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Covid Impact Statement

This project was adversely affected by the COVID-19 pandemic as outlined
below.

Chapter 3 of this thesis outlines the development of bioluminescent
reporters for monitoring agr activation and inhibition in Staphylococcus
aureus. This work was performed at the beginning of the PhD project which
commenced in September 2019. The original aim of this thesis was to
develop these reporters further and to test these in in vivo models, using
these to develop real time reporters for agr activation and inhibition.
However, in March 2020, the laboratory closed for 6 months and no lab work
could be performed in this time. On return to the lab, shift work was
employed with work allowed in the laboratory between the hours of 6am-
2pm. This continued for a further 12 months until late July 2021. A three
month extension was granted to complete the project however due to this
severe disruption in lab work, the aim of this PhD changed. There was no
possibility of commencing in vivo animal work at this time and so the project
shifted to focus on investigating agr protein interactions in vitro. This work is
continued in Chapters 4, 5 and 6. This is the reason behind the lack of
continuation developing the agr bioreporters and the shift in the focus
between Chapter 3 and the other results chapters.



Abstract

Staphylococcus aureus is a high priority pathogen which has generated
resistance to multiple antibiotics meaning it is difficult to treat. Due to this,
novel treatments for S. aureus infections are being investigated including
the development of virulence factor inhibitors. Inhibiting the virulence of the
bacterium will assist immune clearance, reducing the need for exposure to
bactericidal antibiotics which provide pressure for resistance to emerge. In
S. aureus virulence is largely controlled by the agr quorum sensing (QS)
system. This is a means of bacterial communication via the release and

detection of a signal molecule autoinducing peptide (AIP).

AlIPs are produced by post-translational processing of precursor peptide
AgrD by cytoplasmic endopeptidase AgrB. AgrD is directed to the cell
membrane via the N-terminal amphipathic leader. Here, AgrB recognises
AgrD and facilitates cleavage of the C-terminus and formation of a
thiolactone ring which is essential for AIP function. Subsequent removal of
the AgrD N-terminus releases the mature AIP. Once released externally,
AIP binds to histidine kinase AgrC on neighbouring cells activating a signal
transduction pathway via AgrA, upregulating AlIP biosynthesis and virulence
gene expression. The exact mechanism of AgrD processing, however, is
poorly understood. Research into this pathway will aid the development of
inhibitors which target AIP biosynthesis which can be used as alternative
therapies to prevent S. aureus infections.

The present study sought to develop bioreporters for agr QS activation and
inhibition. Novel luciferases Gaussia luciferase and NanoLuc were shown to
be effective reporters for agr expression in S. aureus through evaluation of
chemical agent-mediated activation and inhibition of agr. These reporters
enabled quantitative analysis of agr inhibition and can be used to screen for
agr QS inhibitors.



This study also sought to explore the mechanism of biosynthesis of AIP, the
pheromone of the agr QS system. This is produced by post-translational
processing of precursor peptide AgrD by integral membrane protease AgrB.
AgrB dimerization was posited to be essential for AgrD processing from
analysis of computational modelling of AgrB and AgrD interactions in a lipid
membrane. Oligomerization of AgrB was also demonstrated in living cells
through the use of novel NanoBRET and NanoBiT assays developed to
show protein proximity in live cells. This is the first confirmation of AgrB
oligomerisation in living cells which it is thought to be essential for AgrD

processing.

Additionally, an agrBD expression construct was developed to increase
understanding of AIP maturation. An AgrBD enzyme bound intermediate
was discovered to form in E. coli membranes which was detectable by
Western blot against AgrB. This intermediate was found to be essential in
the processing of AgrB to form AIP. This complex was analysed with a range
of inactivating mutations in AgrB identifying residues in AgrB which are
essential for recognition of AgrD. It was also analysed in the presence of
protease inhibitors including the natural product ambuic acid and several
ambuic acid analogues and enabled insights into the mechanism of action
of these compounds.

To investigate AIP processing further, AgrB was purified and was shown to
be able to perform C-terminal but not N-terminal cleavage of AgrD. MroQ,
another protease which has been reported recently to have a potential role
in AgrD processing was also purified and, in the presence of purified AgrB
and MroQ, mature AIP was formed. This provided evidence for the function
of MroQ in the N-terminal cleavage of AgrD, releasing mature AlP.
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1. Introduction

1.1. Antibiotic resistance

Antibiotics are one of the most successful drug categories in the
improvement of human health and have been enormously successful in the
treatment and prevention of infectious diseases (1, 2). The introduction of
antibiotics in the 20" century transformed modern medicine, saving millions
of lives by changing the outcome of bacterial infections. The emergence of
drug resistant strains however, is now endangering the efficacy of these
drugs, affecting practice in every field of medicine (3).

Almost all antibiotics in clinical use belong to classes discovered in the
‘golden age’ of antibiotic discovery from the late 1960s to the early 1980s
(3-5). Currently the discovery of novel antibiotics is unable to keep up with
the increase in antibiotic resistance meaning that infectious diseases remain
a major threat to human health (2). The overuse and misuse of potent
antimicrobials in medical and agricultural practices has led to the rise of
multiantibiotic resistant bacteria and clinically significant antibiotic
resistance has now evolved against almost all antibiotics in use (6, 7).

Due to this there is an urgent need to research and develop antimicrobials
with novel targets which are effective against resistant strains and against
which resistance cannot easily emerge. Alternative therapies are being
considered such as those which target functions essential for infection, for
example virulence factor production, without affecting bacterial growth.
These will provide less pressure for development of resistance (7, 8).

1.2. Staphylococcus aureus

1.2.1. Epidemiology and antibiotic resistance
Staphylococcus aureus is a Gram-positive bacterium which has been
identified by the World Health Organisation as a high priority pathogen (9).
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S. aureus is both a human pathogen and a commensal bacterium,
harmlessly colonising around 30% of the healthy human population (10, 11).
It is one of the most common causes of bacterial infections in the hospital
and in the community (12). Nosocomial infections are commonly transmitted
by healthcare workers or as a result of invasive procedures such as surgery
and implantation of medical devices (13).

S. aureus typically colonises the skin and mucous membranes such as the
nasopharynx and is transmitted by direct contact (14). Once across the skin
or mucosal membrane S. aureus can cause infection due to production of a
range of virulence factors. These include cell surface associated proteins
such as Protein A, coagulase, and fibronectin binding proteins as well as
secreted exoproteins, haemolysins, toxic shock syndrome toxin-1 and
Panton-Valentine toxin (15, 16). It can survive in the blood or tissues causing
a variety of infections ranging from minor skin infections to life threatening
acute and chronic infections such as bacteraemia or endocarditis (10, 16).
S. aureus is the primary cause of both community and hospital acquired skin
and soft tissue infections (SSTIs) (17). S. aureus infections often manifest
as abscesses, these are a common presentation of SSTIs and can be
difficult to treat (18). Abscesses can also form in deeper tissues such as
muscle and organ systems (19).

S. aureus is able to acquire resistance to multiple antibiotics which can make
treatment difficult (20, 21). S. aureus has acquired resistance to antibiotics
largely through acquisition of genes by horizontal gene transfer of mobile
genetic elements (20). Resistance can also emerge through, for example,
mutations which alter the drug binding site or which increase expression of
endogenous efflux pumps causing removal of the drug (22). The emergence
of new strain lineages also adds to the challenge of treatment as the
pathogen evolves rapidly. For example, the expansion of hypervirulent
USA300 in the United States which is commonly associated with community
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acquired infections (23, 24). USA300 exhibits increased virulence factor
production and more efficient transmission than other strains and therefore
became the most common source of antibiotic resistant S. aureus infections
in North America (25). Infection with resistant S. aureus strains leads to
increased hospital stays and hospital related morbidity resulting in large
economic burden (13).

In the pre-antibiotic era, the fatality rate for S. aureus bacteraemia was
around 80% however this was immediately reduced by the introduction of
antibiotics to treat these infections (10). The mortality rate for S. aureus
bacteraemia is currently between 10-30% (26). B-lactam antibiotics such as
penicillin and methicillin introduced in the 20" century were effective against
S. aureus however resistance emerged rapidly and methicillin resistant
Staphylococcus aureus (MRSA) remains a threat to global health (22, 27).
MRSA accounts for a high proportion of hospital associated S. aureus
infections which have high morbidity and mortality rates (28). Consequently
physicians are turning increasingly to antibiotics of last resort, such as the
glycopeptide vancomycin, for treatment of MRSA infections and resistance
to these is spreading (20). Vancomycin resistant strains have emerged over
the last 20 years and are increasingly isolated among community-acquired
S. aureus infections (20, 29). A timeline of the emergence of resistant

S. aureus strains is outlined in Figure 1-1.

The increasing prevalence of drug resistant strains complicates treatment
as empirical antibiotic treatment regimens may be ineffective resulting in a
limited choice of therapies. This highlights the importance of the
development of antibiotics with novel targets which are effective against
these strains (7).
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emergence of resistant S. aureus strains taken from McGuinness et al.
2017 (20). Resistant strains include penicillin resistant S. aureus (PRSA),
methicillin resistant S. aureus (MRSA), vancomycin resistant S. aureus
(VRSA), vancomycin intermediate S. aureus (VISA) and community
acquired MRSA (CA-MRSA).

1.2.2. Therapeutic approaches to treatment
Traditionally, infections caused by S. aureus were treated with penicillin
which was introduced in the 1940s, however, quickly after its introduction,
resistance to penicillin was observed (30, 31). Penicillin is a p-lactam
antibiotic which targets penicillin binding protein 2 (PBP2) in S. aureus,
interfering with peptidoglycan synthesis and so inhibiting bacterial cell wall
biosynthesis. Penicillin resistant strains express a B-lactamase, encoded by
blaZ, which destroys the drug’s B-lactam bond and inactivates it (22). The
blaZ gene is widespread and is carried on transposon Tn552 or Tn552 like
elements on a plasmid or encoded on the chromosome. Indeed, the rate of
resistance to penicillin is now greater than 90% in human S. aureus isolates

rendering the drug essentially ineffective (32, 33).

Due to the increase in penicillin resistant S. aureus, analogues of this were
made, including methicillin, which was introduced into the clinic in 1959, and
oxacillin (22). Methicillin resistant S. aureus (MRSA) strains were already
identified from hospitals in the UK by July-October 1960 (32). Resistance to
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methicillin and oxacillin is due to the acquisition of a homologue of PBP2
called PBP2a which is not susceptible to the drug’s action (34, 35). The
active site of PBP2a is not accessible to the antibiotic therefore cannot be
inhibited and this protein takes over peptidoglycan biosynthesis. PBP2a is
encoded by mecA which is carried on a mobile genetic element SCCmec
(22, 36). Methicillin resistance can also be conferred by PBP2A.ca encoded
on mecC, which was identified in 2012, this is also responsible for cross

linking peptidoglycan in the cell wall (37).

Methicillin is no longer used clinically due to widespread resistance in the
hospital and community. New B-lactam antibiotics have been introduced
such as ceftaroline which binds to PBP2a however clinical use of this has
also led to emergence of resistance (38). The term MRSA is still used
although methicillin is not in use and MRSA strains confer resistance to
virtually all -lactam antibiotics. MRSA strains can also acquire resistance

to other antibiotics such as vancomycin, further complicating treatment (32).

Vancomycin is a glycopeptide antibiotic used to treat serious infections
caused by MRSA in hospital settings. In 1997 the first vancomycin
intermediate S. aureus (VISA) strain was identified in Japan with an
increased MIC against vancomycin (39). This was closely followed by the
first vancomycin resistant S. aureus (VRSA) strain isolated in 2002 in the
USA (36). VRSA strains acquire resistance by conjugal transfer of the vanA
operon from Enterococcus faecalis. VISA strains appear to acquire multiple
mutations causing, for example, altered peptidoglycan biosynthesis, which
leads to reduced susceptibility to vancomycin (33, 36). Vancomycin is one
of the first line drugs used to treat MRSA and the emergence of clinical
isolates of VISA and VRSA over the last 20 years has become a public

health concern (36).
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S. aureus is naturally susceptible to virtually all antibiotics developed
however it is able to acquire resistance to almost any antibiotic (40).
Therefore, novel, and alternative therapies which do not provide such
pressure for resistance to emerge are being investigated. Phage therapies
are being developed. These use bacteriophages which are lytic viruses that
infect and kill bacteria with high specificity however none have yet made it
through clinical trials (41). Extensive research has also been performed into
development of S. aureus vaccinations however, again, none have been
successful so far (42). Combination antibiotic therapies are being employed
such as using daptomycin, a cyclic peptide, in combination with B-lactam
antibiotics as MRSA strains resistant to daptomycin can become sensitive
to B-lactams (43). Alternative antibiotics are being trialled as well as
combination therapies however there is an urgent need to discover
antimicrobial agents with novel mechanisms of action. New drug targets are
being investigated such as targeting fatty acid biosynthesis or modification
or inhibition of genes associated with bacterial virulence (33). Virulence
factor inhibitors will not kill or inhibit the growth of the bacteria so are thought
to provide less pressure for resistance to emerge.

1.2.3. Virulence factors
S. aureus is a very versatile organism, it can exist harmlessly as a
commensal bacterium on the skin and can cause a variety of acute and
chronic infections. This versatility is due to the production and control of a
range of virulence factors which enable evasion of host defences, spread
around the host degrading host tissues and adherence to surfaces (11).

