dead
cells,andhence stopped thexperiment.

3.6 Discussion

The results in this Chapter sholmat Coa and vWbp have distinct roles in pseudocapsule
formation, but their roles in forming the overall fibrin network overlap more than psyio
thought. Coa is essential for forming the fibrin pseudocapsule and partially the wider fibrin
network, and vWbp forms the wider fibrin network but cannot form the pseudocapsule on its
own. Both coagulases do howeagpear t@associate to cell surfacevhere vWbp

accelerates pseudocapsule formatidmesefindings partially agree with the study from
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vWbp-prothrombin

Y | Coa-initiated
| | pseudocapsule

Figure 12 Models for the mechanisms that Coa and vWbp could associate to cell surfaces with t
produce the fibrin pseudocapsua) Coa associates by binding to fibrinogen that is bound to the ci
surface by an MSCRAMM. b) vWbp associates to the pseudocapsule initiated by Coa via activa
X1l and subsequent fXIII mediated fibrin cross linking.

Guggenbergeet al.(2012), who showed that Coa forms the pseudocapsule whilst vWbp
forms the extended netwof41]. It is a new result that vWbp accelerates pseuodocapsule
productionwhich wasonly possible to conclude from analysis of fibrin growth dynamics,
not endpoint imaging of already grown biofilms where the phenotype of the wildtype and
mutant lacking vWbp looked very similarhere was difibrin foresp at the biofilmsurfae
interfacecomprising fibrin fibers perpendicular to the glass substrate thapnwdsaced by
both coagulasesyheretheypresumably localisetb increase biofilm attachment to host
tissue Chenget al.(2010) found Coa within the pseudocapsule and ipénghery of

S. aureusbscess lesions in a mouse model, while vWbp was distributed throughout the
abscess as well as the periphefdg). In their study, both coagulases could therefore
localise away from cell surfaces like we have foeutience for, anthere was aendency

for Coa to accumulate at the edge of the infection whereas vWbp was distributed throughou

Formation of the pseudocapsule is importantivo because it acts as a mechanical
barrier against neutrophilé¢1] and protects aggregates from ingestion by the immune system
[135]. | observed that clusters of cells existed within a shared pseudocapsule originating fror
a single cell that divided within its already produced pseudocapsule. | speculate over why
each cell does not form its own pseudocapsule, and it might be that initial formation of fibrin
accelerates further formation in the same location rather than itonations inside the
already existing pseudocapsule. It is advantageous to share a pseudocapsule to protect the
and its offspring, and means that the bacteria can establish an infection from relatively few
cells. Coa is secreted and might be immebidli at cell surfaces to rapidly produce the
pseudocapsule as a first line of defence against immund4Hll&nd enables cells to divide
within their protective shared pseudocapsule. Meanwhile, vWbp accelerates pseudocapsule
formation, and diffuses further away to form the wider fibrin nekywa second mechanical
barrier against immune cel¥1][50], which allows biofilms to attach to host tissues via the
fibrin forest. Coa that is not used for pseudocapsule formation might also diffuse away to
form the wider network and attach the biofilm to host tissues via the fibrin forest.
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Because the pseudocapsule cannot form without IGogothesised that Coa
assocites to the surface of cells via fibrinogen that is bound to one of the many fibrinogen
surface receptors & aureus t o essential |l y prlocaisexcfierina i f
production to fornthe surface attached pseudocapskigure 12). Similarly, Thomeret al.
(2016) found that Coa localised with bacterial cells when grown with a small amount of
plasma due to association via a fibrin clot, and was otherwise secreted to the supernatant
when plasma was absdh0]. We found that some Coa and vWbp were secreted to the
supernatant whilst someeaneloosely associated to cell saces when grown with human
serum. Perhaps Coa and v\WWhereassociated to celia our experimentdue to trace
amounts of plasma proteins such as fibrinogen in the sémemonstrated that neither CIfA,
CIfB, FnbpA, FnbpB wersolelyresponsible for asgiating Coa to cell surfaces to form the
pseoducapsulga imaging experiments with mutants lacking one of these protéavsever,
this does not rule out the possibility that Coa utilises multiple fibrinogen binding proteins to
associate tthe surfacewhich would not be detecteghenimaging single deletion mutants.
The creation, visualisation, and analysis of a mutant lacking the major, or all, fibrinogen
binding MSCRAMMSs would provide further support in favour of or against this hypothesis.

| also peculated on the mechanism that causes vWbp to accelerate pseudocapsule
formation,and suggedhat it associates to the Godiated pseudocapsule via factor XllI
(fXN1) (Figure 12). vWbp binds to and activates fXIII in human plasma, but only when also
bound to prothrombin and fibrinoggs3], a prerequisite for vWbp activati¢48]. Activated
fXIIl forms cross links between adjacent fibrin strafsi3], andl propose that activated
vWhp is recruited to thpseudocapsubea this crosdinking. vVWbp also binds to fibronectin
in human plasma, but it does ragtpear tdind to prothrombin at the same tif&s], sol
suggest thabinding tofXIll is a more likely explanation. To test this hypothesis, one could
compare the fibrin pseudocapsule formedsbyaureusand its mutants lacking Coa or vWbp
when grown in me@i containing human plasma and a fXIIl inhibitor such as substances
which prevent fXIII cross linking136]. If vWbp associates to cell surfaces via fXIIl cross
linking, it would no longer accelerate pseudocapsule pramuct the presence of the
inhibitor. fXIII is also activated irs. aureusnfections independently of vWbp via
prothrombin in the host coagulation cascpg®, which would likely impact the structure of
the fibrin network when inhibited. However because this would affect all biofilms in the
experiment, including the controlswould still be possible to detect phenotypic differences
due to vWbp.

Differencedn fluorescencéntensityof S. aureugproducing GFRevealed a
subpopulation obright, non or slowly-dividing cells that @l not appear to contribute to
matrix productio because they did not form a pseudocapsule. They either did not produce
the MSCRAMMSs required to bind fibrin to the surface, or they lacked the ability to form
their own fibrin altogether, i.e. they did not produce the coagulases, or both. It is intgresti
that some cells lacked the protection from a pseudocapsule, although this subpopulation did
however benefit from the protection of the extended fibrin network without contributing to its
producti on. However, we di d beodfitfronotmesi der
community without contributing to the common good because we hypothesised that they
were a subpopulation of antibiotic tolerant persisters that benefit the overall survival of the
biofilm.
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Roostaluet al.(2008) identified a subpopulati of nondividing cells inE. coliwhich
could also be distinguished by their GFP signal, and suggested that they were persisters
[133]. They verified that this subpopulation was tolerant to antibiotics by monitoring the
death of the grwing and norgrowing subpopulations vidurescencectivated cell sorting,
and further demonstratekat the norgrowing cells resumed growth after antibiotic
treatment when placed into fresh media, a characteristic property of per¥istesgre
unfortunately not able to verify our hypothesis that bright cells are tolerant to antibiotics. In
biofilms, only a very small population of mostly dim cells died after vancomycin treatment
for 24 hours, though some bright cells died too. These cells residad amall aggregates,
and bacteria within larger aggregates were unaffected by the trea®dhdaturs of treatment
with vancomycin is sufficient to significantly reduce the number of colony forming units in
planktonic cultures obur strain ofS. aureug137], but because we treated biofilms which are
much more tolerant to antibiotics, perhaps we needed to increase the antibiotic concentratio
and incubation time to have a larger effect. Our results could also reflect that propidium
iodide was unable to stain dead cells after they had been dead for long times due to the cell
contents leaking out.

Roughly equal proportions of bright and dimniktonic bacteria died after a short
3.5 hours vancomycin treatment in one experiment, which indicates that the bright
subpopulation are not more tolerant to antibiotics and are therefore not persister cells. This
contradicts the findings frofRoostaluetal. (2008) inE. coli [133]. We made this conclusion
however from only one experiment of which the results were not replicated in a repeat
experiment the next day, and there were only very few bright cells in the image, therefore
further experiments might be useful to solidify this conclusion. Our experimental protocol
needs adjustingn most experiments, the majority of bacteria actually unexpectedly had
bright GFP fluorescence rather than dim, which might indicate that the inifistan step
when diluting bacteria from the overnight culture into fresh medium was not long enough,
and therefore, antibiotics were added to cultures that had not yet reached the growing,
exponential phase and were hence ineffective. The simplest wagolve whethethere is a
difference in antibiotic tolerance in the two populatiez® usdluorescenceactivated cell
sortingto separate the populatiomsimediately expose them to antibiotics after sortargl
subsequentlgetermine their survivahte.An alternative experiment to identify whether
bright cells are persisters would be to stain the GFP producing bacteria with a dye that
indicates membrane potential such as R{SYX(D306, Thermo Fisher) or DiISBA)
(B413, Thermo Fisher). Metabolibaactive cells are expected to have a high membrane
potential because they are generating ATP via the electron transport chain to produce the
energy that they need to survive. Conversely, metabolically inactive or persister cells would
have a low membranpotential as they do not require high levels of ATP. Together these
experiments would build up a more definite conclusion of whether the bright cells are tolerar
to antibiotics and whether they are persister cells.
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4. Construction of fusion proteins to visualise Coa, vWbp,
and Embp

In order to visualise Coa, vWbp, and Embp in biofilms forme®& bgureusand

S. epidermidisl produced fusion proteins produced aaumber of fusion proteinsither
individually orin collaborationwith severakolleagueshroughout my PhDTable 4. We

often produced multiple fusion proteins simultaneously as part of our strategy, which was to
to bet on multiple horses to maximise our chances of getting a successful fusion Biexeein.

| will present the process of making two successful fusion proteins which latsefbr
experimentsn Chapter 5Coa:SNAP and vWbp:CLIRand explain how | decided to create
these rather than the intended fusions with mCherry and GFP as stated in the origifial aim
this PhD (Chapter 2).

4.1 Introduction

To visualise Coa, vVWbp, and EmbpSnaureusandS. epidermidibiofilms, | intended to

create fusion proteins by inserting a protein tag next to the gene for the protein of interest in
the chromosome of eith& aureusor S. epidermidisdepending on which protein was under
investigation, and visualise them with confocal and single molecule microscopy. I initially
intended to create fusions with fluorescent proteins, which do not require labelling, and
thereforeset out to create fusions with the fluorescent proteins mCherry and GFP. mCherry
and GFP were chosen to allow for dual colour experiments visualising both Coa and vWhbp i
S. aureusiofilms.

| initially worked with Melissa ErikseAarhus University}o produce a genomically
integratedC- terminal fusion between Coa and red fluorescent protein mCherry
(Coa:mCherry) irs. aureuswhile Olatz NiembrdAarhus Universityproduced one with
vWhbp and green fluorescent protein GFP (vVWbp:GFP) and Bhaskar P(@dithos
University) created both Nand Gterminal fusions between Embp and GFRBirepidermidis
(Table4). The tags foCoa and vWbp were placed at thg¢erminal so as not to interfere
with the Niterminal, which is required tactivate prothrombii138][139]. Embp contains an
unstructured region at its-térmiral and a domain of unknown function and a putative
transmembrane domain at itst€minal[75]. We were unsure whether fusiortlae
C-terminal would inhibit the domain of unknown function or the transmembrane domain and
So opted to create both simultaneously. Unfortunately, once the Coa:mCherry and vWbp:GF
fusions were complete, neither Olatz nor Melissa could detgdi@rescence from them
when imaging biofilms expressing these fusiwih CLSM. Biofilms are not an ideal
environment in which to visualise fluorescent proteins; they have a dense matrix that
autofluoresces, scatters light, and reduces signal to ratisand perhaps the proteins were
too dim to image this wayHowever, | also could not detect any fluorescence signal from
mCherry or GFP via bulk fluorescence measuremerfis afireugultures containing
Coa:mCherry or vWbp:GFP nor via more sensitivgle molecule fluorescence microscopy,
and therefore we concluded that the fusions were either fluorescing too dimly to detect abov
the background or were not fluorescing at all.

Olatz later discovered that there had been a fatal error early on ionieggrocess:
due to a copy and paste error when ordering plasmids containing the genes for GFP and
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Figure 13 SNAP tag labeihg reaction. Image taken from https://international.neb.com/aals
resources/featurarticles/snafiag-technologieshovettoolsto-studyproteinfunction, accessed on 8.12
at 10.36 AM.

mCherry, we ordered the wrong GFP variant by mistake. We intended to clone monomeric
superfolder GFP (msfGFP), which is bright, photostable, and fold&lgyi40][141], but

actually cloned GFP80), asuper negatively chargegriant ofsuper folder GFP (sfGFP)

[142], whichfolds in minutesvithout molecular chaperongkl7], but it has a vergim

signal which was perhaps too low to detect in our experinig28. | did however expect to
detect mCherry signal because it had been used for siudéeule detection in the literature
[143], albeit in less complex backgrounds such as cells in metr thian biofilms, and
speculated that there were other reasons why no fluorescence was detected. The majority o
secreted proteins aexported via th&ecretory (Sec) pathwaiy, which the protein is

exported in an unfolded or loosely folded state fdds in the extracellular environment

[144]. Coa contains an{{erminal Sec type sighaéquence and is henegported via the Se
pathway[145]. vWbp is likely to be Seexported too due to its homology to Coa. Therefore,
mCherry was exported whilst unfolded and needed to fold correctly in the extracellular space
This environment contains a high density of anionic polymers, such as teichoic acids, and
metal cations, whit affect the folding and stability of proteins, and proteases that degrade
misfolded protein$144]. Native secreted proteinsvueevolved to rapidly fold into their 3D
conformation assisted by chaperones and metal c4fidd$ Perhaps mCherry misfoldéa

the extracellular space and was degraded, did not fold quickly enough and was therefore
degraded, or the fluorescent chromophore did not mature properly. The half time for mCherr
maturation is 15 40 minuteg115][146], which could have been too slow to protect it from
degradation by extracellular proteases before it folds.

As an alternative strategy, we began to produce fusion proteins for vWbp and Embp
with the very bright fluorescent protein mNeongrgb4 7], but quicklydiscarded these
projects upon realising that mNeongreen is photoswitchable and turns into a dark state whet
irradiated by high laser intensitigs48], which was an undesid quality Table 4. |
supervised Lisbeth Marcussen and Kristian Rasmugsahus Universityfor this aspect of
the projeci{Table 4. Finally, | decided to go back to our original strategy to produce fusions
with msfGFP, and to bet on multiple horsgsatso producing fusions with the SNAP and
CLIP tags. The SNAP tag a 20 kDa mutant of the DNA repair proteift&kylguanine
DNA alkyltransferasgwhich can be labelled with a fluorescent subs{18]. The substrate
is anO®-benzylguanine derivative conjugated to a fluorophore, which forms a covalent bond
with the active site in SNAR(gure 13. SNAP was used to label a membrane protein in
another Gram positive organisBecillus subtilis which indicates that SNAR able to fold
in the extracellulaenvironmemnand therefore might be a good candidate for labelling
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Table 4 List of all fusion protein projects related to my PhD. Full names of students who worked on these
projects are: Dominique Evans (me), Olatz Niemidielissa Eriksen, Bhaskar Pradhan, Lisbeth
Marcussen, Kristian Rasmuss Nasar Kahn, and Amalie Grgnning

Fusion Protein Host bacteria Status Comments Produced
by
vWbp:GFP S. aureug9213 | Completed Fusion protein functioned Olatz
groa normally but no GFP
fluorescence detected
Coa:mCherry S. aureu9213 | Completed Fusion protein functioned Me,
gvwbp normally but no mCherry  Melissa
fluorescence detected
Embp:GFP (€ S. epilermidis Discarded @ Discarded due to poor GFF Me,
terminal) 14.1.R1 fluorescence from Bhaskar,
vWbp:GFP Lisbeth
GFP:Embp (N S. epidermidis Discarded @ Discarded due to poor GFF Me,
terminal) 14.1.R1 fluorescence from Bhaskar,
vWbp:GFP Lisbeth
mNeongreen:Emby S. epdermidis Discarded Discarded due slow Me,
14.1.R1 maturation time and photo Lisbeth,
switchable property Kristian
vWbp:mNeongreer S. aureu29213  Discarded Discarded due slow Me,
groa maturation time and photo Lisbeth,
switchable property Kristian
Coa:SNAP S. aureu9213 | Completed Coa:SNAP localised within Me
gvwbpand T see fibrin pseudocapsule as
wildtype Chapter 5 | expected
vWbp:CLIP S.aureus29213 | Completed vWhbp:CLIP localised Me
groaand T see within the fibrin
wildtype Chapter 5 | pseudocapsule
Coa:msfGFP S. aureu9213 | Completed msfGFP signal appeared t¢ Me
gvwbpand i see be intracellular. GFP not
wildtype Chapter 6  secreted properly
SNAP:Embp S. epidermidis Completed No SNAP labelling seen  Me,
14.1.R1 T see Lisbeth,
Chapter 7 Nasar
msfGFP:Embp S. epidermidis Completed Alternative to SNAP:Embp, Me,
14.1.R1 T see but no fluorescence seen, @ Lisbeth,
Chapter 7 | likely due to poor fusion Amalie

proteinplacement

secreted proteins i8. aureusandsS. epidermidi$149]. Organic fluoophores used to label

the SNAPsubstrate are brighter than fluorescent proteins, so the signal is more likely to be
detectable above thmackground as well. CLIP is a modified version of SNAP which binds to
benzylcytosinalerivatives rather than benzylguanine derivat{i&®], which allows

different fusion proteins with SNAP and CLIP to be visualised simultaneously. ¢dreat
Coa:SNAP and vWbp:CLIP, which are presented in Chapter 5, Coa:msfGFP, presented in
Chapter 6, and created SNAP:Embp with Lisbeth Marcussen and NasafA&éahuas
University), presented in Chapter Tdble 4. | initially supervised Maiken Petersen and
Maiken VosgAarhus Universityduring a short project to create Coa:SNAP, who designed
the primers to create this fusion protein. | completed the rest of the work myself after their
project ended. In the rest of tt@hapter, | will first present the wotkat | contributed
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towards visubsing Coa:mCherry and vWbp:GHBllowed the cloning process to create
Coa:SNAP and vWbp:CLIRNhile | will only present the data for producing Coa:SNAP and
vWbp:CLIP, the process was the same for creating all other fusitgins and any minor
differences in the protocols presented here are noted in the chapter relevant to that fusion
protein.

4.2 Aim

The aim was to produce genomically integratédterminal fusion proteins in different

S. aureu9213 backgrous. After experimenting with several protein tags, it was
eventually decided to creama:SNAP inS. aureu29213qvwbp vWbp:CLIP inS. aureus
29213qx0a and both Coa:SNAP and vWbp:CLIPSnaureu9213 wildtype. These

fusions would allowmeto visualse Coa and vWhbp in backgrounds lacking the other protein,
as well as to visuae them jointly in the wildtypéo learn about their localisation with

respect to fibrin and bacteria

4.3 Materials for cloning

All plasmids primers,and bacterial strainssed are listed iffable 5and full mutant
sequences in Appendix All bacteria were stored in 1325 % glycerol at80 °C. Brain

heart infugon (BHI, Sigma Aldrich, 53286)asused to cultur&. aureusand Luria broth

(LB, Sigma Aldrich, L3522) foE. mli. For growth on plates, media was supplemented with
15g/L of agar (Sigma Aldrich, A1296), and the antibiotics chloramphenicol (Cm, Sigma
Aldrich, C0378) and anhydrotetracycline hydrochloride (ATc, Sigma Aldrich, 94664) if
necessary. Cm was used forgrtad selection at a concentration of g¥ml for E. coliand

10 ug/ml for S. aureusand ATc at Jug/ml.