S. aureus employs different virulence factors depending on the growth
phase. In the early stages of infection S. aureus produces cell wall
associated virulence factors associated with tissue attachment, adhesion,
and evasion of the host immune system. This enables the bacteria to
accumulate and can enable it to form a biofilm (44). Biofilms are aggregated
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communities of bacteria encased in a matrix composed of protein, DNA and
polysaccharide. Growth in biofilms enables evasion of host defences and
increased tolerance to antibiotics making infections hard to treat (13). As the
bacterial population increases, the production of adhesins is downregulated
and a variety of secreted exoproteins are released. These include
proteases, haemolysins, superantigens and nucleases which both convert
local host tissues to nutrients for bacterial growth and inhibit the host
immune response (45, 46). Virulence factor production in S. aureus is
represented in Figure 1-2. The two phases of the S. aureus infection cycle,
adhesion and invasion are largely controlled by quorum sensing. This is a
means of cell to cell communication in bacterial populations through release

and detection of a signalling molecule (46).
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Figure 1-2. Schematic of a production of a selection of virulence
factors from S. aureus. Surface associated factors are produced in the
early stages of infection and secreted proteins in the later stages.

1.3. Quorum sensing
Quorum sensing (QS) is a means of cell-to-cell communication in bacterial
populations. It coordinates cooperative behaviour and in some cases can

enable bacteria to respond to altered environments caused, for example, by
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cellular stress, altered nutrient levels and immune defences (47). Bacteria
communicate using secreted signal molecules. When the extracellular
concentration of the signal molecule reaches a threshold, a signal
transduction pathway is activated leading to target gene activation and
downstream effects (15). In some cases the production of the signal
molecule is increased on QS activation, here the phenomenon is called
autoinduction (48).

As mentioned in section 1.2.3, in S. aureus virulence is largely controlled by
quorum sensing, in particular by the accessory gene regulator (agr) QS
system which is a global regulator of virulence factor production (12, 15).
Activation of the agr system leads to upregulation of secreted virulence
factors such as exoproteases and downregulation of proteins involved in
biofilm formation and surface attachment (49). Activation of the agr system
has been shown to be essential for S. aureus virulence in multiple animal
infection models (11, 15, 50).

1.3.1. Overview of the agr QS system

The staphylococcal agr operon consists of a ~3 kb locus with two divergent
transcriptional subunits under the control of promoters P2 and P3 (47, 49).
The P2 operon encodes agrBDCA, a two-component signal transduction
system and its activating ligand (51). The P3 transcript is RNAIIl which is
the major effector of the agr system leading to upregulation of secreted
virulence factors and downregulation of surface associated factors (52, 53).
The agr system is outlined in Figure 1-3.
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Figure 1-3. Schematic of the agr quorum sensing system adapted from
Novick and Geisinger, 2008 (54). Precursor peptide AgrD is post-
translationally processed, partially by AgrB, and forms mature AIP which
leaves the cell. AIP accumulates outside the cell and when this reaches a
threshold concentration it binds to and activates AgrC. This phosphorylates
on AIP binding and in turn phosphorylates AgrA which upregulates
expression from P2 and P3 leading to exponential agr activation and
activation of RNAIII, the effector of the system. This system can be targeted
with inhibitors and components which are amenable to inhibition are

indicated by blunt arrows.

The autoinducer of the agr system as with other Gram-positive bacteria is a
peptide termed an ‘autoinducing peptide’ (AIP) (51). This is produced by
post-translational N- and C- terminal processing of precursor peptide AgrD
to form a 7-9 amino acid peptide with a unique thiolactone ring. The
thiolactone ring is essential for AIP activity and is conserved among all AIP
molecules across species with one exception in Staphylococcus intermedius

where a lactone ring is present (11, 54). AgrB is an integral membrane
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protease which is responsible for the initial stages of processing of AgrD
involving cleavage of the C-terminus and thiolactone ring formation (55, 56).

Once an AIP reaches a threshold concentration outside the cell, it binds to
and activates AgrC in the membrane. AgrC is a histidine kinase which auto
phosphorylates in response to AIP binding and in turn phosphorylates AgrA,
the response regulator (57). AgrC and AgrA make up the two-component
signal transduction system. Phosphorylated AgrA dimerises and binds to
and activates P2 and P3 upregulating agrBDCA and RNAIIl transcription
(11, 49). The AIP molecule is encoded on the agr operon therefore this is a
positive feedback loop leading to exponential agr activation via

autoinduction (54).

1.3.2. agr subgroups

The agr system is present in a wide variety of Gram-positive bacteria
including Staphylococci, Clostridia, Listeria, Lactococci and Enterococci.
There are interspecies differences however the agr system is highly
conserved throughout Staphylococci. There are though variations in AgrB,
AgrD and AgrC and these variations have resulted in four agr subgroups in
S. aureus (11). There has also been one or more agr subgroup described in
all other species of Staphylococci (54).

The agr subgroups differ in the hypervariable region of the agr locus. The
N-terminal third of AgrB and the C-terminal region of AgrC are highly
conserved and the intervening sequences make up the hypervariable region
(11). AgrA and RNAIII are also highly conserved (58).
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Figure 1-4. Structure of AIP molecules from S. aureus agr groups 1-4.
Taken from Tal-Gan et al. 2013 (59).

AIP molecules are highly specific for their cognate AgrC receptor and
molecules of different groups display inhibitory activity, this is known as ‘agr
interference’ (60). The ability of an AIP to activate its cognate receptor is
highly specific and is dictated by the structure of the AIP molecule. The only
exception to this is groups | and IV where the AIP molecules are very closely
related and inter-group activation is seen (46). The structures of AIP
molecules from the four agr subgroups in S. aureus are shown in Figure
1-4. AIP molecules from different species can also inhibit the agr system

indicating this is not a cooperative but a competitive phenotype (11, 61).

There is a correlation between agr subgroup and infection type (46). Clinical
isolates from a single infection site rarely contain a variety of agr subgroups
and studies have shown that agr group | is the most commonly isolated
methicillin sensitive S. aureus (MSSA) strain (62, 63). Group Il strains are
associated with menstrual toxic shock syndrome, and necrotising
pneumonia (60, 64). Group Il strains are associated with bloodstream
infections and most VISA strains isolated are agr group Il (58, 65). Group IV

strains are associated with exfoliative syndromes and group Il and IV show
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increased biofilm formation (58, 66). There are also differences in the timing
of agr activation with agr groups | and IV activating earliest and group Il
latest (46).

1.3.3. AgrD processing

As mentioned in section 1.3.1, the autoinducer of the agr system is
autoinducing peptide (AIP). AlPs are produced by post translational
processing of precursor peptide AgrD and exported from the cell via an
unknown mechanism (46). AgrD consists of a N-terminal amphipathic leader
(24 amino acids), the AIP molecule (7-9 amino acids) and the negatively
charged C-terminal tail (14 amino acids) (67). Generation of mature AIP
involves two proteolysis reactions, the cleavage of the C-terminus by AgrB
and thiolactone ring formation and the subsequent cleavage of the N-
terminus to release mature AlP, this is outlined in Figure 1-5 (68).

Cleavage by AgrB and
N-terminus Linker and Tail AlP thiolactone ring AgrD thiolactone Second cleavage AP

— formation — step
NNNNNNNNNN I N W W Y000 000000T DO0OO0
‘ I [ - /
o] M S M
‘o Y Y
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Figure 1-5. Outline of proteolysis steps involved in processing of AgrD.
Adapted from Zhao et al. 2022 (69). In the first cleavage step, full length
AgrD is C-terminally cleaved by AgrB and the thiolactone ring forms. In the
second cleavage step the AgrD intermediate is N-terminally cleaved to

produce the mature AIP molecule.

The exact method of AgrD processing is not completely understood however
the current model is as follows. The AgrD pro-peptide is directed to the cell
membrane after translation by the N-terminal amphipathic leader (70). This
leader is necessary for association with the cell membrane and AIP
formation (70). At the membrane, AgrD is recognised by AgrB via the C-
terminal recognition sequence which is cleaved by AgrB (71). Following
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cleavage of the C-terminus, an AgrB-AgrD acyl-enzyme intermediate is
suggested to form with AgrD bound through a thioester bond to cysteine 84
of AgrB (67, 68, 72). AgrD cysteine 28 catalyses thioester exchange and
allows a thiolactone ring to form (67). The thiolactone ring forms by covalent
linking of the central cysteine, Cys28, to the C-terminal amino carboxylate
as shown in Figure 1-5. This ring is essential for the function of the AIP
molecule (54, 68). Following thiolactone ring formation, AgrD is released
from AgrB. The N-terminus is cleaved potentially involving MroQ and signal
peptidase | (SpsB) and the mature thiolactone is released from the cell (69,
73). This processing pathway is outlined in Figure 1-6.

09
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1. AgrD 2. AgrB 3. Processing of AgrD 4. Cleavage 5. Export
membrane recognition by AgrB. Thiolactone of N- from the cell
association and cleavage ring formation and terminus and
of C-terminus removal of AgrD C- formation of
terminus mature AIP

Figure 1-6. Schematic of the processing of AgrD to form AIP. AgrD
associates to the membrane via the N-terminus. Here, it is recognised by
AgrB and the C-terminus is cleaved before thiolactone ring formation. The
N-terminus is then cleaved likely by MroQ and the mature AIP molecule
leaves the cell. It is currently unclear whether N-terminal cleavage occurs

inside or outside the cell.

AgrB is a 22 kDa integral membrane endopeptidase which is located in the
cytoplasmic membrane (56, 71). It is thought to form at least dimers in the
membrane and is only functional within a lipid membrane (68). It is predicted
to have 6 transmembrane a-helices however as yet no high-resolution
structures of AgrB are available. AgrB is involved in the C-terminal cleavage
of AgrD and analysis has revealed His77 and Cys84 to be necessary for the
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endopeptidase activities. These are thought to form a catalytic centre and
are conserved among agr subgroups (71). Cys84 in AgrB attacks the
cleavage site in AgrD between M32 and D33 giving a linear peptide which
is bound to AgrB. This is then «cyclised by intramolecular
transthioesterification giving the AgrD thiolactone. Formation of the
thiolactone ring has been shown to be reversible. The AgrD C-terminus is
turned over by an additional protease ClpP, which is thought to recognise

this fragment via a conserved motif (68).

After thiolactone ring formation, the N-terminal amphipathic helix is cleaved.
Previous studies suggested a role here for the signal peptidase, SpsB,
which is anchored to the outer face of the membrane. AgrD was suggested
to be transported out of the cell where SpsB would cleave the N-terminus
releasing mature AIP (73). Recent studies, however, have argued against a
major role for SpsB, showing that deletion of SpsB in S. aureus has no effect
on the production of mature AIP. Evidence has been put forward for the
involvement of another protease, MroQ (69, 74). MroQ is a putative integral
membrane type || CAAX protease, located upstream of the agr operon (75,
76).

MroQ was identified in a virulence screen where MroQ and agr mutants
displayed similar phenotypes such as a decrease in haemolysis and
secretion of virulence factors such as PVL along with increased expression
of SpA (75). MroQ was originally thought to be involved in the regulation of
agr quorum sensing through interaction with AgrC, however it is now thought
to be involved in AgrD processing (75, 76). Deletion of MroQ leads to an
accumulation of an AIP processing intermediate at the membrane which

coincides with a loss in secreted mature AIP (76).

It has been proposed that MroQ could also have a direct or indirect role in
translocation of AIP across the membrane. Previously it has been
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hypothesised that AgrD is translocated across the membrane before N-
terminal cleavage. One proposed mechanism involves insertion of AgrD N-
terminus into the membrane in an orientation which enables processing by
an AgrB-MroQ complex followed by passive diffusion of AIP out of the cell
(76). Interestingly the N-terminal fraction of AgrD has been detected
extracellularly in fibrils in biofilms and in planktonic supernatants of
S. aureus cultures. It has been shown to display similar properties to phenol
soluble modulins (PSMs) with cytolytic activity against human cells and
proinflammatory properties (77, 78). This demonstrates that N-terminal
AgrD is outside the cell and implies that either N-terminal cleavage may
occur after AgrD leaves the cell or both N-AgrD and AIP cross the cell

membrane independently.

1.3.4. Effect of agr activation
On phosphorylation by AgrC, AgrA binds to and activates agrP2 and agrP3,
upregulating RNAII and RNAIII expression. AgrA also directly binds to the
promoter region of phenol soluble modulins (PSMs) which facilitate immune
evasion. AgrA binding to PSM promoter regions upregulates their
expression (12). Despite this, RNAIll is the major effector of the agr system.
It is a regulatory RNA which also encodes the delta haemolysin gene (hld),
translation of which is delayed after RNAIIl transcription (79). RNAIII
primarily functions through base pairing with 5’ ends of mMRNAs, suppressing
translation of proteins involved in adhesion and de-repressing proteins
involved in invasion and spread (46). Many virulence factors are upregulated
by RNAIIl including, alpha toxin (involved in SSTls, pneumonia and
endovascular infections), serine proteases, cysteine proteases and gamma-
haemolysin. Virulence factors downregulated by RNAIIl include those
involved in cell adhesion such as adhesins, cell wall secretory protein and

some surface receptors (80).
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RNAIIl is a large regulatory RNA with a complex secondary structure which
can promote or inhibit gene expression through post-translational regulation
(80). For example, RNAIII binds hla mRNA enabling access to a ribosome
and therefore upregulating translation of alpha toxin (81). It also binds spa
MRNA, preventing access to a ribosome to the ribosome binding site and
therefore preventing translation and leading to downregulation of
staphylococcal protein A (SpA) which is involved in immune evasion (82).
RNAIIl can directly affect gene expression in this way however it exerts
many of its effects indirectly through global regulator, repressor of toxins
(Rot). Rot acts as a repressor for multiple secreted virulence factors such
as enterotoxin B and alpha toxin and also acts as a positive regulator for
many cell surface associated factors such as SpA. RNAIIl controls Rot
expression through blocking the ribosome binding site, preventing Rot
translation. Therefore, when the agr system is active, RNAIll prevents
translation of Rot leading to downstream effects including upregulation of
secreted virulence factors and downregulation of cell surface associated
virulence factors (80, 83).