REDTaq ReadyMix (Sigma Aldrich, R2523) was used for standard PCR reactions
according to the manufact ur er OHgh-BideltytPrGR o | |,
Master Mix (Thermd-isherScientific, F566S) for high fidelity reactions according to the
manufacturerés protocol . Al primers wused
Sigma Aldrich or Thermé&isherScientific PCR reactias were carried out using the Thermo
FisherScientific Arktik Thermal Cycler, and products analysed by gel electrophoresis on
0.7- 1% agarose in 0.% TBE gels. DNA was stained with SYBR Safe DNA Gel Stain
(Invitrogen, S33102) and visualised using @&l Doc EZ Imager (BioRad) and Image Lab
Software (Biorad)PCR poducts were run alongside Tracklkh Plus DNA Ladder
(Invitrogen, 10488085) to estimate the size of the products, and finally PCR products were
purified either using the GenElute PCR Cla#m Kit (SigmaAldrich, NA102G-1KT), or the
GenElute Gel Extraction Kit (NA1111KT). The final PCR constructgerecloned into
pIMAY using the Gibson Assembly Cloning Kit (New England Biolabs, E5510S), plasmid
extractions were performed using the GenePEBmid Miniprep Kit (Therm&isher
Scientific, KO502), and genomic DNA extractions with the GenElute Bacterial Genomic
DNA Kits (SigmaAldrich, NA21101KT). DNA was sequenced by Macrogen.
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Table 5 All bacterial strains, plasmids, and primers used througthis Chapter. Primer overhangs are
lower case, while the annealing parts are in upper case text.

Bacterial Description Reference
Strain

Escherichia coli Derived fromE. coliK12 DH10B. Deficient in [151]
IMO8B cytosine methylationgdcm) and methylates adenine

(hsdM$ to bypassS. aureusestriction barriers.
Staphylococcus Clinical wound isolate. Standard laboratory strai

aureusATCC

29213

Staphylococcus S. aureu9213coadeletion mutant. A gift from Jann Janne K.
aureusATCC K. Klitgaard, University of Southern Denmark. Klitgaard
29213qxoa

Staphylococcus S. aureuf9213vwbpdeletion mutant. A gift from Janne K.

aureusATCC  Janne K. Klitgaard, University of Soutimebenmark.  Klitgaard
29213qwvwbp
Plasmid Description Reference
pUC57CLIP E. colivector carryingCLIP. Ampicillin resistance. Genscript
pUCS57-SNAP  E. colivector carryingSNAR Ampicillin resistance. Genscript
pIMAY E. coliStaphylococciemperature sesitive vector for  [152]
allelic exchange. Cm resistance. InduckxeY
antisense. pIMAY was a gift from Tim Foster
(Addgene plasmid # 68939 ;
http://n2t.net/addgene:68939 ; RRID:Addgene_689:
Primer Sequenicded)( 5abnd descri pti on Reference
V1F atcaataaagtatacaatggcaaaTCAGGTGGTGGAGGAGATAA Me
Fwd primer to amplifyCLIP sequencérom pUC5%#CLIP
ViR tttgcagccatgcattaatattaaccTAAACCTGGTTTACCTAAACG Me
Rev primer to amplify CLIP sequence from pUGSBEIP
V2F tcactaaagggaacaaaagctgggtacCGTCAAACTCAGCAACAA Me
Fwd primer to amplify upstream gfvbpfrom S. aureu29213
V2R ttatctcctccaccacctgaTTTGCCATTGTATACTTTATTGAT Me
Rev primer to amplify upstream wivbpfrom S. aureu9213
v3F cgtttaggtaaaccaggtttaggtTAATATTAATGCATGGCTGCAA/ Me
Fwd primer to amplify downstream wéfvbpfrom S. aureus

29213
v3R gataccgtcgacctcgagggggggcccgCAAATAGCGTGCTCATAC Me
TAAA
Rev primer to amplify downstream wivbpfrom S. aureus
29213
vOutF  AAAATCTAAAAATGAGTCTGTGGTT Olatz
Fwd primer for screening vVWbp:CLIP integration Niembro
VOutR TTACTAACATTTACTTTTGGCGAAT Olatz
Rev pimer for screening vVWbp:CLIP integration Niembro
CclF atgggcctagagtaacaaaaTCAGGTGGTGGAGGA Maiken
Fwd primer to amplify SNAP sequence from pUESMAP Petersen &

Maiken Voss
clR tgtctttggatagagttataaatttaACCTAAACCTGGTTTACCTAAA Maiken
Rev primer to amplify SHP sequence from pUCESNAP Petersen &
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Maiken Voss
c2F cctcactaaagggaacaaaagctgggtacGCCAAGTGAAACAAACC Maiken
AT Petersen &
Fwd primer to amplify upstream obafrom S. aureuf9213  Maiken Voss
c2R ttatctcctccaccacctgaTTTTGTTACTCTAGGCCCATATGTC  Maiken
Revprimer to amplify upstream a@oafrom S. aureu9213 Petersen &

Maiken Voss
c3F taggtaaaccaggtttaggtTAAATTTATAACTCTATCCAAAGAC Maiken
ATACAGTCA Petersen &
Fwd primer to amplify downstream obafrom S. aureus Maiken Voss
29213
c3R atcaagcttatcdaccgtcgacctcgagggggggcccgTTTTAAATTTTA Maiken
GAATCGAAGCCCTTTG Petersen &
Rev primer to amplify downstream obafrom S. aureus Maiken Voss
29213
OutF*  GTGAAATATAGAGATGCTGGTACA Melissa
Fwd primer for screening Coa:SNAP integration Eriksen
OutR* TGAAGTAGGCTGAAGTTGAAGC Melissa
Rev primer for screening Coa:SNAP integration Eriksen
IM151 TACATGTCAAGAATAAACTGCCAAAGC [152]
Annealsto pIMAY multiple cloning site
IM152 AATACCTGTGACGGAAGATCACTTCG [152]

Annealsto pIMAY multiple cloning site

4 4 Methods

4.4.1 Bulk fluorescence measurements from Coa:mCherry and vWbp:GFP
Overnight cultures 08.aurews 29213qvwbpexpressing Coa:mCherrg, aureu29213
groaexpressing VWbp:GFP, and their parental strains were diluted g Qb in a total

volume of 2 ml, andvereharvested by centrifugation for 10 minutes at 40@0Bacteria

were resuspended inn@l PBS supplemented with 20 plasma, incubated at 3T for

10 minutes with 180 rpm shaking, and thleeir fluorescence waseasured in a fluorimeter.
Samples were excited at 488 nm for vWbp and 587 nm for Coa, and emissions detected ove
50071 700 nm for vWbp and 600 700 nm for Coa. Assoc. Prof. Victoria BirkedAlarhus
University) kindly let me use the fluorimeter in her lab and helped me use it.

4.4.2 Single molecule fluorescence microscopy to detect Coa:mCherry and
vWbp:GFP

Overnight cultues ofS.aureus29213qgvwbpexpressing Coa:mCherrg, aureuf9213
groaexpressing VWbp:GFP, and their parental strai@se incubated with growth media
containing 25 % heparin stabilised human plasma, then either immobilised on an agarose ps
or in a tunnel slide, and imaged using total internal reflection microscopy (TIRF) or Slimfield
microscopy. To prepare tunnel slides, 1.5 ml culture was harvested by centrifugation at
4000 xg and washed twice in 754 PBS before resuspending in 730CDM (cheamically

defined media, a low autofluorescence growth mediurstémhylococci) supplemented with

25 % human plasma. The bacteria were incubated & 33r 90 minutes and then 20 pl
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loaded into a tunnel slide for imaging. For agarose pads, 5 ul bactandtfe overnight

cultures were spotted onto a pad containing CDM supplemented with 1% agarosé&and 25
plasma, and incubated at 3Z for 90 minutes. Samples containing Coa were imaged in a
bespoke TIRF microscope using a 50 mW 561 nm laser with a beametér of 25 um at the
samplel100frames per image were taken witbB@ms frame rate using an Andor iXon

512x 512 EMCCD camera. Samples containing vVWbp were similarly imaged with a bespoke
Slimfield microscope with a 20 mW 488 nm laser and 10 unmbgiameter at the sample.

4.4.3 Overview of cloning process to produce fusion proteins with SNAP

and CLIP in S. aureus

There are several steps to produce a genomically integrated fusion pr@eauieus

Firstly, to create a DNA construct containiting SNAP/CLIP sequences via polymerase

chain reaction (PCR). The construct contains a linker followed by the SNAP/CLIP sequence,
flanked by 400 600 nucleotide sequences homologous to the DNA on either side of the
desired insertion site in ti& aureugienome, which is before the stop codon at the end of
coaor vwbp These flanking sequences allow the genomic integration of SNAP/CLIP to
occur via homologous recombination later on. PCR is used to amplify the sequence of
SNAP/CLIP (PCR 1), and the upstreamd downstream regions around the insertion site in
S. aureugPCR 2/PCR 3), which are finally joined together via splicing by overlap extension
PCR (SOEPCR) (PCR 4)Kigure 14. To facilitate this, the primers contain 2@0

nucleotide long overhangs thisequences that match the neighbouring PCR proiiggetré

14). Primers 2F and 3R add overhangs that allow PCR 4 to be cloned into pIMAY, a
modified bacterial plasmid designed by Maatkal. for the genomic integration of DNA into
staphylococcil152]. pIMAY containing the construct is transformedbis. aureuvia an
intermediate microorganisniE¢cherichia coliM08B), and the construct integrates into the

S. aureugienome via homologous recombinatiéiglre 14.

One of the challengaeghencloning instaphylococci is the presence of restriction
modification systems: defence mechanisms against viral infections whereby restriction
enzymes cleave foreign DNJA53]. Restriction modification systems consist of a restriction
endonuclese (REase) and a DNA methyltransferase (MTase). REases recognise and cleave
foreign DNA that lacks methylation within specific recognition sites, while MTases protect
native DNA by methylating cytosines and adenines within the recognitiofiS#¢
Therefore pIMAY containing the SNAP/CLIP construct is first passed thr&ugbli
IMO8B, whichmethyatesDNA with a profile mimicking that o5. aureug151]. Then, when
the DNA is transformed int8. aureusthe restriction radification system is bypassed. To
mimic S. aureusnethylation patterns. coliIMO8B does not coiin its native restriction
modification system and has been engineered to cont&@naureuspecific adenine
methyltransferase, which methylates adenines in a pattern mimigkengreusand thus
blocks many restriction enzymes that cleave unmethykdedineg151). It also lacks DNA
cytosine methyltransferase and therefore bypasses the widely SpraatusSauUsSI
restriction barrier which specifically targets mg#ted cytosinegl51].
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Figure 14 Diagrams of each step in the cloning process tatergenomically integrated fusions of
Coa:SNAP and vWbp:CLIP. a) SEECR to create a DNA construct containing the sequence for
SNAP/CLIP flanked by sequences homologous to the sequences on either side of the desired ge
insertion site. b) Overview of ¢hentire cloning process. ¢) Genomic integration of the plasmid conte
the SNAP/CLIP construct. d) Plasmid excision, either restoring the wildtype genotype, or success

integrating SNAP/CLIP.
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The genomic integration of the construct occurs in two steps: integration of the entire
plasmid with construct, then the excision of the pldsiheaving the construct in the genome.
pIMAY has features that help the process. It has a chloramphenicol resistance gene which
allows for plasmid selection, and a temperature sensitive replicon for Gram positive bacteria
which means pIMAY only replicats at temperatures below 3D in staphylococci and
allows for the selection of plasmid integrafit§2]. GrowingS. aureugontaining pIMAY at
37 °C in media containing chloramphenicol creates selective pressure for the integration of
pIMAY into their chromosome, since the chromosome can replic&® & but pIMAY
cannot. This occurs via homologous recombination between one of the homologous regions
between the insert and chromosome, and leads to integration in one of two orientations
(Figure 14) Finally, the plasmid is excised. This occurs by haptecombination event
when the selection pressure for plasmid integration is removed, and results in either a
successful integration of SNAP/CLIP or the restoration of the wildtype gendtigped 14.

To screen for bacteria that have excised the pthgpiAY containsanti-secY a suicide

gene which is activated in the presence of anhydrotetracycline. When actardatesgcY
produces an antisense RNA complementary to the mRNgefoY blocking its translation.

SecY is a housekeeping protein thatscednnot survive withoutWhen they excise pIMAY,
bacteria lose their resistance to chloramphenicol, and therefore bacteria that grow with
anhydrotetracycline and are sensitive to chloramphenicol have excised the plasmid, and PC
and genetic sequencingrdom the successful integration of the SNAP/CLIP gene.

4.4.4 PCR to make SNAP/CLIP constructs

SOEPCR was used to create DNA constructs containing the sequences for SNAP and CLIF
flanked by regions homologous to the DNA on either side of their deessedion sites in
S.aureus All primers were added at a final concentration ofyVbin 50 ul reactions, and
annealing temperatures were calculated wigirhermo FisheBcientificonline calculator

[155], omitting the primer overhangs which do not anneal to the template DNRCAI

products primers, anrealing temperatureand expected pradt sizes are listed ifiable 6

10 ng plasmid DNA was used as template to amplify SNAP/CLIP from pUC57 (PCR 1), and
166 ngS. aureu9213 genomic DNA as template for PCR 2/PCRha.rest of the PCR
conditionswere céculatedas t at ed i n the manufactureros

Table 6 PCR products, primer pairs, annealing temperatures, and product sizes when producing the
construct containing SNAP/CLIP. The letter ¢ denotes PCR products for Coa:SNAP, and v for
vWbp:CLIP.

PCR product Primer pair Annealing temperature (°C) Product size (base pas)

cPCR 1 clF/cl1R 58.4 604
cPCR 2 c2F/c2R 67.8 449
cPCR 3 c3F/c3R 63.1 455
cPCR 4 c2F/c3R 62.3 1422
vPCR 1 V1F/VIR 62.8 605
VPCR 2 Vv2F/V2R 58.3 408
VPCR 3 v3F/V3R 60.3 422
VvPCR 4 v2F/V3R 58.9 1354
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4.4.5 Gibson Assembly of SNAP/CLIP constructsand pIMAY

Gi bson Assembly was compl et ed 41663 Gibsdni ng t
Assembly is a method for assembling DNA fragments containirig4®0base pair

overlapping regions. The fragments are mixed in a master mix containing three enzymes: ar
exonucl ease to chew baekagmentecabahnea,m®8A of t
polymerase to fill in any gaps leftover, and a DNA ligase to remove nicks in the DNA.
Maiken Petersen and Maiken Vdgsarhus Universitydigested pIMAY using the restriction
enzyme KpnHF (New England Biolabs, R3142S)acdordg t o t he manuf ac
Then | completed the rest of the assem®fmg of digested pIMAY was combined in a

20 ul reaction on ice with a 2 excess oPCR4 (100ng), the provided Gibson Assembly

Master Mix, and deionized watérhe reations were incubated on a heating block atG0

for 15 minutes and then either stored on ice for transformation immediately afterwards, or at
-20°C for use later.

4.4.6 Chemical transformation of E. coli IMO8B

To make chemically competent cellg, @venight culture ofe. coliIMO8B was diluted in
110ml LB media to an Ok of 0.02 and incubated at 3T until the ORgereached 0.3. The
cells were divided into two 5@ falcon tubes and transferred to ice to prevent further
growth. Bacteria were harvesl by centrifugation 000 xg for 10 minutes, and the
supernatant discarded. Cells were then resuspendedlircé cold CaCGl (50 mM) and
centrifuged agaiandresuspended in 118l ice cold CaCGl (50 mM). Then they were
incubated on ice for 30 miregand usedmmediately for transformatior€ells could
howeverbe stored for later at use-80 °C by adding glycerol to a final concentration of
25 %.

pIMAY containingPCR4 was transformed into chemically competEntoli IMO8B
in the following way. Either 2ul or 5 ul of pDNA was combined with 20l competent cells
and incubated on ice for 20 minutes. Empty pIMAY was combined withuRP0@élls as a
positive control, and 200l competent cells with no pDNA as a negative control. Cells were
placedin a water bath at 4ZC for 90 sand then incubated on ice for a further 2 minutes.
1 ml of LB media preheated to 3T was added to the cells, and then incubated with gentle
shaking at 37C for 1 hour. Cells were harvested by centrifugatibB® x g for 5 minutes
and 1ml of the supernatant discarded. Cells were resuspended in the remaining supernatan
and 150ul of the mixture plated onto BHI agar plates containingi@snl Cmandincubated
overnight at 37C.

Colonies from these transformatis were screeal with colony PCR using primers
IM151/IM152 to verify the presence of the plasmid with the correct sized.ilgdi$1 and
IM152 anneal to either side of the pIMAY multiple cloning site, so a small product of
approximately 300 base pairseispected when there is no insert and a larger product of
approximately 1600 base pairs when there is an ingariplate DNA was prepared for PCR
by touching the colony with an inoculation loop, spotting it onto a fresh plate, and mixing the
remairder ofthecolonyon the loop in 5Qul nuclease free watefhe bacteria wenacubated
at 100°C for 10 minutes to lyse the cells and release the DNAlardd ul used as template
in the PCR. Empty pIMAY was used as a control. PCR products were analysed by gel
electrophoresis to verify which colonies might have the correct insert, and likely candidates
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sent for sequencing with IM151/IM15E. coliIMO8B with the correct insert were finally
made into freezer stocks and plasmids extracted for transformatidd. iatmeu9213
using aplasmid extractiorkit.

4 4.7 Electroporation of S. aureus29213 wildtype cagp a wdbp o

pIMAY containing the CLIP construst was electroporated $itaures 29213 wildtype and
groa while pIMAY containing the SNAP construct wakectroporated int&. aureu29213
gvwbpand the wildtype with vWbp:CLIP already genomically integrated. To prepare
electrocompetent cellan overnight culture of the required bacteria was diluted inil00
BHI to an ORQyoof 0.5, and incubated at 3T until the OQyoo reached 0.6. The cells were
divided into two 50ml tubes and harvested by centrifugation a€4t4000 xg for

10 minutes. The supernatant was discarded and cells resuspendexl ieasd of ice cal
0.5M sucrose. Théarvest/resuspension steps were repeated with increasingly lower
volumes of sucrose: fl, 2ml, and0.25ml. Thencells were ready to be transformé&a pl
electrocompetent cells were incubated on ice with-38Dng pDNA (less than fl total
volume) br 1 minute, then transferred to a chillethfin electroporation cuvette and
electroporated using the ECM 360 BTX (Harvard Apparatus). The following electroporation
parameters were used: XY, 25uF, and 20800q. The resi stance wa
c o n st amg indidatirng a guccessful transformatjd29]. 1 mL preheated BHI
supplementeavith 0.5M sucrose wasnmediatelyadded and incubated at 28 with

shaking at 250 rpm for 2 hours. Afterwar@90ul cells were plated onto BHI plates
containing 1Qug/ml Cm. Remaining cells were centrifuged for 5 minuteg080 xg, 750ul
removed, and then theells were resuspended in the remaining supernatant and plated as
well. Plates were incubated for 2 days at 28°C until colonies grewColonies were
screened again with colony PCR with primers IM151/IM152, analysed by gel
electrophoresis, and made into freezer stocks.

4.4.8 Genomic integration of construct

Transformedactera were incubated overnight I® ml BHI containing 1qug/ml Cm at

28 °C, a temperature permissive for pIMA¥plication 5 pl was transferrethto 10 mlfresh

BHI containing 1Qug/ml Cm and incubated overnight at 37. When growing at 28C,

there is a chance that a crossover ewglthoccur between the homologous regions in the
vectorinsert and genomic DNA, and the plasmid will incorporate into the chromosome via
homologous recombination. Since pIMAY contains a resistance gene for Cm but only
replicates below 30°C, and the chimosomereplicates at 37°C, only bacteria that have
incorporaed pIMAY into the chromosome wilurvivegrowing at37 °C with antibiotics. A
dilution series from 18to 10°was made from the overnight culture grown at@a&nd

plated omo BHI plates cotaining Cm, and incubated overnight at°® Colonies with
integration were inoculated in 10 ml BHI and incubated overnight &€ 2@th 180 rpm
shaking. The next day, 10 ul of the overnight culture was inoculated into 10 ml fresh BHI anc
incubated agaiat 28°C. This was repeated for 10 days, after which serial dilutions from 10
to 10® were plated onto BHI plates and BHI plates withgIml ATc and incubated for

1- 2 days at 28C. Bacteria still containing the plasmid could not grow inghesence of

ATc. 100 colonies from the ATc plates were spotted onto BHI plates with and without
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10 ug/ml Cm and incubated overnight at 7. Cm sensitive colonies had excised the

plasmid and colony PCR was performed with OutF/OutR primers tondieif

SNAP/CLIP had been integrated or if the wildtype phenotype had been restored. Successful
integrants were sequenced with the OutR/OutF primers and freezer stocks made.