Due to the dual activity of the agr operon, agr is temporally expressed during
infection. Low agr activity at the start of infection allows high Rot activity.
This enables expression of immune evasion proteins and adhesins leading
to accumulation of bacteria and evasion of the host response. For example,
expression of Protein A which binds to IgG may help form a walled off
infection site leading to abscess formation (46, 84). Abscesses are common
presentations of S. aureus infections. After initial infection, an immune
response is typically raised resulting in the recruitment of neutrophils, these
are killed by the pathogen and host tissue fibrosis occurs (85). This leads to
formation of an abscess consisting of a staphylococcal abscess community
at the centre of a lesion surrounded by fibrin deposits (86).
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The agr system is activated later in infection when the population density is
higher, and the infection site is depleted in nutrients. Activation of agr leads
to RNAIIl transcription which inhibits Rot translation and leads to expression
of secreted virulence factors and degradative enzymes enabling bacteria to
acquire nutrients from host tissue and escape the abscess or infection site,
spreading to secondary infection sites (46, 84, 87).

1.3.5. Regulation of agr quorum sensing

The agr system controls the production of a range of virulence factors
therefore it is under tight control. This is affected by numerous metabolic
and environmental factors such as pH and glucose and nutrient availability
(87, 88). Both acidic and alkaline pH have been shown to inhibit agr, with
near neutral pH resulting in maximal agr activity. Reactive oxygen species
(ROS) released by neutrophils can also affect agr activity by oxidising AIP
molecules rendering them ineffective (80). Oxidative stress caused by ROS
can also induce disulphide bond formation in AgrA resulting in impaired
binding to promoter regions therefore reduced agr induction and reduced
expression of secreted virulence factors (89).

There is a basal level of transcription from both the agrP2 and agrP3
promoters, this is at a much slower rate from the agrP3 promoter. The basal
level of agrP2 transcription is thought to enable S. aureus to respond to
signals such as cell density leading to rapid upregulation of agr QS and
virulence gene expression (51, 90).

Two of the key transcription factors which regulate agr are AgrA itself and
staphylococcal accessory regulator A (SarA) (47). Phosphorylated AgrA
dimerises and binds in the intergenic region between agrP2 and agrP3
upregulating transcription (91). AgrA binds even when its level is very low
demonstrating this is important in the initiation of the QS pathway (47). SarA

is a DNA binding protein which also binds in the intergenic region between
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agrP2 and agrP3 stimulating transcription of RNAIl and RNAIII (92). Other
transcription factors including MgrA, which is involved in multidrug
resistance and cell wall turnover, SarU and SarZ, contribute to agr
upregulation by modulating expression of regulators that bind to the

promoter region (23, 47, 93).

Interestingly, MgrA also promotes the expression of SarX, an agr repressor
for ‘switching off’ the agr system (94). Other negative regulators of the agr
system include CodY, a global regulator which senses nutritional signals
and indirectly represses agrBDCA operon and RNAIIl transcription in
exponential growth in rich medium. This is thought to be responsible for
growth phase regulation of agr (95). Additionally, SarR can compete with

SarA, displacing it and so repressing agr upregulation (91).

~
Sarl /'/ /\/\ SrrAB

SarX
CcpA SigB
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Figure 1-7. Known regulators of the agr system adapted from
Marroquin et al. 2019 (48, 75, 80). agr activators are shown in green with

arrows and inhibitors are shown in red with blunt arrows.
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Many of the transcription factors involved in up or down regulation of agr QS
respond to environmental and metabolic factors such as pH, reactive
oxygen species and nutrient availability (23). This means the agr system is

under tight control in response to the environment.

1.4. Inhibition of virulence and agr quorum sensing
The increase in the prevalence of antibiotic resistant S. aureus has resulted
in increased research into novel drug targets including targeting the
virulence of the bacterium. This will reduce the ability of the bacteria to cause
infection without targeting processes essential for its growth and survival.
This will provide less selective pressure for resistance to emerge and will
allow it to be cleared by the immune system. A number of antivirulence

strategies against S. aureus are outlined in Table 1-1.

Table 1-1. Virulence mechanisms which can be targeted in S. aureus.

Target Function Treatment strategy Ref.
Sortase A Surface attachment of  Inhibition of sortase A (96, 97)

proteins including prevents attachment of

those involved in surface proteins such
virulence and immune as SpA

evasion such as SpA

ClpP Protease involved in  Activate CIpP to initiate (98, 99)
protein quality control. degradation of
Involved in virulence essential proteins
regulation. leading to inhibition of

cell division and

eventual cell death
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Direct Eg. PVL and a- Target chemically or (100,

target of haemolysin involved with neutralising 101)
toxins in virulence monoclonal antibodies
Carotenoid Carotenoid pigment of Inhibition of this (102,
biosynthetic ~ S. aureus promotes pathway reduces 103)
pathway resistance to ROS S. aureus survival

and neutrophil killing  under oxidative stress,
but has little impact on  leading to increased

ex vivo survival neutrophil clearance
Regulatory MgrA is a key Block MgrA binding (104)
pathways transcriptional DNA prevents
eg. MgrA, regulator involved in upregulation of
virulence virulence factors

agr system Global regulator of Inhibiting agr signalling (88)

Staphylococcal inhibits production of a
virulence range of virulence
factors

The agr QS system is a global regulator of virulence, therefore this is of
interest when investigating virulence factor inhibitors (7, 15). Control of the
agr QS system would enable inhibition of secreted virulence factor
production without providing selective pressure for development of
resistance making this an attractive drug target (15, 46).

Bacterial signalling systems are prime drug targets for combatting
antimicrobial resistant infections. The agr QS system is an interesting
antivirulence target with agr inhibitors being shown to delay infections and
reduce S. aureus abscess size in multiple mouse skin infection models (105-
109). S. aureus is the primary cause of SSTls and agr activation is often
associated with these therefore this is a very interesting avenue of research.
Moreover, 90% of S. aureus infections are SSTIs therefore limiting antibiotic
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use for these would have a major impact preserving antibiotics for invasive

or systemic infections (105).

Virulence factor inhibitors can attenuate infection without affecting bacterial
growth. This will allow the immune system to clear the infection without
providing pressure for resistance to emerge (6). They could also be used as
adjuncts to existing antibiotics or with therapies which boost the immune
response to clear S. aureus infections (48). Antivirulence strategies which
target agr QS could be used prophylactically, as inhibiting agr early in
infection could limit disease development. Attenuating infection early on
would allow the host immune system to respond and clear the avirulent
pathogen before establishment of infection, sparing exposure to antibiotics
(47). Inhibition of agr early in infection will limit the spread of invasive
infections however, it will also increase S. aureus cell adherence and
immune evasion through upregulation of surface associated proteins such
as SpA. This may allow the bacteria to aggregate and could help the
infection to establish. In order to circumvent this problem, multiple virulence
pathways could be inhibited simultaneously. Inhibition of agr will reduce
expression of secreted toxins such as a-toxin however will increase
expression of SpA. Simultaneous inhibition of Sortase A would prevent
attachment of SpA to the cell surface therefore would prevent the increase
in immune evasion caused by agr inhibition allowing clearance of the

pathogen by the immune system (98).

Studies have demonstrated that agr inhibitors such as apicidin, savirin and
w-hydroxyemodin aid immune clearance of infection as well as inhibiting agr
signalling (105, 107, 110). This is thought to be due to the inhibition of
expression of virulence factors which target innate and adaptive immune
cells. For example, a-haemolysin, which is upregulated by agr activation,
enables S. aureus survival in macrophages and induces apoptosis in T cells,

B cells and monocytes. Additionally, PSMs, upregulated by AgrA are highly
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cytotoxic to a number of cell types including phagocytes such as neutrophils
which are important in the initial phase of host defence against pathogens
(111). Therefore, inhibition of virulence factor production increases survival
of immune cells which promote pathogen clearance protecting the host from
excessive tissue damage (105, 110). Due to the reliance on the immune
response when treating with anti-agr therapies it may be necessary to
ascertain the immune status of the patient before treatment (112).

The agr system is employed in many Gram-positive bacteria as well as
S. aureus such as Enterococcus faecalis and Clostridium difficile. These
pathogens represent some of the most common causes of healthcare
associated infections resulting in significant morbidity and mortality (47).
Antivirulence strategies which target the agr system and are effective across
species, such as ambuic acid which inhibits QS in S. aureus and
Enterococcus faecalis, could therefore, have a significant impact on human
health (47, 113).

The agr system is also employed, however, by commensal bacteria such as
Staphylococcus epidermidis and Staphylococcus hominis. S. epidermidis is
thought to benefit the host by competing with S. aureus for colonisation.
Additionally, AIPs from S. epidermidis have been shown to inhibit S. aureus
agr QS. Therefore, to avoid affecting the host microbiota, the cross reactivity
of agr inhibitors with commensal strains such as this must be determined
(105, 110). Therapeutics could be targeted to components of the agr system
which are not conserved between species or could be shown not to affect
commensal strains. Examples of these include savirin, an AgrA inhibitor,
and ambuic acid an AgrB inhibitor which have both been shown to have no
effect on quorum sensing in multiple commensal strains including
S. epidermidis (105, 107).
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Inhibitors of agr will not, however, be useful against all manifestations of
S. aureus infection. The contribution of agr to infection has been
demonstrated in SSTIs however agr dysfunction has been shown to be
associated with other disease manifestations such as persistent
bacteriaemia and in some infection models agr does not seem to be
necessary for the development of disease (15, 114, 115). There have also
been several reports of agr defective strains isolated from human infections.
These have non-haemolytic phenotypes due to mutations in the agr locus
(50). agrdefective strains are associated with increased hospitalisation rates
and increased resistance to glycopeptides such as vancomycin (116, 117).
It is thought that mutations in agr may be adaptive for survival in vivo, giving
a short-term survival and growth advantage. Indeed, it has been
demonstrated that agr functional populations exhibit cell death, which is not
noted in agr dysfunctional populations, giving agr dysfunctional cells a
fitness advantage (118). agr defective strains, however, only represent a
minority of clinical cases and strains with a functional agr system are
favoured in transmission (47, 117, 119). It has been shown that
dysfunctional agr strains develop by mutation during infection and are
unable to initiate infection (50). Additionally, it is thought that not all agr
mutations may be completely inactivating but may modify the timing and
strength of agr induction (49). This demonstrates that the efficacy of agr
inhibitors will depend on the infection being treated and the timing of the
inhibition of agr may be critical in order for it to be effective (120).

Disruption of agr is also associated with increased biofilm formation due to
increased expression of cell surface associated factors involved in cell
adhesion when agr is inhibited (115). S. aureus biofilms can form readily on
host tissues and implanted medical devices causing chronic infections with
high tolerance to antibiotics (6). Therefore anti-QS therapeutics may not be
suitable for the treatment of device related infections however they may be
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useful as adjuncts to existing antibiotics or as prophylactic treatment

preventing the spread of infection.

1.4.1. Inhibitors of agr activation

The agr system can be targeted for inhibition at a number of different points
for example inhibition of AgrC, inhibition of AgrA-DNA interactions and
inhibition of AIP biosynthesis through targeting AgrB (Figure 1-3) (6, 107).
Examples of agr inhibitors which have been shown to be effective include
AgrA inhibitors savirin and its analogue staquorsin, AIP analogues which
block AgrC, ambuic acid which inhibits AgrB and w-hydroxyemodin, an AgrA
inhibitor (105-107, 110, 121).

AgrA has been identified as an antivirulence target with a number of
inhibitors having been developed against it. AgrA is part of the two-
component signal transduction system which leads to upregulation of
promoters agrP2 and agrP3. Blocking binding of phosphorylated AgrA to
agrP2 and agrP3 will prevent agr upregulation, reducing expression of
secreted virulence factors leading to increasing immune clearance (88).
Savirin was reported in 2014 by Sully et al. to inhibit AgrA with minimal
impact on growth and little effect on QS in commensal bacteria such as
S. epidermidis (105). An analogue of savirin, staquorsin was reported in
2021 to have improved efficacy over savirin. This was also shown to
decrease virulence in a mouse abscess model of infection with no resistance
seen (106). Additionally, w-hydroxyemodin was shown to bind directly to
AgrA preventing its interaction with the agrP2 promoter. Treatment with w-
hydroxyemodin also reduced dermonecrosis and led to increased bacterial
clearance in a mouse skin infection model (110). More recently, apicidin, a
fungal derived metabolite, was reported in 2019 to target AgrA, reducing the
ability of AgrA to upregulate agrP3 and reducing virulence in mouse abscess

models of infection (108).
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It is known that AIP molecules of different agr subgroups and different
species can inhibit agr QS (60). Considering this, synthetic AIP analogues
have been made which inhibit agr QS by preventing signalling via AgrC. One
such example is Ala®(AIP-1), this is an AIP analogue which is a potent agr
QS inhibitor against all S. aureus agr subgroups (66). Solonamide B has
also been identified as an AgrC inhibitor and a number of analogues have
been synthesised which reduce agr associated virulence (112, 122).

AgrC is hypermutable which suggests that resistance to AgrC inhibitors may
develop quickly therefore there are concerns as to whether AgrC is an
effective target for potential therapeutics. agr QS can also be inhibited by
preventing synthesis of AIP. AIP biosynthesis can be inhibited by targeting
AgrB which is more conserved than AgrC, therefore could represent a good
potential drug target. AgrB inhibitors could be for example, peptide
analogues which compete for the AgrB active site or compounds which
prevent recognition and cleavage of AgrD by changing the structure of AgrB
(47, 88). Ambuic acid, a fungal metabolite has been identified as a putative
AgrB inhibitor, reducing AIP production, with reduction in pathology in
murine abscess models of infection (107, 113). Ambuic acid has also been
shown to have little effect on QS in multiple commensal bacteria making it a
good anti-virulence candidate (107).