4.4.9 Evaluating the mutants

The genotype of the completatutants were evalted by sequencing with OutF/OutR

primers, and the phenotype via coagulation assays and confocal laser scanning microscopy
(CLSM). For the coagulation assays, overnight cultures of the mutants and their parental
strains were diluted to Qfgy 0.5 in 1 ml of1:6 heparin stabilized human plasma in normal
saline (85 %) in sterile glass tubes and incubated for 4 hours’@\8ith no shaking.
Coagulation was assessed by tilting the tubes after 4 hours. Then the tubes were left to
incubate at room temperature avight, and the coagulation assessed again after 18 more
hours. A negative control with no bacteria was also included.

For CLSM imaging, microwellg Slide 8 well, IBIDI,80826 were preconditioned
by incubating with 18@l mBHI supplemented with 50 %auman heparin stabilized plasma,
0.4ug/ml Alexa Fluor 647 conjugated fibrinogesmd 1uM Syto41 for 30 minutes at 3TC.
mBHI is modified BHI that contain®.1 mM CaC} and 0.4mM MgClI to mimic
physiological conditions. The microwells were inoculated \wdhteria to a final volume of
200 ul and Olgyp 0.5 and incubated at 3T for 2 hours. The liquid over the biofilms was
replaced with 200 ul fresh mBHI containing 50 % plasma, fluorescent fibrinogen, and
Syto41, and incubated overnight. Samples were ichagang CLSM (LSM700, Zeiss) with
10 mW 488 nm, 5 mW 639 nm, and 5 mW 405 nm lasers operating at 2% gahaPlan
Apochromat 63x/1.40 oil immersion objectilens.

45 Detecting Coa:mCherry and vWbp:GFPresults

4.5.1Bulk fluorescence fromCoa:mCherry and vWbp:GFP could not be
detected

The first strategy to detect fluoresceffiman our original Coa:mCherry and vWbp:GFP

fusion proteinsvas to measure bulk fluorescence from bacteria expressing Coa:mCherry anc
vWbp:GFP with a fluorimeter. The mCherry/GRdified strains both had marginally

higher intensity fluorescence emissions than the parental strains, however this was only a
very slight differenceKigure 15§ Subtracting the parental signal from the
Coa:mCherry/VWbp:GFP signal should yield the esiois spectrum of that fluorescent

protein if it produces a detectable signal. No peaks corresponding to mCherry or GFP
fluorescence were found with this meth&dg(ure 15b. Either mCherry and GFP were not
fluorescing, or the signal was too dim compareth&autofluorescent backgroutwdetect

with this method.
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Figure 15a) Emission spectra &. aureugoawith modified and unmodified vWbp, a8l aureus
gvwbpwith modified and unmodified Coa. b) The parental spectra subtracted from the
vWhbp:GFP/CoanCherry compared to the spectra of GFP and mCherry alone. ¢) TIRF im&yesuofus
gvwbpexpressing Coa:mCherry or native Coa, immobilized on an agarose pad or in CDM in a tunnel
slide.

4.5.2Coa:mCherry and vWbp:GFP signalcould not bedetected withsingle
molecule microscopy

In case the fusion proteins produced a signal below the detection limit of the fluorimeter,
bacteria expressing both fusion proteins were imaged with single molecule microscopy.
There was no clear fluorescence from Coa:mChery\drp:GFP. The cells produced a lot

of autofluorescence and some bright spots appeared in areas away from tlégeedslGe)
These spots were present in both the samples with and without mCherry/GFP, and not pres
at all in a blank sample containipgst imaging media (data not shown), so they must

originate from théacterial sampled o determine if thesgpots were mCherry/GFP signal,

the number of spots in the mCherry/GFP and parental samples were quantified and compar
5 80 x 80 and 3 100 x 1@ixel regions of interest were selected at random from each sample
and processed using ADEMS Code v10, a program written by the Leake group which
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Figure 16 PCR products for producing SNAP/CLIP constewvisualised on agarose gels. The predi
product sizes are shown on the white background and the actual products on black. The letter v
VvWbp:CLIP products and ¢ denotes Coa:SNAP products. Red pixels are oversaturated. PCR pri
from an unr&ated project are marked by a stdumbers pointing to ladders on gels represent the si.
the DNA ladder in nucleotides.

identifies candidate spots for single molecules and tracks them through each frasestA T
showed thathere was no significant difference in the number of spetseerthe
mCherry/GFP andorrespondingarental samples, so the spots wamecluded to not be
fluorescence from mCherry or GFP.

4.6 Cloning results

4.6.1 PCR to make SNAP/CLIP constructs

Constructs containing the sequences for SNAP/CLIP flanked by the sequences homologous
to the intended insertion sites$n aureusvere synthesised via PCR and SBER. AllIPCR
products were analysed via gel electrophoresis to verify that they were tha corre
approximate size. PCR products were loaded onto an agarose gel and an electric field used
move the negatively charged DNA through the gel. Smaller DNA products migrated through
the pores of the gel faster than larger ones, separating the DNA progisize. A DNA

ladder containing fragments of known sizes was run alongside, which allowed an estimate o
size. The gel was stained with SYBR Sdfevitfrogen, S3310 so the DNA could be

visualised under blue light.

All PCR products I 4 for vWbp:CUP and Coa:SNAP were approximately the
correct sizeKigure 1§. The DNA was purified using a PCR clean up kit when there was a
single band on the gel corresponding to a PCR product of a single length. When there were
multiple bands, the band of the cotreize was excised and purified using a gel extraction
kit.
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4.6.2 Chemical transformationof E. coli IMOSB

The SNAP/CLIP constructs were assembled with pIMAY via Gibson Assditbb) and
transformed immediately int6. coli IMO8B via chemical transformatiok. coliwere

treated with calcium chloride, incubated with the plasmid DNA, and a heat shock applied.
The calcium cationbind the negatively charged plasmid DNA and cell wall to overcome the
electrostatic repulsion that usually inhibits the uptake of DNA, and is thought that it could
cause pores to form in the membrane. The heat shock increases pore size and causes a
thermalgradient to help sweep the DNA into the cells.

To verify that the plasmid had the correct sized insert, transformants were screened
with colony PCR using primers that annealed to either side of the multiple cloning site
(IM151/IM152), and PCR productgere visualised with gel electrophoresis. The product
should be 16321636 bases if the insert was correct, and 283 base pairs if there was no inse
(Figure 17% vWbp:CLIP colony 1 produced a band of the correct size while colonies 2 and 4
had bands athe incorrect sizeRigure 173 Incorrectly sized inserts presumably arose from
the smeared PCR 4 ban@sgure 1§ containing products of multiple sizes that were
unintentionally included in the gel extraction. Colonies for Coa:SNAP produced bands of
multiple sizes, with the higher bands being most likely to have the correcEgjoes 174
Not all colonies analysed produced bands, perhaps because the template DNA concentratio
in the PCR reaction was too low, or because those colonies were a contamina

Plasmids from multiple colonies were purified and sequenced with the IM151/IM152
primers, multiple of which had th@wect sequence for the insert. Figuré gjizes an
example of a plasmid containing CLIP that had the correct sequence. The fandard a
reverse reads were trimmed to remove poor quality sequencing data at the ends of the read:
(Figure 1) and combined into a consensus sequence, then aligned to a reference sequenc:
using the CLC Genomics Workbench softwéreailable adigitalinsightsgiagen.com Bold
red/green indicates where the sequence aligned to the reference and faint red/green where
data was trimmed. There were no mismatches between the consensus and reference and si
the insert sequence was as expected.

4.6.3 Electroporaion of S. aureus29213wildtype, cag a wwbp o
Plasmids containing the correct insert were transformedsindmireuyia electroporation.

S. aureusvere repeatedly washed with sucrose to remove ions from the growth medium.
Then, the bacteria were inzated with the DNA and a brief, high voltage electric shock
applied to induce pores in the membrane and allow entry of the plasmid DNA.

Transformants were again screened with colony PCR using primers IM151/IM152 to
verify that they contained a plasmid ihe correct sized insert. Many colonies containing
the correctly sized insert were identifideldqure 173 The template DNA for the colony PCR
was more difficult teextract via cell lysis compared to wherEncolidue to the thick Gram
positive cell vall, which may explainvhy no PCR product was obtained for many colgnies
particularly for vWbp:CLIP imgroa. It did not matter thasome lanes lacked bands because
the colonies with verified inserts were used to proceed the experiment instead.
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Figure 17 a) Predicted and actual product sizes when screé&niogliIMO8B for pIMAY with the
correct sized insert after transfmation. b) Example of sequence alignment of sequencing data w
IM151/IM152 to the reference. ¢) Good quality sequencing data (above) and poor quality data
Poor quality data was trimmed and not included in the analysioldhyPCR products dhined
when screenin. aureugransformed with pIMAY containing the SNAP/CLIP constriégich lane
contains the colony PCR product from a different colony. Numbers on gels refer to product siz
measured in number of nucleotides.