1.4.2. Investigating agr activation experimentally
Studying agr controlled virulence factor expression and inhibition in vitro is
relatively straightforward however studying the regulation of QS and gene
expression in vivo is much more complex. Genes which are expressed
during infection in vivo may be shut-off or non-essential in laboratory
conditions. Regulation of the QS response is also highly dependent on the
environment and the presence of immune cells and regulators which may
not be present in vitro (87). For example, apolipoprotein B, which is present

in blood at acute infection sites, sequesters AIP preventing agr activation
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(123). AIP can also be inactivated by oxidants such as NADPH which is
released by phagocytes (124). Additionally, mutations which affect the
timing and strength of agr induction can occur (49). Therefore, it is important
to assess agr expression in vivo (49, 84, 87, 116). This will further our
understanding of factors which contribute to infection severity and will

enable design of antivirulence factors (27, 49).

To investigate temporal agr expression and agr inhibition it is important to
develop real time methods of monitoring agr expression in in vivo models
(23). This can be performed using bioluminescent or fluorescent reporters
linked to promoters of the agr system (116, 125). Bioluminescent reporters
have been generated with the Photorhabdus luminescens lux operon linked
to the agrP3 promoter. The agrP3-lux reporter has been used to measure
temporal agr activation in infection models and assess agr inhibitors in vivo
(107, 109). Fluorescent reporters have also been generated with, for
example, GFP linked to the agrP3 promoter, and these have been used to
screen for agr inhibitors (120, 125, 126).

1.5. Luciferases as bioreporters

Bioluminescence is a naturally occurring phenomenon and luciferase-based
bioluminescence has become a key tool for monitoring of biological
processes. Bioluminescence is found across a range of life including
bacteria, insects, fungi, and marine organisms (127). It typically occurs when
a luciferase enzyme oxidises a photon emitting substrate releasing light.
This can be observed visually using biophotonic imaging or quantified using
a luminometer (128). Luciferases are often used as biological reporters due
to their high sensitivity, broad dynamic range, and operational simplicity.
Luciferases have been used to monitor multiple cellular processes such as
gene expression and protein interactions as well as tracking bacterial and
viral infections (129, 130).
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Bioluminescence is widely exploited for in vivo optical imaging, it enables
non-invasive molecular imaging with low background compared to
fluorescence and high sensitivity (130, 131). Bioluminescence imaging is a
powerful tool for analysing infectious diseases in animal models. It enables
real time monitoring of spatial and temporal progression of infection in the
same animal. Imaging also enables visualisation of the spread of infection
around the body. Pathogens can be engineered to express more than one
luciferase enzyme or a luciferase in combination with a fluorescent protein,

enabling monitoring of multiple processes simultaneously (132).

Fluorescence is another phenomenon widely used for in vivo imaging and
analysis. This occurs when a substance absorbs light and immediately emits
light at a different wavelength. Bioluminescence, however, can be
advantageous over fluorescence for a number of reasons. Although
fluorescence does not require a substrate, which bioluminescence does,
fluorescence does require excitation light which can cause photobleaching
and phototoxicity (133). Fluorescence also has higher background signal in
vivo than bioluminescence giving it a higher signal to noise ratio meaning
decreased sensitivity (134, 135). Additionally, fluorescent proteins have a
long half-life, this means that temporal gene regulation is difficult to monitor
with these proteins as the signal degrades slowly leading to accumulation
(136).

Different luciferases are useful for different applications due to their
individual properties for example, for high throughput drug screening, the
luciferase would need to be stable with high light output to enable monitoring
of drug activity in real time (137). Traditionally luciferases such as firefly,
Renilla and bacterial luciferases have been used however these are limited
due to their size, stability, and efficiency. They also require ATP therefore
impact on the energy source of the bacteria. Therefore, researchers are
beginning to develop and focus on novel luciferases such as Gaussia
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luciferase and NanolLuc which are smaller and brighter giving high

sensitivity.

1.5.1. Gaussia luciferase

Gaussia luciferase (GLuc) is a naturally secreted enzyme from the marine
copepod Gaussia princeps. Itis a 185 amino acid, 19.9 kDa luciferase which
catalyses oxidative decarboxylation of substrate coelenterazine (CTZ)
producing coelenteramide and emitting blue light at 480 nm as displayed in
Figure 1-8 (138). It is a highly sensitive reporter, 1000 times brighter than
traditional luciferases firefly or Renilla and is 20,000 times more sensitive
than secreted alkaline phosphatase (137, 139, 140). GLuc is non-toxic and
is naturally secreted from the cell therefore is useful for monitoring biological
processes in real time. GLuc does not require ATP as a cofactor for light
production unlike many luciferases therefore poses less of a metabolic
burden on the cell and is not restricted to intracellular use (141). GLuc is a
useful reporter due to its small size and high light intensity giving high
sensitivity. It is also stable at a wide range of pH and is resistant to heat and
oxidative stress giving it a wide functional range (140).
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Figure 1-8. Production of light from Gaussia luciferase with substrate

coelenterazine (142).

GLuc is a sensitive reporter which has been used to study a variety of
biological processes such as gene expression, promoter activity, protein-
protein interactions and tumour cell growth (137). It is a secreted luciferase
therefore kinetics of biological processes can be measured in real time using
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in vivo models. Secreted luciferases can be detected in small volumes of
blood or mouse urine from murine models enabling non-invasive, ex vivo
monitoring of in vivo processes (139, 143). This complements in vivo
bioluminescence imaging which can be used to localise the signal following
intravenous injection of CTZ into a mouse (143). The half-life of GLuc in the
blood is approximately 20 min, this enables multiple measurements to be
taken in a short period of time without accumulation of signal (143, 144).

GLuc is widely used as a biological reporter in eukaryotes and has also been
shown to be effective as a reporter in bacteria such as Salmonella enterica
and Mycobaterium smegmatis (140, 145). However, use in E. coli has been
shown to be complicated due to the 10 cysteine residues which form
disulphide bonds (141). Use in S. aureus has not been demonstrated before.

GLuc is a useful reporter however it does have some limitations. It is a flash
luciferase, with the bioluminescent signal dropping off rapidly over the
course of 10 min after addition of CTZ substrate (139). Mutations have been
generated to increase the half-life of the bioluminescent signal however it is
necessary to use a luminometer with a built-in injector to measure
bioluminescence making the assays time consuming (137, 146).
Furthermore, the use of GLuc in vivo is limited due to the peak emission at
480 nM. This blue light is absorbed by pigmented molecules in the blood
such as haemoglobin and melanin (144). Additionally, CTZ can bind to
serum proteins and is cleared rapidly from the bloodstream. It can also be
degraded by auto-oxidation in serum providing high levels of background
luminescence. Due to this and the flash-type kinetics of the luciferase when
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imaging the signal needs to be acquired immediately after administration of
substrate (139). Despite this, GLuc has been used for in vivo imaging as
light can be detected after addition of CTZ and the rapid degradation of the
substrate can be advantageous allowing multiple images without
accumulation of signal. GLuc bioluminescence can also be detected ex vivo
from blood samples enabling real time assaying of biological processes
demonstrating the usefulness of this luciferase (143, 146).

1.5.2. NanoLuciferase
NanoLuciferase (NanoLuc) is another novel luciferase which is derived from
the deep-sea shrimp Oplophorus gracilirostris. The native luciferase has a
heteromeric structure which was optimised by Promega to produce
NanoLuc (129, 147). NanoLuc is 19.1 kDa and reacts with substrate
furimazine, a CTZ analogue, to produce high intensity glow-type
bioluminescence with a half-life exceeding 2 h as shown in Figure 1-9 (129,
148). It has a number of advantages over established bioluminescent
reporter systems including enhanced stability, smaller size and high light
output (147). It is also ATP independent so poses little metabolic burden on
the cell and can be employed for extracellular use. The NanoLuc system is
extremely versatile, it can be used for monitoring protein-protein and protein-
ligand interactions, exploring gene regulation and cell signalling, monitoring

protein stability and bioluminescence imaging (148).
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Figure 1-9. Production of light from NanoLuc with substrate
furimazine. From England et al. 2016 (148).
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The glow-type bioluminescence provides an advantage over GLuc as it
allows a larger window for in vivo imaging and acquisition of
bioluminescence readings. Furimazine can be injected intravenously and
has been shown to display enhanced stability and lower background activity
compared to CTZ (148). NanoLuc can also be secreted by inserting a signal
sequence upstream of the NanoLuc sequence. Secreted NanoLuc has been
detected from the serum of in vivo models demonstrating that this can be

used as an ex vivo biomarker (149).

Although NanoLuc does not have optimal spectral emission for in vivo
imaging with peak emission at 460 nm, it has been used for in vivo imaging
techniques, including for the monitoring of disease progression (148, 149).
Use of NanoLuc has been demonstrated for tracking disease progression
caused by group A Streptococcus in vivo with correlation seen between the
NanoLuc signal and the number of viable bacteria (150). This shows that
NanoLuc is a useful reporter for use in prokaryotes in vivo. Imaging with
NanoLuc has also been demonstrated in superficial and deep tissues
although sensitivity of detection from deep tissues was lower due to
absorption and scattering of light (149).
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1.6. Aims

The aims of this study were to investigate agr quorum sensing in S. aureus

through:

Development and validation of novel luciferase reporters for
monitoring agr activation and inhibition

Development of novel bioluminescent techniques to investigate agr
protein-protein interactions in live S. aureus and E. coli cells
Investigation of AIP biosynthesis through monitoring of AgrBD
interactions in vitro in E. coli membranes

Use of an AgrB1D1 intermediate to probe the mechanism of action of
AgrB inhibitors

Purification of AgrB1 and MroQ and analysis of AIP-1 biosynthesis in

a cell free model

56



2. Methods

2.1 Bacterial strains and growth conditions
Staphylococcal strains were cultured in tryptic soy broth (TSB; Oxoid) and
maintained on TSB agar unless stated otherwise. To make TSB, 30 g TSB
powder as purchased was added to 1 L distilled water and media was

sterilised by autoclaving at 121°C for 15 min.

For selection and plasmid maintenance in S. aureus antibiotics were added
at the following concentrations: chloramphenicol 10 ug/mL, kanamycin 100
ug/mL, tetracycline 2.5 pg/mL and erythromycin 10 pg/mL. Antibiotic stocks
were dissolved in the appropriate diluent to the following concentrations;
chloramphenicol 25 mg/mL 100% ethanol, kanamycin 100 mg/mL dH20O,
tetracycline 2.5 mg/mL 50% ethanol and erythromycin 10 mg/mL 100%
ethanol. Antibiotics were filter sterilised using a 0.2 uM syringe filter before

use.

E. coli strains were cultured in lysogeny broth (LB; Oxoid) and maintained
on LB agar. To make LB, 25 g LB powder as purchased was added to 1 L

distilled water and media was sterilised by autoclaving at 121°C for 15 min.

For selection and plasmid maintenance in E. coli antibiotics were added at
the following concentrations: spectinomycin 100 ug/mL and kanamycin 100

ug/mL. Spectinomycin stock was made to 100 mg/mL in dH20.

Liquid cultures were grown at 37°C with aeration by shaking at 200 rpom and
agar plates were incubated at 37°C statically. Liquid culture growth was
monitored by measuring optical density at 600 nm (ODsoo) using a

spectrophotometer. All strains used are outlined in Table 2-1.
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Stocks of bacterial strains were made in 10 % (v/v) glycerol and stored at

-80°C.

Table 2-1. Bacterial strains used in this study.

Bacterial strain Characteristics Source/Reference
Staphylococcus aureus
USA300 JE2 S. aureus clinical isolate  (151)
USA300 JE2 agrP3- attB2:P3-SpA leader- (152)
GLuc GLuc kanR
USA300 JE2 Aagr attB2:P3-SpA leader- (152)
agrP3-GLuc GLuc Aagr kanReryR
USA300 JE2 agrP3- attB2:P3-SpA leader- _
This study
NanoLuc NanoLuc kan®
USA300 JE2 Aagr attB2:P3-SpA leader-
This study
agrP3-NanolLuc NanoLuc Aagr kanery®
RN4220 Aagr P3-
ROJ143 luxCDABE pSKERM P2- (153)
agrCA-1 cmR

Cloning intermediate

RN4220 (154)
attB2 cmR

attB2:P3-SpA leader-
USA300 JE2 agrP3-

RBS-NanoLuc kan® .
SpA-NanolLuc codon This study

o NanoLuc codon
optimised o
optimised for S. aureus

attB2:P3-CIfA leader-
USA300 JE2 agrP3-

RBS-NanoLuc kan® .
CIfA-NanoLuc codon This study

optimised

NanolLuc codon
optimised for S. aureus
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USA300 JEZ agrP3-

attB2:P3-SasD leader-
RBS-NanoLuc kanR

SasD-NanolLuc codon This study
NanoLuc codon
optimised o
optimised for S. aureus
attB2:P3-1sdC leader-
USA300 JE2 agrP3-
RBS-NanoLuc kan® .
IsdC-NanoLuc codon This study
NanoLuc codon
optimised o
optimised for S. aureus
Derivative of S. aureus
SH1000 (155)
NCTC 8325-4
Staphylococcus epidermidis
agr group 2 strain used
1457 or grotp (156)
in biofilm research
Escherichia coli
DC10B dcm cloning strain (157)
Expression strain
C41 (DE3) optimised for expression  (158)
of membrane proteins
2.2 Molecular biology techniques for DNA manipulation

2.2.1 Oligonucleotide primers used in this study

Oligonucleotide primers used are outlined in Table 2-2. All primers were

sourced from Sigma-Aldrich.