U

4.6.4Genomic integration of construct

Transformants containing pIMAY with the SNAP/CLIP construct were grown under
conditions permissive for plasmid replication and selectiorf@&hloramphenicol), and

then at 37C with chloramphenicol to select for bactewith plasmid integration. Then the
bacteria were grown at 2& without antibiotics for 10 days by diluting an overnight culture
into fresh media to allow for plasmid excision. Bacteria were plated with anhydrotetracycline
and then screened for chloranepircol resistance to confirm that the plasmid had been
excised. Chloramphenicol sensitive colonies were screened for genomic integration of
SNAP/CLIP using colony PCR with the OutF/OutR primers, which anneal to either side of
the insertion site. A produstize of about 1100 nucleotides indicated no integration whilst a
size of about 1600 nucleotides indicated a successful integration. Multiple colonies with
genomic integration were identified across all strains for Coa:SNAP and vWbp:EglRg
189.
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c) A conflict in the sequencing data for vWbp:CLIPSraureusgroa d) Example sequence alignments

1120
I

Coa:SNAP yWhp:CLIP
N 9,5
O B O P

1140 1180
1 3

ATGCATGGCTGCAAAGCAANATAATGAGTTTGTCGTAAAAATAACAACA

(Gonflict

ATGCATGGCTGCAAAGCMEMTAATGAGTTTGTCGTAAAAATAACAACA

A=A

‘V\X/yw\jyy\ /Y\ f
ATGCATGGCTGCAAAGCANATAATGAGTTTGTCGTAAAAATAACAACA
ANV AV WMWYy
A AN M AANAAAAANAN AMAAAM
J\LML‘A L
. 0 -

TTAGATGTTGGTGGTTATGAA|-
(Conflict

TTAGATGTTGGTGGTTATGAA]

AU

(GGTGGTTTAGCAGTTAAAGAATGGTTATTA

IGGTGGTTTAGCAGTTAAAGAATGGTTATT#

PNV A
TTAGATGTTGGTGGTTATGAA|-IGGTGGTTTAGCAGTTAAAGAATGGTTATTZ

for Coa:SNAP after genomic integration. €) A conflict in the sequencing data for Coa:SISA&uireus
wildtype. Numbers on gels refer to product sizes measured in number of nucleotides.
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4.7 Coa:SNAP and vWbp:CLIP arefunctional fusion proteins

4.7.1 Coa:SNAP and vWbp:CLIP modified bacteria have the predicted
genetic sequence

Genomic DNA was extracted from the colonies and the region containing SNAP/CLIP was
amplified with PCR using the OutF/OutR primers, which was ttsequenced with OutF,

OutR, and an additional InF primer which annealed to the start of the SNAP/CLIP sequence.
The InF primer was introduced because initial sequencing attempts using only OutF/OutR
failed to produce high quality sequencing data thatisge the entire sequence. The
sequencing data from each primer was trimmed and assembled into a consensus that was
compared to a reference sequence using the CLC Genomics Workbench Jafraitable
atdigitalinsights.qgiagen.comThere were no mismatchéetween the consensus and
reference for vWbp:CLIP i®. aureusyroa(Figure 18b, indicating that CLIP was

successfully inserted into the chromosome without sequence errors. A conflict arose for
vWbp:CLIP in the wildtyp&Figure 18c)however, upon closer inspection of the sequencing
data, AAA was replaced with AGA itne OutF read whilst the other two primardicated

the correct sequencsg this was unlikely to reflect an actual error in the DNA. Conflicts also
arose for Coa:SNAP igvwbpand the wildtype (Figure 18d and 18Epwever, the conflict

in gvwbpwas ouside the homologous region and did not correspond to a sequence where
any changes were made to the DNA, and this error was due to poor sequencing data at the
end of the read and not an error in the DNA. The error in the wildtype was also a sequencing
errorrather than a mistake in the DNA, the OutF read was lower quality and introduced an
extra base where there was none on therdivo reads nor the reference.

4.7.2 Coa:SNAP and vWbp:CLIP modified bacteria coagulate human

plasma

Coa and vWbp both hijacké host coagulation cascade to produce a fibrin THx].

Therefore the ability of the modified proteins to coagulate human plasma was compared to
the native proteins to assess whether the pr@feinctioned correctly when fused to
SNAP/CLIP. Bacteria containing either modified or unmodified Coa/vWhbp were incubated
with human plasma and the coagulation was assessed after 4 and 24 hours. All strains
coagulated plasma by 4 hours, apart from a doohltant lacking both Coa and vWbiable

7), which confirmed that coagulation occurred due to Coa and vWbp alone. Therefore Coa
and vWbp could still function to coagulate plasma when fused to SNAP and CLIP.

Table 7 Coagulation of5. aureusstrains with nodified and unmodified Coa and vWhp.

Coagulation (+£)

vWbp:CLIP Coa:SNAP Parental strains

wit groa wit gqvwbp  wt groa qwvwbp qroagvwbp
4 h + + + + + + + -
24 h + + + + + + + -
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4.7.3 Coa:SNAP and vWbp:CLIP modified bacteria produce biofilms with

the same phenotype athe parental strains

Coa and vWbp cause a fibrin network to form in theiloéxtracellular matrix. As an

additional check to verify that the fusion proteins functioned as expected, the phenotype of
the fibrin matrix was assessed via CLSM in bacteria with modified and unmodified
Coa/vVWhbp. The fibrin networks of all modified stra resembled the parental strains. In the
wildtype and mutant lacking Coa, there was a thick extended network of(figure 19).
Therewere no clear differences between the modified and parental strains, except for a large
increase in fibrin signal ithe parental wildtype, which could have been due to a pipetting or
mixing error resulting in an increased concentration of fluorescent fibrinogen during sample
preparation since this increase in signal was not present in any of the other parental strains.
Overall, the modified bacteria produced a fibrin network as expected and the fusion proteins
functioned correctly.

4.8 Discussion

| could not detect any fluorescence from bacteria that produce Coa:mCherry or vVWbp:GFP.
The GFP variant that we accidenyalised, GFRB0), is very dim{123] and might not have

been bright enough to detect even with single molecule microscopy. mCherry has been uset
to tag progins for single molecule microscopy in the literafu43], and | therefore expected

to be able to detediuorescence from this fusion protein. However, | did not, and |
hypothesised that mCherry failed to become fluorescent in the extracellular environment.
Perhaps interactions with ions in the extracellular environment prevex@adrry from

folding corretly, or perhaps mCherry was simply degraded by restriction enzymes before
folding [144]. Therefore | decided to create fusiowteins with the SNAP and CLIP tags
instead because the SNAP tag had previously been used to label an extracellular protein in .
species of Gram positive bacteria in the literaf#®], which indicates that it is able to fold
correctly n the extracellular environment.

| assessed the ability of the completed Coa:SNAP and vWbp:CLIP fusion proteins to
coagulate plasma and form a network of fibrin in biofilms. The completed Coa:SNAP and
vWhbp:CLIP fusion proteins caused coagulation the sasnanlabelled Coa and vWbp. The
sequences of the gene inserts and surrounding homologous regions were correct, and
modified Coa and vWbp produced fibrin networksSSiraureudiofilms as expected. These
results are a good indication that fusion with SNXRCLIP did not impair the successful
secretion and function of Coa and vWbp, and therefore | can progress onto doing imaging
experiments with these fusion proteins. These functional assays are vital becaus¢ggotein
can cause artefacts likggregatia and mislocalisatiofil23], so it isimportant to assess
whether the fusion protein behaves normally compared to the native unlabelled protein befo
proceeding with imaging experiments06]. Coa and vWbp have functions that can be
assessed fairly easily, but in the case of proteins where this is not possible, it is a good idea
compare the distribution of the labelled fusiontpm to the distribution of the native protein
by another minod such as antibody labelling check that the fusion localises correctly
[106]. The placement of the protein tag can affect the functionality of the fusion protein.
Placing SNAP/CLIP at the-@&rminal did not impair the ability of Coa and vWbp to activate
prothrombin, which is the function of thetdrminal[138][139], nor did it seem to interfere
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with the ability of Coa and vWhbp to direct fibrin production to different biofilm locations.
Creating a @erminal fusion was a deliberate decision to dvoipairing binding to

prothrombin. Sometimes the functional domains of a protein of interest are unknown, and in
this case both Nand Gterminal fusions should be made to maximise the chances of success,
although that was not necessary here.

Coa:SNAP ad vWbp:CLIP were integrated into the genomé&oaureusand are
therefore under the control of the native promoter, which allows for the study of Coa and
vWbp undertheir native expression levels. Fusion proteins can alternatively be over
expressed fromrmaexpression vector, which increases fluorescence intensity. It is an
advantage to increase signal when the protein of interest normally has low expression levels
or the protein tag has a dim fluorescence signal, which may otherwise render the signal too
low to detect. Expression can also be controlled via an inducible proidoteever, over
expression can cause artefacts such as aggrefHdigjwhich is circumvented under native
expression levelgl10]. The levels of Coa @awvWhbp expression in biofilms are unknown, so
it is not possible to ascertain at this stage whether it will be possible to detect fluorescence
signal from the SNAP and CLIP tags above the background noise in the biofilm. However,
the SNAP and CLIP substest can be labelled with organic dyes that are much brighter than
traditional fluorescent proteins, and therefore are more likely to produce a detectable signal
than fluorescent proteins. It is also not possible to conclude whether the SNAP and CLIP tac
function correctly from the data in this Chapter, but the imaging experiments in later
Chapters would reveal this.
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5. Coa SNAP and vWbp CLIP localisation in S. aureus

biofilms

In order to determine the localisation of Coa and vWIp. iaures biofilms, | visualised the
Coa:SNAP and vWbp:CLIP fusion proteins that | produced in Chapter 4. | anticipated that
both Coa and vWbp would localise within the fibrin pseudocapsule because Coa is necessal
to form the pseudocapsule and vWbp acceleradsrination, as | demonstrated in Chapter

3. My data showed that Coa and vWbp both localised within the fibrin pseudocapsule, but it
was unclear to what extent they localised within the wider biofilm.