Table 2-2. Primers used in this study.

Primer name

Sequence (5'-3") Description

agrP3-Nano F

cttacccgtcttactgtcggctcactgtcattatacg Amplify agrP3-nanoluc

atttagtacaatc oligo with overhangs for
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agrP3-Nano R

cccgggtaccgagctcgaatctcaggagagcegt HiFi cloning into

tcacc pLL102
pLL102 F attcgagctcggtacccg Amplify pLL102 for HiFi
pLL102 R ccgacagtaagacgggtaag cloning
OU9R10 catactacatatcaacgaaatcag Check integration from
of pLL102 into
OU9R7 atgggtggtaaaacacaaatttc
S. aureus RN4220
For sequencing agrP3-
agrP3 F ctcactgtcattatacgatttagt
ss-NanoLuc
cagtgcttgtaggtacgttaatcggttttggactact
CIfA-F cagcagtaaagaagcagatgcagtcttcacact
949 gaageagaigeag Replace SpA with CIfA
cgaagatttcgt _
leader in agrP3-SpA-
aagccacgccaatcgattttttccgaattgcgtgttt
NanoLuc
CIfA-R ttcttttttcttcatattcatatgtttttcctcctactagtct
ctg
ttaattatcatcatcgcgacattcagtaattctgcaa .
IsdC-F Replace SpA with IsdC
atgccgtcttcacactcgaagatttcgt _
leader in agrP3-SpA-
cgctaaaatcgttgtattaaaaacttttaaaatatttt
IsdC-R NanoLuc
tcaaatgtttttcctcctactagtctctg
actttagtattctcaagtatgccttttcaaaatgcgc .
SasD-F Replace SpA with
atgccgtcttcacactcgaagatttcgt _
SasD leader in agrP3-
gcttgttacaattaaagaacctactgttgctaattttt
SasD-R SpA-NanolLuc
tcatatgtttttcctcctactagtctctg
pLL102 F all aacgcagaagcggtctgataaaac

pLL102 SpA R
pLL102 CIfA R
pLL102 SasD R
pLL102 IsdC R

agcatttgcagctggtgttac Amplify pLL102 agrP3-
tgcatctgcttctttactgc ss-NanoLuc for HiFi
ggcatgcgcattttgaaaag cloning
ggcatttgcagaattactgaatgtc

NanoLuc SpA F

taacaccagctgcaaatgctgttttcaccctagag Amplify codon
gatttc optimised NanoLuc
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NanoLuc CIfA F

NanoLuc SasD F

NanoLuc IsdC F

Nanoluc all R

gcagtaaagaagcagatgcagttttcaccctag with overhangs for HiFi
aggatttc cloning into pLL102
cttttcaaaatgcgcatgcecgttttcaccctagagg  agrP3-ss-NanolLuc
atttc

tcagtaattctgcaaatgccgttttcaccctagagg

atttc

tatcagaccgcttctgcgttttatgctaaaattctttc

acataaac

pCDF MCS1 F
pCDF MCS1 R

agccaggatccgaattcg

gtggtgatgatggtgatg

HiFi cloning to place
gccatcaccatcatcaccacttgaattattttgata

AgrB F AgrB1 in MCS1 of
ataaaattgacc
pCDFDuet-1
ctcgaattcggatcctggcttcattttaagtcctectt
AgrB R
aataaag
pCDF MCS2 F gcagatctcaattggatatc
pCDF MCS2 R catatgtatatctccttcttatacttaac . .
HiFi cloning to place
aagaaggagatatacatatgaatacattatttaa .
AgrD F AgrD1 in MCS2 of
cttattttttgattttattac
pCDFDuet-1
gatatccaattgagatctgcttcgtgtaattgtgtta
AgrD R
attc
AgrB C84S F cttctttttggtcttatgtagaaagt Mutate C84 in AgrB1 to
AgrB C84S R  aaggtgcatgtgcaccat serine
AgrB R70A F ttatttaatagcaagacatgcacatggtg Mutate R70 in AgrB1 to
AgrB R70A R  aatgttaaattcgtaattaacg alanine
AgrB G75A F  catgcacatgctgcacatgcac Mutate G75 in AgrB1 to
AgrB G75A R f{cticttattaaataaaatgttaaattcgtaattaac alanine
AgrB H77A F  acatggtgcagctgcaccttcttc Mutate H77 in AgrB1 to
AgrB H77A R gcatgtctticttattaaataaaatg alanine
AgrB KKK-AAA Mutate KKK129-131 in
agcacccattcctgtgcgactt _
F AgrB1 to alanine
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AgrB KKK-AAA
R

gctgcagttgctgcaggagcatata

pCDF agrB2 F
pCDF agrB2 R

agccaggatccgaattc Remove AgrD2 from
ttaatcctccttagggaaa pCDFDuet-1 agrB2D2

aagaaggagatatacatatgatgaatttattaggt Amplify agrD2 from

agrD epi F _ o
ggcttac S. epidermidis 1457
gDNA with overhangs
) gatatccaattgagatctgcctactcatctagtttag . o
agrD epi R for HiFi cloning into
ttaattcttc
pCDFDuet-1 agrB1
pCDF agrB F ttgaattattttgataataaaattgacc
pCDF agrB R gtggtgatgatggtgatggctgctgc

HiFi cloning to place

pCDF nano agrB gcagcagccatcaccatcatcaccacggttctge

F

NanoLuc N-terminal to

tcttcacactcgaagatttcgtt
99 983 i agrB1 in pCDFDuet-1

pCDF nano agrB ttttattatcaaaataattcaacgcagaacccgcc

R agaatgcgttcgcac

pCDF nano For colony PCR to
ggagatataccatgggcagcag ] .

colony F check insertion of

pCDF nano NanoLuc N-terminal to
ctcgaattcggatcctggct

colony R agrB1

pCDF agrB F agccaggatccgaattcg

pCDF agrB R ttttaagtcctccttaataaagaaaatagg HiFi cloning to place

C term agrB ttattaaggaggacttaaaaggttctgcggtcttca NanoLuc C-terminal to

nano F cactcgaagatttcg agrB in pCDFDuet-1

C term agrB ctcgaattcggatcctggcttcacgccagaatgce agrB1

nano R gttc

N term Nano B
link F
N term Nano B
link R

gcgtctggttctgcggcegttgaattattttgataata )
Increase linker between

NanoLuc-AgrB to 15

amino acids

aaattgaccagtttgc
agaaccacccgcaccagacgcagaacccgcce
agaatgcgttcg

C term Nano B
link F

gttctgcgtetggttctgcggeggtcettcacactcg
aagatttc
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Increase linker between

C term Nano B cacccgcaccagacgcagaaccttttaagtcctc
AgrB-NanoLuc to 15

link R cttaataaagaaa ) .
amino acids
ataagaaggagatatacatatgatggcagaaat
Halo-AgrB F
cggtactgg Insert HaloTag N-
ccgatatccaattgagatctgctcattttaagtcctc  terminal to AgrB1 to
Halo-AgrB R

cttaataaag MCS2 of pCDFDuet-1

2.2.2 DNA sequence of agrP3-NanoLuc oligonucleotide purchased
from Eurofins (5’-3’)

tcactgtcattatacgatttagtacaatcttttatcattatattgcctaactgtaggaaataaatacttaactgtt
aaatgtaatttgtatttaatattttaacataaaaaaaattacagttaagaataaaaaacgactagttaaga
aaaattggaaaataaatgcttttagcatgttttaatataactagatcacagagatgtgatggaaaatagtt
gatgatgactttacaaatacatacagggggtattaatttgaaaaagaaaaacatttattcaattcgtaaa
ctaggtgtaggtattgcatctgtaactttaggtacattacttatatctggtggcgtaacaccagctgcaaat
gctgtcttcacactcgaagatttcgttggggactggcgacagacagccggctacaacctggaccaagt
ccttgaacagggaggtgtgtccagtttgtttcagaatctcggggtgtccgtaactccgatccaaaggattg
tcctgagcggtgaaaatgggctgaagatcgacatccatgtcatcatccegtatgaaggtctgagegge
gaccaaatgggccagatcgaaaaaatttttaaggtggtgtaccctgtggatgatcatcactttaaggtga
tcctgcactatggcacactggtaatcgacggggttacgccgaacatgatcgactatttcggacggcecgt
atgaaggcatcgccgtgttcgacggcaaaaagatcactgtaacagggaccctgtggaacggcaaca
aaattatcgacgagcgcctgatcaaccccgacggctccctgctgttccgagtaaccatcaacggagtg
accggctggcggctgtgcgaacgcattctggcgtaaaacgcagaageggtctgataaaacagaattt
gcctggcgggtggtcccacctgaccccatgccgaactcagaagtgaaacgccgtagecgecgatggt
agtgtggggtctccccatgcgagagtagggaactgccaggcatcaaataaaacgaaaggctcagtc
gaaagactgggcctttcgttttatctgttgtttgtcggtgaacgctctcctgag
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2.2.3 DNA sequences of amplified AgrB and AgrD
AgrB1 from S. aureus USA300 JE2 (5'-3):
ttgaattattttgataataaaattgaccagtttgccacgtatcttcaaaagagaaataacttagatcatattc
aatttttgcaagtacgattagggatgcaggtcttagctaaaaatataggtaaattaattgttatgtatactatt
gcctatattttaaacatttttctgtttacgttaattacgaatttaacattttatttaataagaagacatgcacatg
gtgcacatgcaccttcttctttttggtgttatgtagaaagtattatactatttatacttttacctttagtaatagtaa
attttcatattaactttttaattatgattattttaacagttatttctttaggtgtaatctcagtatatgctcctgcage
aactaaaaagaagcccattcctgtgcgacttattaaacgaaaaaaatattatgcgattattgttagtttaa
cccttttcattatcacacttatcatcaaagagccatttgcccaattcattcaattaggcatcataatagaagce
tattacattattacctattttctttattaaggaggacttaaaatga

AgrB2 from S. aureus NRS149 (5-3’):
ttgaattattttgataacaaaattgaccagtttgccacgtatcttcaaaagagaaataacttagatcatattc
aatttttgcaagtacgtttagggatgcaaattatagttggtaattttittaaaatacttgtaacatatagtatttct
atattcttaagtgtatttttgtttaccttagttacacacttatcctatatgttaatacgctataatgcacatggtgct
catgcaaagtcttcgatactttgttacatacaaagtattttaacatttgtatttgtaccttattttctaattaatata
gacattaattttacttatttactggccttatctattataggattgatttccgttgttatttatgcacctgcagcaac
gaaaaagcaacctataccaataaaattagtaaaacgtaaaaagtatttatctataattatgtatttattagt
tttgattctatccttaataatacatccattttatgctcaatttatgttattaggaattttagtggaatctattacatta
ttacctatttttttccctaaggaggattaa

AgrB3 from S. aureus MRSA 252 (5’-3’):
ttgaattattttgataacaaaattgaccagtttgccacgtatcttcaaaagagaaataacttagatcatattc
aatttttgcaagtacgattagggatgcaggtcttagctaaaaatataggaaaactgattgttatgtatactc
ttgcctatattttaaacatttttatcttcactttaattactaatatatcgttttatctaattagaaggtatgcacatg
gtgcacatgcaccttcatctttttggtgttatatagaaagcattacactttttattgtictacctctattagtacta
cattttcatattaatgaaacactaatgatgtttttagcattattaagtgttggcgtagtgattaaatatgcacct
gcagctactaagaagaagcctatcccggcaaggcttigtaaagcaaaaaagatatttttcaattataatt
agtacaattcttttcattatcacactttttgtaaaggaaccatatacccaatttattcaactgggtattattatac
aagctattacattactaccaatatactattcaaaggaggactaa

64



AgrD1 from S. aureus USA300 JE2 (5’-3’):
aatacattatttaacttattttttgattttattactgggattttaaaaaacattggtaacatcgcagcttatagtac

ttgtgacttcataatggatgaagttgaagtaccaaaagaattaacacaattacacgaa

AgrD2 from S. aureus NRS149 (5’-3):
atgaatacacttgttaatatgttttttgattttataattaaattagctaaagcaatcggaattgtcggtggcgta

aacgcttgcagcagtttatttgatgaacctaaagtacccgctgaattaacgaatttatacgacaaatag
S. epidermidis AgrD2, from S. epidermidis 1457 (5'-3’):

atgaatttattaggtggcttacttttaaaaattttttcaaactttatggcagtaattggtaacgcatcaaaatac

aacccttgtagtaattatctcgatgagccacaagtgccagaagaattaactaaactagatgagta

2.2.4 Plasmids used in this study

All plasmids used in this study are outlined in Table 2-3.