5.1 Introduction

In Chapter 3, | showed that Coa ssential for forming the fibrin pseudocapsule, one of the
characteristic fibrin structures 1 aureughat encases aggregates of bacteria and protects
them from immune cells. This was in accordance with previous redddiciHowever, |

also showed that vWbp accelerates pseudocapsule fommatioe presence of Coa even
though it does not produce a pseudocapsule by itself, which is a new discovery. | also found
that Coa and vWbp both contribute to forming the wider fibrin network, a second
characteristic fibrin structure, and that they battmf a fibrin structure perpendicular to the
biofilm-surface interface, albeit that the process is faster with Coa than vWbp. It was
previously thought that Coa is primarily responsible for pseudocapsule formation whilst
VvWhbp is primarily responsible for fming the wider networfd1], but my reslts suggest
more overlap between their roles.

To support my findings, | wanted to visualise Coa and vWIg imureudiofiims. In
Chapter 4, | developed fusion proteins for Coa and vWbp with the SNAP and CLIP tags, anc
verified that fusion to SNAP anhCLIP did not impair the biological function of the two
coagulases and could therefore be used for imaging experiments. SNAP and CLIP are
genomically encoded protein tags that require labelling with a fluorescent substrate
[119]150]. They recognise different substrates, which allows for dual labelling of both
coagulases within the same biofilm. | expected that Coa would localise to cell surfaces to
trigger pseudocapsule formation, and it has been shown psévtbat Coa localises within
the fibrin pseudocapsu[d1][42]. | expected that vWbp would localise within the fibrin
pseudocapsule in the presence of Coa and would also localise to the wider biofilm.

| performed all the work in this Chapter. My initial labelling attempts showed large
fluorescent backgroundsom the SNAP and CLIP substrates that inhibited the detection of
signal from Coa and vWbp. To troubleshoot my labelling protocol, Assoc. Prof. Phil Hill
(University of Nottingham) kindly provided me with a plasmid that he had been working with
in S. aur@isto use as a positive control. The plasmid expressed SNAP preceded by the
YSIRK/G-S secretion sequence f8raureugprotein A (SpA) and followed by atPXTG
motif. When transformed int8. aureusSNAP was secreted and covalently anchored to the
cell wdl via Sortase A, which recognises and cleaves the LPXTG motif. It cleaves between
the threonine (T) and glycine (G) residues, and then the r@sn@nal of the motif
covalently binds to the cell wall peptidoglycdrb8]. After transforming this int&. aureus
and developing a labelling protocol for those bacteria, | was able to adapt my protocol and
image Coa:SNAP and found that it localised within the fipsaudocapsule as expected. |
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also demonstrated that vWbp localised within the fibrin pseudocapsule as expected, but it w
unclear to what extent it localised within the wider biofilm too.

5.2 Aim and hypothesis

| aimed to visualise Coa:SNAP and vWbpilfusion proteins irs. aureuspiofilms and

assess where the two coagulases localise with respect to fibrin in the extracellular matrix. |
expected that Coa would primarily localise within the pseudocapsule, and that vWbp would
localise to both the pseuckpsule and extended fibrin network.

5.3 Materials

All bacteria and plasmids used throughout this Chapter are liseable 8 Bacteria were

stored in BHI containing 25 % glycerol in cryo tubes&t°C. Bacteria were cultured in

brain heart infusioiBHI, 53286 Sigma Aldrich) forS. aureur Luria broth (LB,L352,

Sigma Aldrich) forE. coli. Overnight cultures were prepared by inoculating 10 ml media
with a single colony from an agar plate and incubated overnight°&at @&ith 180 rpm
shaking.Meddk was suppl ement ed wiIiES389 Sigha Adldgch) fot e r
plasmid selection i®. aureuss n d 1 5 0 E.ecdi/Fon biofiimmrowth, media was
supplemented with 50 % heparin stabilised human plasma, which was separated from blood
donated lg Aarhus University Hospital by centrifugation for 15 minutes at 206@ix4°C.
Plasma from each patient was pooled, divided into aliquots, and steB&iX&t Before use,
plasma was thawed in a 3€ water bath. For confocal microscopy experimendsidria

were stained with the nucleic acid stain Sytd811352 Life Technologies), and the SNAP

and CLIP tags were stained with either SN8#face Alexa Fluor 64750136S New

England Biolabs), SNARSurface Alexa Fluor 546 (S9132S, New England Biolabs),
CLIP-Surface 488%9232S New England Biolabs), or CLiBurface 547%9233S New

England Biolabs), which are referred to as SNa¥H, SNAR546, CLIR488, and CLIF547
throughout. Prior to staining, biofilms were blocked with 5 % bovine serum all{@8i,

A9418 Sigma Aldrich) dissolved in 1 x phosphate buffered saline (R8%}8 Thermo

Fisher Scientific).

5.4 Methods

5.4.1 Transformation of pUNK-snapinto S. aureus29213

The plasmid pUNKsnapwas transformed int8. aureu9213 using a mod#id version of
Mo nk 6 s [59pwhlcwad explained in detail in Chapter 4. First, the plasmid was
transformed intde. coliIMO8B via heat shock, which methylates DNA with a pattern
mimicking S. aureugo bypass its restrictiobarriers when transforming. aureudater on.

E. coliIMO8B was engineered by Monk and-amrkers to be deficient in a DNA cytosine
methytransferase and thereftmgpasses the widely spre8daureusSauUsSI retriction

barrier which specifically targets methylated cytosid&®][19]. It also containgnS. aureus
specific adenine methyltransferasgcoded byxsdMJ159]. Then the plasmid was extracted
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Table 8 All bacterial strains and plasmids used throughoutGhespter.

Bacterial Strain

Staphylococcus aureu:
ATCC 29213

S. aureu;ATCC 29213
groa

S. aureuATCC 29213
cprwhbp

S. aureuATCC 29213
coa:snap vwbp:clip

S. aureufATCC 29213

Description Reference

Clinical wound isolate. Standalaboratory

strain.

S. aureu9213coadeletion mutant. Janne K.
Klitgaard

S. aureu9213vwbpdeletion mutant. Janne K.
Klitgaard

Wildtype S. aureu9213 producing both Chapter 4

Coa:SNAP and vWbp:CLIP fusigoroteins.
S. aureu®9213 lacking vWbp that produces Chapter 4

gwvwbp coa:snhap Coa:SNAP.
S. aureuATCC 29213 S. aureu9213 lacking Coa that produces  Chapter 4
groavwbp:clip vWbp:CLIP
S. aureuATCC 29213 Wildtype S. aureu9213 with cell wall This study
snap:lpxtg anchored SNAPContains pUNKsnhap
Escherichia coli Methylates DNA to mimic methylation patterr [159]
IMO8B of S. aureusDNA cytosine methyltransferase

deficient gquicm) with addedS. aureusisdMS

genes to methgke adenine residues.
Plasmid Description Reference
pPUNK-snap Plasmid containing SNAP preceded by an Sy Phil Hill

secretion sequence and followed by an LPX
motif. Erythromycin resistancé&et repressor.

with the GeneJet Plamid Miniprep Kikl{fermo Fisher Scientifjcand transformed into

S. aureu9213 via electroporation. The only changes to the protocols in Chapter 4.5.3 and
4.5.4 were the use &f0 ¢ grythmomycn for plasmid selection, and all incubations were
carried out at 37C.

5.42 Optimisation of SNAP labelling protocol

| employed two strategies to visualise SNAP on the surfaBe afireus snap:lpxtgrirstly,

biofilms were stained after 24 hours of gth. Secondly, planktonic bacteria were

immobilised and stained on a microscope slide as a control in case the SNAP substrate was
unable to penetrate the biofilm matrix or bound-specifically to the matrix rather than to

the SNAP tag.

For biofilm sampes, microwells |¢-Slide 8 Well,80821,IBIDI) were preconditioned
with 180pul BHI media supplemented with 50 ptasmaby incubation for 30 minutes at
37 °C. Biofilms were inoculated with 20 ul overnight culture of eitBeaureus29213 or
S. aueus29213snap:Ipxtgto a final OQpe 0.5 and incubated for 2 hours3°C. Then the
media over the biofilms was replaced with fresh BHI containing 50 % plasma and they were
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further incubated overnight 87 °C. The next day, biofilms were incubated w200 pl BHI
supplemented with 5 uM SNAB47 and 1 uM Syto41 &7 °C for 30 minutes. The media

was removed and the biofilms washed twice for 3 hours with 200 pl PBS before visualisatior
with confocal laser scanning microscopy (CLSM) (LSM700, Zeiss) withrd and 639 nm
excitation with a@PlanApochromait3x/1.40 oil immersion objective lens.

For surface immobilised planktonic bacteria, overnight cultur& adfreus29213
andsS. aureu9213snap:lpxtgwere adjusted to Odgy 10 and 50 pl pipetted onto a
poly-lysine coated microscope slidguperfrost Ultra Plug,0149870Q Thermo Scientifil
and incubated at room temperature for 30 minutes. The liquid was replaced with 50 pl BHI
supplemented with 5 uM SNAB47 and 1 uM Syto41 and incubated at raemperature for
30 minutes. The media was removed and the samples washed 3 times for 5 minutes with
50 ul PBS, covered with a microscope glass cover slip, and imaged with CLSM.

5.43 Confocal microscopy of Coa:SNAP and vWbp:CLIP inS. aureus

biofilms

S. aureu9213qvwbp gvwbp coa:snapgroa gqroa vwbp:clipbiofilms were initially

prepared in the same way as above (Chapter 5.4.2), only with 2.5 hours of incubation rather
than 24 hours and no wash step, but there were large levels-spedific stining by the

SNAP and CLIP substrates and the protocol needed to be modified. Biofilms were made
much thinner by inoculating with a single layer of bacteria attached to the preconditioning
layer, the substrate concentration was reduced, and a blockingastequided to prevent non
specific stainingvhere possibleThe protocol went through multiple rounds of improvements
and the final one is presented here.