Table 2-3. Plasmids used in this study

Plasmid Characteristics Source/Reference

Vector from Eurofins with
pMK-RQ agrP3-

synthesised agrP3 SpA Eurofins
SpA NanoLuc

NanoLuc sequence. Kan®
Single copy integration vector
pLL102 = 2/ = (154)
for Staphylococcus aureus

NanoLuc codon optimised for Carmen Tong,
pUNK NanoLuc

S. aureus unpublished
pLL102 agrP3- attP2:P3-SpA leader-NanoLuc .
This study
SpA NanoLuc kanR
pLL102 agrP3- attP2:P3-CIfA leader-NanoLuc .
This study
CIfA NanoLuc kanR
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pLL102 agrP3-
SasD NanoLuc
pLL102 agrP3-
IsdC NanoLuc

pSKERM agrP2-

agrAC

pCDFDuet-1

pCDFDuet-1
agrB1

pCDFDuet-1 agr1l

agrD1

pCDFDuet-1
agrB1D1

pCDFDuet-1
nanoluc-agrB1

pCDFDuet-1
nanoluc-agrB1
agrD1

pCDFDuet-1

agril-nanoluc

pCDFDuet-1
nanoluc-agrB1
agrD1

attP2:P3-SasD leader-
NanoLuc kanR
attP2:P3-1sdC leader-
NanoLuc kan®
AgrAC complementation
vector
Expression vector with two
MCS for co-expression of two
genes
Vector for expression of
AgrB1 from MCS1
Vector for expression of
AgrB1 from MCS1 and AgrD1
from MCS2
Vector for expression of
AgrB1 and AgrD1 from MCS1
Vector for expression of
NanoLuc N-terminal to AgrB1
from MCS1
Vector for expression of
NanoLuc N-terminal to AgrB1
from MCS1 and AgrD1 from
MCS2
Vector for expression of
NanoLuc C-terminal to AgrB1
from MCS1
Vector for expression of
NanoLuc C-terminal to AgrB1
from MCS1 and AgrD1 from
MCS2
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pCDFDuet-1
nanoluc-agrB1 15
link

pCDFDuet-1
nanoluc-agrB1
agrD1 15 link

pCDFDuet-1
agrB1-nanoluc 15
link

pCDFDuet-1
nanoluc-agrB1
agrD1 15 link

pCDFDuet-1
agrB1-nanoluc
halotag-agrB1 15
link

pCDFDuet-1
halotag-agrB1

pCDFDuet-1
agrB2
pCDFDuet-1
agrB2agrD2
pCDFDuet-1
agrB3

Vector for expression of
NanoLuc N-terminal to AgrB1
from MCS1 15 aa linker
Vector for expression of
NanoLuc N-terminal to AgrB1
from MCS1 and AgrD1 from
MCS2 15 aa linker
Vector for expression of
NanoLuc C-terminal to AgrB1
from MCS1 15 aa linker
Vector for expression of
NanoLuc C-terminal to AgrB1
from MCS1 and AgrD1 from
MCS2 15 aa linker
Vector for expression of
NanoLuc C-terminal to AgrB1
from MCS1 with a 15 aa linker
and HaloTag N-terminal to
AgrB1 from MCS2. Used for
NanoBRET
Vector for expression of
HaloTag N-terminal to AgrB1
from MCS2. A control for
NanoBRET
Vector for expression of
AgrB2 from MCS1
Vector for expression of
AgrB2 and AgrD2 from MCS1
Vector for expression of
AgrB3 from MCS1
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Vector for expression of

pCDFDuet-1 S. aureus AgrB1 from MCS1 .
agrB1 epiagr2 and S. epidermidis AgrD2 This study

from MCS2
pCDFDuet-1 Vector for expression of
agrB1 C84S AgrB1 C84S and AgrD1 both  This study
agrD1 from MCS1
pCDFDuet-1 Vector for expression of
agrB1 agrD1 AgrB1 and AgrD1 C28S both Ewan Murray
C28S from MCS1
pCDFDuet-1 Vector for expression of
agrB1 R70A AgrB1 R70A and AgrD1 both  This study
agrD1 from MCS1
pCDFDuet-1 Vector for expression of
agrB1 G75A AgrB1 G75A and AgrD1 both  This study
agrD1 from MCS1
pCDFDuet-1 Vector for expression of
agrB1 KKK129- AgrB1KKK129-131AAA and  This study
131AAA agrD1 AgrD1 both from MCS1
pCDFDuet-1 Vector for expression of .
agrB1 H77A AgrB1 H77A from MCS1 This study
pCold His10- Vector for expression of .

Philip Bardelang

agrB1 AgrB1 for purification

Vector for expression of
pCold malE-mroQ  maltose binding protein-MroQ Philip Bardelang
for purification

2.2.5 Plasmid isolation from E. coli
Plasmids were isolated from E. coli using a GenElute Plasmid Miniprep kit
(Sigma-Aldrich) following manufacturer guidelines. Plasmid DNA was eluted
in 60 uL dH20 and stored at -20°C.
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2.2.6 Plasmid isolation from S. aureus
Plasmids were isolated from S. aureus using a GenElute Plasmid MiniPrep
kit (Sigma-Aldrich). S. aureus cells from 5 mL overnight culture were
pelleted and resuspended in resuspension solution with 50 pg/mL
lysostaphin (Sigma-Aldrich). This was incubated at 37°C statically for 30 min
after which the protocol was continued as per manufacturer guidelines.
Plasmid DNA was eluted in 60 uL dH2O and stored at -20°C.

2.2.7 Genomic DNA extraction from staphylococci
Genomic DNA was extracted from staphylococci spp. using a GenElute
Bacterial Genomic DNA kit (Sigma-Aldrich) following the manufacturer
guidelines for DNA extraction from Gram-positive bacteria. Genomic DNA
was eluted in 100 uL dH20 and stored at -20°C.

2.2.8 Polymerase Chain Reaction (PCR)
Standard PCR was performed using High Fidelity Q5 DNA polymerase
(NEB). Colony PCR was performed with DreamTaqg Green PCR master mix
(ThermoFisher). All reactions were set up and run as per manufacturer

guidelines. All primers used are listed in Table 2-2.

All constructs and strains were sequenced by Sanger DNA sequencing
performed by Source BioScience, Nottingham NG8 6PX.

2.2.9 DNA separation using agarose gel electrophoresis
DNA fragments were separated and visualised using agarose gel
electrophoresis. Agarose gels were prepared with 1 % agarose (w/v) in 1 x
TAE buffer (40 mM Tris base pH 8.0, 50 mM EDTA, 0.1142 % glacial acetic
acid (v/v)) with 0.01 % SYBR® Safe DNA stain (ThermoFisher). Samples
were added to gel loading dye, purple (6x) (NEB) and run alongside a 1 kb
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DNA ladder (NEB). Agarose gels were run at 90 V for 50 min and visualised
using a UV transilluminator (BioRad).

2.2.10 DNA ligation and dialysis
DNA ligations were carried out using T4 DNA ligase (NEB). Before ligation
plasmids were treated with T4 polynucleotide kinase (PNK). Reaction
mixtures contained 2 uL plasmid or PCR product, 2 uL T4 ligase buffer, 1 uL
T4 PNK and 15 pL water. This was incubated at 37°C for 30 min followed
by 65°C for 20 min. For DNA ligation 2 uL ligase buffer and 1 uL T4 ligase
were added to the PNK reaction and incubated at 16°C for 16 h.

Before transformation to E. coli electrocompetent cells, ligation reactions
were dialysed using a 0.025 uM membrane filter (Merck) balanced on dH>0

for 15 min.

2.2.11 HiFi DNA assembly

Primers were designed using NEBuilder (159) and fragments with
appropriate overhangs were amplified by PCR using Q5 polymerase. For
plasmid assembly, 5 uL NEBuilder® HiFi DNA Assembly Master Mix (NEB)
was added with 0.5 pL insert DNA, 1 uL vector DNA and 3.5 pL nuclease
free water. The reaction was incubated at 50°C for 30 min before dialysis as
described in section 2.2.10 and transformation into electrocompetent E. coli
cells by electroporation.

2.3 Generation of electrocompetent E. coli cells
A 5 mL overnight culture of E. coli was diluted 1 in 100 in 100 mL fresh LB
and incubated at 37°C, 200 rpm until the culture reached ODgo0 0.6-0.8. The
culture was cooled on ice for 30 min before cells were pelleted by
centrifugation in a pre-chilled centrifuge (4°C) at 7,500 x g for 10 min. Cells

were then washed three times in ice cold 10 % glycerol (v/v) before final
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resuspension in 1 mL ice cold 10% glycerol. Cells were stored at -80°C in

100 pL aliquots.

2.4 Transformation of E. coli cells by electroporation
Aliquots of electrocompetent cells were thawed on ice. Cells were
transferred to chilled 1 mm electroporation cuvettes (SLS) and 0.5-10 uL
DNA was added and mixed gently. This was electroporated at 1.75 kV,
25 uF, 200 Q and 1 mL LB was added to the cuvette. The cuvette was
incubated at 37°C, 200 rpm for 1 hour before plating on LB with appropriate

antibiotics for selection.

2.5 Generation of electrocompetent S. aureus cells
A 5 mL overnight culture of S. aureus was diluted 1 in 100 in 100 mL TSB
and incubated at 37°C, 200 rpm until the culture reached ODego 0.4-0.6. The
culture was pelleted by centrifugation in a centrifuge with a swing out rotor
at 4,000 x g for 10 min at room temperature. Cells were washed three times
in room temperature 10 % glycerol (v/v). Cells were suspended in 30 mL
10 % glycerol (v/v) and left to stand at room temperature for 30 min. Finally,
cells were suspended in 1 mL 10 % glycerol and stored at -80°C in 100 pL

aliquots if not used immediately.

2.6 Transformation of S. aureus cells by electroporation
Fresh electrocompetent cells were used where possible or frozen aliquots
were thawed on ice. 5-10 uL plasmid DNA was added to S. aureus
electrocompetent cells, gently mixed and left to incubate at room
temperature for 10 min. The mixture was then added to a 1 mm
electroporation cuvette (SLS) and electroporated at 1.75 kV, 25 uF, 200 Q.
1 mL brain heart infusion broth (BHI) was added immediately, and the total
volume transferred to a universal containing 2 mL fresh BHI medium. This

was incubated at 37°C, 200 rpm for 3 h before plating on BHI agar with
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antibiotics for selection. To make BHI, 37 g BHI powder as purchased was
added to 1 L distilled water and media was sterilised by autoclaving at 121°C

for 15 min.

2.7 Phage transduction
Bioluminescent reporter strains used in this study were generated using
phage transduction using phage ®11. agr mutant strains were generated
using phage RN6911 (160). This replaces the full agr operon with a

tetracycline resistance cassette.

2.7.1 Generation of phage lysate
Donor S. aureus strains were grown overnight at 37°C, 200 rpom in 5 mL LK
broth with suitable antibiotics. 0.25 mL overnight donor culture was added
to 2.5 mL phage buffer and 2.5 mL LK broth without antibiotics in a 100 mL
flask. Phage ®11 was added at volumes of O uL, 50 uL, 100 uL and 200 uL
and flasks were incubated at 37°C with intermittent swirling until the
solutions became clear (5-6 h to overnight). Phage lysate was collected by
filter sterilisation of the solutions using a 0.2 uM syringe filter. Lysates were

stored at 4°C. This process was repeated to increase phage titre.

LK broth
Tryptone 59
Yeast extract 25¢g
Potassium chloride 59

Components were dissolved in 500 mL Milli-Q purified water and autoclaved
at 121°C for 15 min.
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Phage buffer

MgSOs4 1 mM
CaCl 4 mM
Tris-Base (pH 7.8) 50 mM
NaCl 0.6 % (w/v)
Gelatin 0.01% (w/v)

Components were dissolved in Milli-Q purified water and autoclaved at
121°C for 15 min.

2.7.2 Transduction

The recipient S. aureus strain was grown overnight in 5 mL LK broth. 0.5 mL
of the overnight culture was added to 1.5 mL LK broth with 10 mM CaCl:
and volumes of phage lysate; 0 uL, 100 uL and 200 pL. Reactions were
incubated at 37°C statically for 25 min then at 37°C with shaking at 200 rpm
for 15 min. After incubation, 1 mL ice cold 20 mM sodium citrate was added,
and the reactions incubated on ice for 5 min. The reactions were then
centrifuged at 7,600 x g and cells resuspended in 1 mL 20 mM sodium
citrate. Cells were incubated on ice for 4-5 h and plated on TSA
supplemented with 20 mM sodium citrate and antibiotics for selection.

2.8 Detection of AIP-1 using bioreporter S. aureus ROJ143

A previously described protocol was used in this study to detect AlIP-1
production using an S. aureus ROJ143 reporter strain (153). Overnight
culture of ROJ143 was diluted 1/200 in BHI and 200 pL added to wells of a
flat, black, clear-bottomed 96 well plate (Greiner). Supernatant of test
cultures was separated from cells by centrifugation and 2 uL was added to
ROJ143 in the 96 well plate in triplicate. The ODesoo and relative light units
(RLU; integration time 4000 ms) were recorded every 15 min for 16 h in a
Tecan Infinite F200 microplate reader. The highest light output over the time
period for each experiment was plotted and is displayed in the results, this
was usually after incubation for between 3 and 4 h.
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2.9 GLuc and NanoLuc bioluminescence assays
2.9.1 Measuring agrP3 promoter activity using GLuc and NanoLuc
bioluminescence

A single colony of a test strain was cultured overnight at 37°C, 200 rpm in
5 mL TSB with antibiotics for selection. After overnight growth, supernatant
was separated from cells by centrifugation twice at 13,000 x g for 2 min and
the cell pellet was washed 3 times in TSB. 100 uL of each sample was
loaded into a black, flat, clear-bottomed 96 well plate (Greiner).
Bioluminescence (relative light units; RLU) was recorded after injection of
50 uL 20 uM coelenterazine (CTZ) substrate at 200 ulL/s using a 96 well
plate reader and injector (Infinite F200 Tecan). CTZ was injected into each
well and RLU read in turn. RLU was read with an integration time of 100 ms
after a wait time of 1 s. 3 technical repeats were recorded for each sample
and statistical analysis performed using an unpaired t-test with Welch'’s

correction.

2.9.2 Measuring agrP3 activity with respect to growth phase using
GLuc

When testing bioluminescence output from GLuc over time, a single colony
of the test strain was used to inoculate 50 mL TSB. This was incubated at
37°C, 200 rpm. A 1 mL sample and ODsoo reading was taken every hour for
12 h. The supernatant fraction was separated from cells by centrifugation
twice at 13,000 x g for 2 min. Supernatant fractions were stored at -20°C
prior to analysis. Freeze thawing has been shown to have no effect on the
stability of Gaussia luciferase (161). Samples were thawed at room
temperature and loaded into a flat, black, clear-bottomed 96 well plate and
RLU read using a Tecan Infinite F200 microplate reader as described

previously.
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2.9.3 Testing the effect of agr inhibitors and activators with agrP3-
GLuc and agrP3-NanoLuc strains

When testing bioluminescence output from GLuc and NanolLuc in the

presence of inhibitors and activators, a single colony of the test strain was

used to inoculate 5 mL TSB with test compounds at the desired

concentrations. Cultures were incubated at 37°C at 200 rpm overnight and

samples were taken after 16 h. RLU was recorded as described previously.

2.10 NanoBiT assays

2.10.1 NanoBiT strains

All test strains were constructed in S. aureus SH1000 by Dr. Ewan Murray.
Strains have AgrB1 with N- or C-terminal LargeBiT or SmallBiT integrated
on the chromosome at the attB2 site, and AgrB1 or AgrD1 with N- or C-
terminal LargeBiT or SmallBiT on plasmid pSK5360. AgrB and AgrD are
under the control of the agrP2 promoter, and the strain has a native agr
system. Strains constructed are outlined in Table 2-4.

Table 2-4. Split luciferase strains used for NanoBiT. Strains are all
S. aureus SH1000 with chromosomal integration as outlined and plasmid
pSK5630. We were unable to construct the C-terminal SmBIT fusion to
AgrD.

attB2 site on chromosome

Plasmid pSK5630

AgrBD strains

agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal SmBIT
agrP2-AgrB C terminal SmBIT
agrP2-AgrB C terminal SmBIT

agrP2-AgrD N terminal SmBIT
agrP2-AgrD C terminal LgBiT
agrP2 N terminal LgBiT
agrP2-AgrD N terminal LgBiT
agrP2 N terminal SmBIT
agrP2-AgrD N terminal LgBiT
agrP2-AgrD N terminal SmBIT
agrP2- N terminal LgBiT
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agrP2-AgrB C terminal SmBIiT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal SmBIT

agrP2-AgrD C terminal LgBiT
agrP2- N terminal LgBiT
agrP2-AgrD N terminal SmBIT
agrP2-AgrD N terminal LgBiT
agrP2- N terminal SmBIT
agrP2- N terminal LgBiT
agrP2-AgrD N terminal SmBIT
agrP2- N terminal SmBIT
agrP2-AgrD C terminal LgBiT
agrP2-AgrD N terminal LgBiT
N/A

AgrBB strains

agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB C terminal SmBIT
agrP2-AgrB C terminal SmBIT
agrP2-AgrB C terminal SmBIT
agrP2-AgrB C terminal SmBIT

agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal SmBIT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB C terminal SmBIT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB C terminal SmBIT
agrP2-AgrB N terminal LgBiT
agrP2-AgrB C terminal LgBiT
agrP2-AgrB N terminal SmBIT
agrP2-AgrB C terminal SmBIT
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2.10.2 Detection of NanoBiT bioluminescence using a Tecan Infinite
F200 microplate reader

Overnight cultures were grown in 5 mL TSB with antibiotics for selection.
After overnight growth 1 mL of each culture was washed twice in 1 mL TSB
before resuspension in 1 mL TSB. This was diluted 1/300 in 6 mL TSB and
grown at 37°C, 200 rpm for approximately 2.5 h until the culture reached
ODeoo 0.6-0.8. 100 uL culture was added to a white, flat bottomed 96 well
plate in triplicate and 25 uL 5 x NanoGilo live cell assay reagent (Promega)
was added. RLU was read with integration time 4000 ms on a Tecan Infinite
F200 microplate reader.

A 5 x stock of NanoGlo live cell assay reagent was made by diluting
NanoGlo live cell substrate in NanoGilo live cell buffer as per manufacturer’'s
instructions (Promega).

2.11 Protein induction from pCDFDuet-1
Induction of protein expression from pCDFDuet-1 was performed in E. coli
C41 (DE3). Plasmids were transformed into this strain for each induction.
Overnight cultures were grown in 5 mL terrific broth (TB) with 100 ug/mL
spectinomycin. A 1/200 dilution of overnight culture was created in 30 mL
TB and was incubated at 37°C with shaking at 200 rpm to mid-exponential
phage (ODsoo ~0.8). 500 uM IPTG was added, and cultures incubated with
shaking at 37°C for a further 3 h. Cells and supernatant were separated by

centrifugation. The cell pellet was stored at -80°C and supernatant at -20°C.

Terrific broth

Tryptone 12 g
Yeast extract 24 g
Glycerol 4 mL
dH20 To 900 mL
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10 x Terrific broth buffer solution

KH2PO4 213g
KoHPO4 12.54 g
dH20 To 100 mL

Broth and buffer were sterilised by autoclaving prior to use.

2.12 Membrane preparation
E. coli C41 (DE3) cell pellets were resuspended in cOmplete protease
inhibitor (Sigma-Aldrich) and lysed using an MP-FastPrep at 6.0 m/s for 30 s
for two cycles. Samples were centrifuged at 13,500 x g for 5 min to remove
lysis beads and transferred to ultracentrifuge tubes. Samples were
centrifuged at 100,000 x g for 1 h at 4°C to pellet the membrane fraction.
The cytosolic fraction was removed, and cell membrane fraction

resuspended in PBS. Samples were stored at -20°C.

2.13 NanoBRET assay using Tecan Infinite F200 microplate
reader

Test vectors were constructed using HiFi cloning and transformed by
electroporation into expression strain E. coli C41 (DE3) as described
previously (section 2.4). 10 mL cultures were grown for 2 hours at 37°C, and
protein expression induced with 500 uM IPTG. After induction, 0.5 mL of
culture was washed in PBS and resuspended in PBS with TMR-Direct
(Promega) ligand. This was incubated at room temperature for 30 min
before cells were washed twice in PBS and 100 uL added to wells of a clear
bottomed, 96 well black Tecan plate (Greiner). NanoGlo reagent was
prepared as per the manufacturer instructions (Promega) and 25 uL added
to each well. Dual bioluminescence was read with a blue filter reading RLU
between 400-475 nm and a green filter reading RLU between 500-600 nm.
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2.14 Preparing samples for visualisation of NanoBRET by
confocal laser scanning microscopy
pCDFDuet-1  agrB71-nanoluc  halotag-agrB1 was transformed by
electroporation into expression strain E. coli C41 (DE3) as described
previously (section 2.4). 10 mL cultures were grown in TB for 2 hours at
37°C, and protein expression induced with 500 uM IPTG. After induction
1 mL culture was washed in PBS and resuspended in PBS with TMR-Direct
(Promega) ligand. This was incubated at room temperature for 30 min.
Labelled cells were resuspended in soft top agar, pipetted onto a slide into
a well formed with a silicon mould and sealed with a cover slip. Cells were
imaged without addition of NanoGlo with excitation at 555 nm and emission
at 585 nm. 2 x NanoGlo substrate (Promega) was pipetted on top, and cells
imaged again with excitation at 350 nm and emission at 585 nm. 350 nm is
sufficiently out of the range of excitation for TMRDirect that this is
representative of no artificial excitation of the ligand.

2.14.1 Confocal laser scanning microscopy
Cells were mounted on slides in soft top agar, covered with a coverslip and
imaged using a Zeiss LSM 700 confocal laser scanning microscope
controlled by the ZEN 2009 software platform. The acquisition settings were
based on the fluorescence of the sample and were kept consistent across

each experiment.

2.15 Cell free AgrB assay
For the cell free AgrB assay, when using membrane preparations 30 mL
E. coli C41 (DE3) pCDFDuet-1 agrB1 was induced as described previously
and the cell pellet resuspended in 1 mL AgrB buffer. AgrB buffer consists of
20 mM Tris-HCI pH 7.4, 5 mM MgSOas. Lysis and membrane preparation
was continued as described in section 2.12. T7-AgrD (Peptide Synthetics)
stock solutions were made up in 10 % DMF at 0.2 mg/mL with 2 mM TCEP.
alfa-AgrD (Peptide Synthetics) stock was made up in DMSO with
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2 mM TCEP. Synthetic AgrD peptides were stored at -80°C. Amino acid

sequences of the peptides and are displayed below.

T7-AgrD1:

T7-AgrD2:

T7-AgrD3:

Alfa-AgrD1:

MNTLFNLFFDFITGILKNIGNIAAYSTCDFIMDEVEVPKELTQLHE
N-terminus AIP C-terminus

MNTLVNMFFDFIIKLAKAIGIVGGVNACSSLFDEPKVPAELTNLYDK
N-terminus AIP C-terminus

MKKLLNKVIELLVDFFNSIGYRAAYINCDFLLDEAEVPKELTQLHE
N-terminus AIP C-terminus

MNTLFNLFFDFITGILKNIGNIAAYSTCDFIM
N-terminus AIP

Dioleoyl phosphatidylglycerol (DOPG) was prepared by evaporation of

chloroform under nitrogen gas and resuspension in AgrB buffer to

10 mg/mL. DOPG was sonicated in a water bath for 30 min to create

liposomes.
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50 uL reactions were set up as follows. Components added depend on the

experiment performed.

Membrane prep or DOPG 5uL

5 mM DDM in AgrB buffer 5uL

Purified AgrB (20 uM) 5uL

T7-AgrD (20 uM) 5uL

Purified MroQ (20 uM) 5ulL

Protease inhibitors To required concentration
AgrB buffer Up to 50 uL

Reactions were incubated at 37°C for 2 h and the reaction then stopped by
addition of cOmplete protease inhibitor (Sigma-Aldrich) and heating to 70°C
for 10 min. Reactions were added to 2 x Novex Tris-Glycine SDS sample
buffer, heated to 55°C for 5 min and run on a 14 % Tris-Glycine gel

(ThermoFisher) as described below.

Reporter assays were set up to monitor AIP-1 production using S. aureus
ROJ143. This was performed as described previously with 10 uL reaction
added to 190 uL S. aureus ROJ143. Samples were given to Nigel Halliday
for analysis by liquid chromatography-mass spectrometry (LC-MS) to detect
AlP-1.

216 SDS-PAGE
SDS-PAGE was used to separate proteins by size. Samples were added to
loading buffer and heated to 55°C for 5 min before running alongside a Color
prestained protein standard, broad range (NEB) on a 15% acrylamide gel.

Gels were run at 200 V for 50 min in SDS running buffer.
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4 x Loading buffer

Tris HCI pH 6.8
SDS

Bromophenol blue
Glycerol
-mercaptoethanol

Stacking gel

0.5 M Tris HCI pH 6.8
10 % SDS

30 % acrylamide
Water

10 % APS

TEMED

15 % Separating gel

1.5 M Tris HCI pH 8.8
10 % SDS

30 % acrylamide
Water

10 % APS

TEMED

When using precast gels, samples were added to 2 x Novex Tris-Glycine
SDS sample buffer (ThermoFisher), heated to 55°C for 5 min and run
alongside a Color prestained protein standard, broad range (NEB). Samples

were run on Invitrogen Novex 14 % Tris-Glycine gels (ThermoFisher) at

250 mM

8 % (w/v)
0.2 % (w/v)
40 % (v/v)
20 % (v/v)

1.25 mL
50 uL
800 uL
3.475 mL
50 uL
7.5uL

2.5mL
100 puL
5mL
2.3 mL
100 puL
15 uL

200 V for 45 min in SDS running buffer.

SDS running buffer

Tris Base
Glycine
SDS
dH20

3049
144 g
109
To1lL
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For separating proteins of low molecular weight, 16 % Tricine gels
(ThermoFisher) were used. Samples were added to 2 x Novex Tricine SDS
sample buffer (ThermoFisher), heated to 55°C for 5 min and run alongside
a spectra multicolor low range protein ladder (ThermoFisher). Gels were run

at 125 V for 1 hour in Novex Tricine SDS running buffer (ThermoFisher).

SDS-PAGE gels were stained with Coomassie blue stain for 45 min with
gentle agitation at room temperature and de-stained with Coomassie blue
de-stain for 2 h with gentle agitation at room temperature or until the bands

were visible.

Coomassie blue stain

Coomassie 1.2g/L
Methanol 50 %
Acetic acid 10 %

Coomassie blue de-stain

Methanol 25 %
Acetic acid 10 %

217 Western blot
SDS-PAGE gels were transferred to 0.2 uM polyvinylidene fluoride (PVDF)

membrane overnight at 26 V, 4°C in transfer buffer.

10 x Membrane transfer buffer

Tris Base 309
Glycine 144 g
dH20 To1L

10 x TBS buffer

Tris HCI pH 7.6 500 mM
NaCl 1.5M
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To detect AgrD linked to an S-tag, PVDF membrane was blocked overnight
at 4°C in 3 % bovine serum albumin (BSA; Sigma-Aldrich) in 25 mL TBST
(1 x TBS buffer with 0.1% Tween20) with gentle agitation. S-tag antibody
(Sigma-Aldrich) was used at a 1:5,000 dilution and incubated with PVDF
membrane for 1 hour at room temperature with gentle agitation. The
membrane was washed 4 times for 5 min each in TBST with gentle agitation.
Secondary antibody was anti-mouse 1IgG HRP secondary antibody (Sigma-
Aldrich). This was used at a 1:10,000 dilution and incubated with membrane

for 45 min at room temperature with gentle agitation.