Microwells (-Slide 8 Well,80821,IBIDI) were incubated with 180 BHI media
with 50 % plasma foB0 minutes at 37C to create the preconditioning layer. This step was
essential, and without it, bacteria did not adhere strongly enough to the surface and were
washed away during the later steps of this protocol. The liquid was removed and the wells
were rinsed with 200 ul BHI by pipetting gently into the corner of the well and pipetting out
again, taking care to remove as much liquid as possible. When exchanging liquid, tlee pipett
was always directenhto the corner of the well and only very gerfdece used100 pl
overnight cultures adjusted to @210 were added to the wells and incubated at 3i6fC
30 minutes tallow bacteria to attach to the preconditioning layer. The cultures were
removed and the wells rinsed again with 08HI to removeunbound cells, taking care to
remove as much liquid as possible. J0®@HI containing 50 % plasma and Qug/ml Alexa
Fluor 488 conjugated fibrinogefkX3191, Thermo Fisher Scientific) (or Alexa Fluor 647
conjugated fibrinogenq3520Q Thermo Fisher Sciwific), depending on the spectra of the
SNAP/CLIP substrate so as not to overlap) was added and incub@#&CGior 30 minutes.
Then it was replaced with 100 ul blocking buffer (5 % BSA in 1 x PBS) and blocked for
30 minutes at room temperaturetéxivards the blocking buffer was replaced with staining
buffer (5 % BSA in 1 x PBS with 1 uM Syto 41 and 0.5 uM SN&47, SNAR546, CLIR
488, or CLIR547) and incubated for a further 30 minute8atC The staining buffer was
removed and the biofilms wiasd with 100 pl blocking buffer by incubating at room
temperature for 1 hour. The wash step was repeated and finally biofilms resuspended in
100 pl blocking buffer and imaged with CLSM. Signal from the SNAP and CLIP substrates
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was dim, and the CLSM d#tgs were carefully adjusted to improve the fluorescence signal.
This included turning up the gain and laser power, decreasing scanning speed, and increasi
line averaging.

In additional experiments with vWbp:CLIP, the blocking, staining, and waskrsuff
were further supplemented with either 0.1 % Triton X100 (X100, Sigma Aldrich),
0.17 1 % Tweer20 (P9416 Sigma Aldrich), 200 mM NaCIg7653 Sigma Aldrich), or the
blocking buffer was replaced with 10 % BSA, or replaced with 2 M glyca¥d 26, Sigma
Aldrich) and the staining and washing buffers replaced by 200 mM glycine. The staining
buffer still included 1 uM Syto 41 and 0.5 uM CLIP substrate. In one experiment, the CLIP
substrate concentration was reduced to 0.2 uM.

5.5 Results

5.5.1 AP labelling was clear when SNAP was anchored to tt& aureus

cell wall

Initial labelling attempts 0%. aureubiofilms producing Coa:SNAP and vWbp:CLIP had
large fluorescent backgrounds and no clear specific labelling of the SNAP and CLIP tags.
Biofilm s with Coa:SNAP and vWbp:CLIP appeared the same as biofilms with unmodified
Coa and vWbp that were labelled in the same Wayufe 20§ and | concluded that this
fluorescent background was either caused byspatific staining within the biofilm matrix

or an inability to label the SNAP and CLIP tags, or both. | therefore troubleshooted my
labelling protocol with a control strain & aureughat produced cell wall anchored SNAP
tag that was not fused to any protein to ensure that | could label the taly&Brrectly. |
began by adding a wash step to the labelling protocol in order to remove background
fluorescence.

Signal from SNAP staining in the control strain was very clear in both planktonic and
biofilm samples. SNAP staining produced a strong,-singped signal at cell surfaces
corresponding to cell wall anchored SNAP tag, and produced very little signal in samples the
did not produce any SNAP tagigure 20B. Therefore, my protocol was sufficient to label
the SNAP tag. It is unknown how much Geech cell produces; if cells produce much less
Coa:SNAP than cell wall anchored SNAP, the signal from Coa:SNAP in my initial
experiments could have been lower than the background and therefore not detected.

When applying this protocol for visualising C8&IAP, | could still not detect any
signal from Coa, and there was still some background fluorescence corresponding to
non-specific staining of the biofilm extracellular matrix. The fibrin network was also
removed, indicating that the wash step weaslong. Hence, | reduced the wash incubation
time from 2 x 3 hours to 2 x 1 hour and added a blocking step to prevespecific
staining. Samples were blocked with BSA before staining, which occupies tispeaific
binding sites and therefore inhibithe SNAP substrate from interacting with them. To further
reduce background, the SNAP substrate concentration was reduced, and the biofilm matrix
was made as thin as possible. | devised a new protocol for growing biofilms in which
biofilms were inoculad with a single layer of bacteria attached to the microwell glass
surface and grown in media containing plasma for just 30 minutes.
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Acoa vwbp:clip

Avwbp coa:snap

Cells + SNAP/CLIP + fibrin

SNAP/CLIP only

22

wildtype biofilm

snap:Iptxg planktonic wildtype planktonic

snap:lptxg wildtype

Figure 20 a) Initial labelling attempts of biofilms producing Coa:SNAP or vWbp:CLIP. Biofilms with
unmodified Coa and vWbp were labelled as negative algnts) Labelleds. aureusvith and without cell
wall anchored SNAP. Fibrin (red) was degraded and therefore not present in the biofilm matrix. c)
LabelledS. aureusvith and without cell wall anchored SNAP (alternative protocol). Fluorescent fibr
was onitted from this experiment. Bacteria are blue, fibrin is red, SNAP substrate is green, and CL
substrate is yellow.

| tested this new protocol d& aureusvith cell wall anchored SNAP. As expected,
SNAP staining still produced rirghaped patterns of expression at cell surfaces with little
background fluorescencgigure 20¢. However, cells easily detached from the microwell
surface whenever media was pipetted onto or off the biofilm, leaving very few cells behind tc
image in someases. My protocol lacked a preconditioning layer, in which media containing
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Wildtype coa:snap Wildtype (native Coa)

Bacteria + SNAP + fibrin

SNAP only

Fibrin only‘ .

Figure 22 SNAP labelling of wildtypes. aureubiofilms. Biofilms either produce Coa:SNAP or
unmodified, native Coa. Coa:SNAP localised to the fibrin pseudocapsule. Fibrin is red, bacteriag are blue
and SNAP is greégrey.
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plasma is incubated in the microwells prior to inoculation with bacteria. \8héeireusio
adhere weakly to gla$$60], this preconditioning layer provides the host proteins that

S. aureisrequire to adhere strongly enough to remain attached during repeated blocking,
staining, and washing steps. | therefore added a preconditioning step to the protocol and
proceeded to image Coa:SNAP.

5.5.2 Coa:SNAP localisgto the fibrin pseudocapsule

| visualised Coa:SNAP using the improved protocol in wildtgpaureubiofiims as well as

the mutant that does not produce vWbp. Coa:SNAP localised within the fibrin pseudocapsul
as seen when the colours for SNAP (green) and fibrin (red) ovéiilgyrd 21 and Figure

22). The absence of such signal in biofilms with unmodified Coa verifies that this signal
arose from specific interactions between the SNAP substrate and SNAP tag rather than non
specific staining. The signal was however fairly dim andirequisome optimisation of the
imaging settings to achieve the best signal to noise ratio possible, namely, increasing the
gain, laser power, and line averaging, and decreasing the scanning speed. The signal from
Coa:SNAP was also dimmer in the wildtype gared to the mutant lacking vWbp,

presumably because the extracellular matrix is thicker when both coagulases are present, al
a thicker matrix scatters emissions more strongly and decreases signal to noise ratio.
Nevertheless, my results show that Coalises to theilbbrin pseudocapsule in biofilms

where | hypothesiskthat it facilitatedibrin production at the cell surface

5.5.3 vWbp:CLIP localises close to cells, possibly within the fibrin
pseudocapsule

| visualised vWbp:CLIP in wildtyp&. aureudiofilms as well as in the mutant lacking Coa
using the same protocol that we used to successfully visualise Coa:SNAP. However, no
difference was seen between biofilms producing vWbp:CLIP or unmodified viAitppré

239. The CLIP substrate appeared todbimonrspecifically to the fibrin, or alternatively there
was cross talk in the CLIP imaging channel with the fluorescent fibrin. To verify whether this
was a norspecific interaction with the fibrin from the plasma or was cross talk, | visualised
biofilms without prelabelled fibrin. | also supplemented the blocking, staining, and washing
buffers with additional reagents to increase blocking to test whether potentisph@cific
interactions could be prevented.

The fibrinrshaped CLIP signal could not peevented by supplementing the buffers
with any additional blocking reagent (Tritor200, Tweer20, NaCl, or glycine) (data not
shown), but it could be reduced by omitting-tabelled fibrin from the experimenEigure
23b), and therefore was caused lbgss talk with the fluorescent fibrin. When fluorescent
fibrin was omitted, there was a difference in the CLIP signal from biofilms with vWbp:CLIP
vs. those without. vVWbp:CLIP localised close to the surface of the Eallsré 23,
possibly within the torin pseudocapsule, although it is difficult to specify precisely where
without an image of the fibrin too. | previously found that vWbp accelerates pseudocapsule
formation and my data here suggests that it does so by associating to the pseudocapsule.
However, therewas still a lot of background in these images, includingspetific staining
of fibrin in the extracellular matrixHigure 23b and 23dwhich makestidifficult to
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Figure 23a) S. aureudiofilms that produce either vWbp:CLIP or nativemodified vWbp. Biofilms

were stained using ¢hsuccessful Coa:SNAP protocol, however only cross talk with the fluorescent fibrin

was seenb) S. aureubiofilms with and without vWbp:CLIP when the fluorescent fibrinogen mats

added c) and d) are zoomex images of the regions marked by boxes in b). Bacteria are blue, fibrin is

red, and CLIP substrate is yellow.
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Figure 24 a) Biofilms with either vWbp:CLIP or native vVWbp had no CLIP staining when the blocking,
staining, and washing buffers were suppdated with 1 % Triton XL00. Only autofluorescence was seen.

b) Supplemented Triton-X00 concentration was varied from 0.0.7 %, but was ineffective due to an
experimental error (only CLIP signal shown). ¢) 10 % BSA was sufficient to block all Clitinst

Again, only autofluorescence was seen. (Only CLIP signal shown). Bacteria are blue and CLIP substrate

yellow.
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