To detect AgrB, PVDF membrane was blocked overnight at 4°C in 3 % BSA
in 25 mL TBST with gentle agitation. Primary nanobody used was 2ABE10,
a nanobody raised in a llama against AgrB. 2ABE10 was cloned and
expressed in E. coli and purified by Dr. Philip Bardelang. This was used at
a 1:1,000 dilution and incubated with membrane for 1 hour at room
temperature with gentle agitation. The membrane was washed 4 times for
5 min each in TBST with gentle agitation. Secondary antibody was HA-tag
monoclonal antibody, HRP conjugated (Stratech Scientific). This was used
at a 1:10,000 dilution and was incubated with membrane for 45 min at room

temperature with gentle agitation.

To detect the T7 tag, the PVDF membrane was blocked overnight at 4°C in
5 % non-fat dry milk (AppliChem) in 25 mL TBST with gentle agitation. The
membrane was incubated with T7 tag antibody HRP conjugate (Sigma-
Aldrich) at a 1:10,000 dilution for 1.5 h at room temperature with gentle

agitation.

To detect NanoLuc, the PVDF membrane was blocked overnight at 4°C in
BSA in 25 mL TBST with gentle agitation. The membrane was incubated
with anti-NanoLuc monoclonal antibody (Promega) at a 1 in 1,000 dilution.
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Membrane was washed 4 times for 5 min each in TBST with gentle agitation.
Secondary antibody was anti-mouse 1IgG HRP secondary antibody (Sigma-
Aldrich). This was used at a 1:10,000 dilution and was incubated with

membrane for 45 min at room temperature with gentle agitation.

After incubation with antibodies, all blots were washed 6 times for 5 min
each in TBST at room temperature with gentle agitation. Protein bands were
detected using Amersham ECL western blotting detection reagent (SLS)
and Amersham hyperfilm ECL (SLS).

2.18 Purification of recombinant AgrB
AgrB was induced from E. coli C41 (DE3) pCold His10-agrB1. 3 mL
overnight culture in TB was added to 500 mL TB in two 1 L flasks, giving a
total of 1 L culture. This was grown at 37°C 200 rpm to ODego 0.7-0.8 and
500 uM IPTG was added for induction of protein expression. Protein
expression was induced at 20°C 180 rpm overnight. Cells were separated
from supernatant by centrifugation at 3,000 x g for 15 min at 8°C and washed

in cold PBS before resuspension in Tris buffer and storage at -80°C.

The cell pellet was thawed on ice and cells were lysed by sonication on ice
at 15 amps for 6 min total. After lysis, samples were spun at 10,000 x g for
10 min at 8°C to remove unlysed cells. The supernatant was collected and
centrifuged at 200,000 x g for 1 hour at 4°C. Pellets were resuspended in
extraction buffer and incubated at 30°C 200 rpm for 3 h. The sample was
then centrifuged at 100,000 x g for 25 mins at 10°C.

Talon cobalt IMAC columns (GE Healthcare) were prepared with 1.5 mL
slurry in each of 3 columns. Columns were washed with 20 mM MES pH
5.0, 3 nM NaCl then de-ionized water then extraction buffer without DDM to

equalise the salt concentration in the sample and the column. Samples from
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the ultracentrifuge were split between the 3 columns. Columns were washed

with 10 mL wash buffer and protein eluted with 2 mL elution buffer.

Samples were spin concentrated with a Vivaspin 6, 30,000 MwCO spun at
7,800 x g for 15 min at 15°C until the volume was reduced to <5 mL. For
desalting, PD-10 prepacked columns (GE Healthcare) were used. Column
was run through with desalting buffer before addition of sample and
additional run through with desalting buffer. Elutions were collected and
concentration tested on a NanoDrop spectrophotometer. Concentrations
were calculated using A = ecl with £ for AgrB1 18910 M-'cm™. Aliquots of

AgrB1 were stored at -80°C prior to use.

Tris buffer
Tris-HCI pH 7.5 20 mM
Glycerol 10%
Mg?* 5 mM

Extraction buffer

DDM 2%
Sodium phosphate buffer pH 7.4 20 mM
NaCl 100 mM

Wash buffer

DDM 0.4 %
BME 4 mM
NaCl 100 mM

Sodium phosphate buffer pH 7.1 20 mM

Elution buffer

DDM 0.4 %
TCEP 1 mM
NaCl 100 mM
Sodium phosphate buffer pH 7.1 20 mM
Imidazole 0.6 M
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Desalting buffer

DDM 0.4 %
KHPO4 pH 7.4 20 mM
NaCl 100 mM
EDTA 0.5mM

219 MBP-MroQ purification and size exclusion
chromatography

MBP-MroQ was purified as described previously (69). MBP-MroQ was
induced from E. coli C41 (DE3) pCold malE-mroQ. 250 mL culture was
grown, induced, washed, and the cell pellet stored at -80°C in Tris buffer as
described in section 2.18. The cell pellet was resuspended in 40 mL lysis
buffer with 10 uL Benzonase (Sigma Aldrich) to break down DNA. Cell pellet
was lysed using a French press at 800 psi, 1000 psi and 1200 psi (x3). The
samples were centrifuged to remove cell debris and supernatants
transferred to ultracentrifuge tubes before centrifuging at 200,000 x g for2 h
at 4°C to pellet the bacterial membrane fraction. Membrane pellets were
resuspended in extraction buffer with 20 mg PMSF before incubation rolling

at 4°C overnight.

HisPur Ni-NTA Resin (ThermoFisher) was washed sequentially in ethanol,
water and extraction buffer. Samples were centrifuged at 100,000 x g for
30 min and the solubilised fraction was added to washed resin and
incubated rolling at 4°C for 2 h. Resin and sample was added to a column

and flow through collected before washing twice and elution.

Lysis buffer

NaCl 50 mM
PMSF 1 mM
Tris HCI pH 7.5 20 mM

87



Extraction buffer

Tris HCI pH 7.5 20 mM
NaCl 100 mM
TCEP 2mM
Foscholine 12 2%

Wash buffer 1

Tris HCI pH 7.5 20 mM
NaCl 500 mM
TCEP 1mM
Foscholine 14 0.05 %
Imidazole 20 mM

Wash buffer 2

Tris HCI pH 7.5 20 mM
NaCl 100 mM
TCEP 1 mM
Foscholine 14 0.05 %
Imidazole 30 mM

Elution buffer

Tris HCI pH 7.5 20 mM
NaCl 100 mM
TCEP 1 mM
Foscholine 14 0.05 %
Imidazole 300 mM

Purified MBP-MroQ in elution buffer was spin concentrated with a Vivaspin
6 30,000 MwCO to reduce volume to <1.5 mL for size exclusion
chromatography (SEC). The AKTApure was washed with degassed SEC
buffer and sample was run through a HiLoad 16/600 SuperDex 200 pg SEC
column (GE Healthcare). 2 mL fractions were collected, and concentration

quantified using a NanoDrop spectrophotometer. Concentrations were
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calculated as for AgrB1 with ¢ for MBP-MroQ 97750 M-'cm'. Aliquots of
MBP-MroQ were stored at -80°C.

SEC buffer
Tris HCI pH 7.5 20 mM
NaCl 100 mM
TCEP 50 mM
Foscholine 14 0.05 %
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3. Developing bioluminescent reporters for
monitoring agrP3 expression in

Staphylococcus aureus

3.1 Introduction

The agr quorum sensing system is an interesting potential antivirulence
target. There is increasing evidence to suggest that blocking S. aureus
virulence gene expression attenuates infection in certain experimental
animal infection models (107, 109). Attenuating virulence early in infection
could allow the host immune system to respond and clear the pathogen
without the need for exposure to conventional antibiotics (47). Virulence
inhibitors could also be used as adjuvants with existing antibiotics or with
therapies which boost the immune response (105, 110).

To aid the development of agr inhibitors it is important to know exactly when
and where staphylococcal agris expressed in the infection site. This will give
insights into whether inhibitors will be used against established infections or
as prophylactics to prevent infection. To investigate temporal agr expression
and agr inhibition it is important to develop methods for real time monitoring
of agr expression which can be used in vivo (23). This can be performed
using bioluminescent reporters linked to the P3 promoter of the agr system
(116).

Previously, agr reporters have been developed with bacterial luciferase from
Photorhabdus luminescens encoded by the [uxABCDE operon
transcriptionally fused to the agrP3 promoter (109, 162). This is a useful
reporter for measuring temporal agr activation in vitro and in vivo and for
assessing agr inhibition (107, 109). This does have some limitations
however, for example the requirement for ATP and FMNH2 for

bioluminescence imposes a metabolic burden on the cell. Additionally, when
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screening inhibitors, some of these may have off target effects inhibiting
bioluminescence from the lux operon (163). Therefore, it is useful to develop
novel reporters which can be used in tandem or in the place of the bacterial

luciferase to screen for agr QS inhibitors.

Bacterial luciferase is also restricted to intracellular use due to the
dependence on ATP and FMNH2. Research has shown that the use of
secreted luciferases for in vivo work can be advantageous. Secreted
luciferases can be detected in the blood or urine of murine models enabling
real time monitoring of in vivo processes without the need to euthanise
cohorts of animals (132, 147). This will result in the use of fewer animals
and, as samples can be taken from a tail vein or from urine, fewer
anaesthetic events for each animal. This will lead to a reduction in costs and

will enable monitoring of agr activation and inhibition in real time.

Novel luciferases, including GLuc and NanoLuc have been shown to be
useful as secreted reporters in in vivo studies. These have a number of
advantages over bacterial luciferases including smaller size and higher light
output. This allows high sensitivity with lower metabolic burden on the cell
due to the lack of dependence on ATP and FMNH2 for bioluminescence
(146, 148). The use of GLuc and NanoLuc should also avoid false positive
results observed with bacterial luciferases when screening for QS inhibitors
and so offer an alternative screen for inhibitors in vitro and in vivo. Both of
these reporters have been shown to be effective previously but their use in
S. aureus has not been demonstrated.

3.2 Aims

The aim of this chapter was to evaluate the use of novel luciferases GLuc
and NanolLuc as reporters in S. aureus for monitoring activation and
inhibition of the agr quorum sensing system. GLuc and NanoLuc will be
placed under the control of the agrP3 promoter to detect agr activation in
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real time. Their potential will also be assessed as secreted reporters which
are useful as bioluminescence can be detected from the serum of in vivo
models enabling real time ex vivo monitoring of in vivo processes (147). The

agr system controlling Gaussia luciferase activation and secretion is outlined

in Figure 3-1.
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Figure 3-1. Outline of the staphylococcal agr system and the agrP3-
GLuc reporter. The agr system is presented as outlined previously. agrP3-
GLuc is incorporated on the chromosome at the attB2 site. Activation of
AgrA by AIP binding to AgrC will lead to upregulation of GLuc via agrP3.
GLuc is secreted via the Sec pathway and on addition of CTZ, light is

produced.

3.3 Comparison of growth between S. aureus USA300 and
S. aureus USA300 agrP3-GLuc

Strains were constructed previously by Dr. Carmen Tong with Gaussia

luciferase (GLuc) encoded chromosomally under the control of the agrP3

promoter in a S. aureus USA300 JE2 background (152). S. aureus USA300
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belongs to agr group | and was chosen as the model strain as this is a highly
virulent clinical strain with a hyperactive agr system which has been studied
extensively in the lab (25). To demonstrate that the incorporation of GLuc
into the chromosome did not affect the growth of S. aureus USA300, growth
was compared in the wild type and the agrP3-GLuc strain over 15 h.
Overnight culture was diluted 1/200 and grown in a Tecan plate reader at
37°C with ODeoo read every 15 min for 15 h. As shown in Figure 3-2, there
was no growth attenuation in S. aureus USA300 with incorporation of agrP3-

GLuc on the chromosome compared to the wild type.
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Figure 3-2. Comparison of growth of S. aureus USA300 and USA300
agrP3-GLuc. Data represents ODsoo recorded every 15 min for 15 h. Data
are representative of three technical repeats recorded for each sample with

error bars displaying standard deviation.

3.4 Detecting GLuc expression in cells compared with
supernatant fractions

When constructing the reporter strain, a staphylococcal Protein A (SpA)

leader was engineered upstream of GLuc, after the agrP3 promoter, to direct

the translated protein to the Sec pathway for secretion. To demonstrate that

GLuc was being secreted, the cell pellet and supernatant fractions of

overnight cultures were separated and the bioluminescence from each
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fraction tested. The bioluminescence in the supernatant representing the
secreted luciferase and the bioluminescence in the cell pellet representing
the intracellular luciferase. As shown in Figure 3-3, the level of
bioluminescence in the supernatant fraction was more than 1,000 times
higher than in the cell pellet demonstrating effective secretion of the

luciferase.

S. aureus USA300 Aagr agrP3-GLuc was also constructed. This has agrP3-
GLuc inserted on the chromosome however the agr system has been
knocked out. The Aagr strain was made by phage transduction with
previously prepared Aagr ®11 phage lysate (152). As shown in Figure 3-3,
a low level of bioluminescence was observed compared to the strain with a
WT background. This is considered the background level of

bioluminescence as the strain has no active agr system.

Supernatant Cell pellet

5x107 3%10%

4x107
3 g 2x10%+ Bl USA300 agrP3-GL
o 3%107 S agrP3-GLuc
o o Bl USA300 Aagr agrP3-GLuc
3 2x107- 3 .
14 o 1x10%—

1%107

0- 0-

Figure 3-3. The difference in bioluminescence in the supernatant and
cell pellet of S. aureus USA300 agrP3-GLuc and USA300 Aagr agrP3-
GLuc. After overnight growth the cells were separated from the supernatant
by centrifugation and washed in PBS. This graph represents
bioluminescence output (as relative light units: RLU) divided by population
density (ODsoo) after growth for 16 h. Data represent 3 technical repeats.
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3.5 GLuc bioluminescence correlates with growth phase
consistent with agr induction

In Staphylococci, agr-dependent QS is activated at high cell population
densities when the concentration of signalling molecule AIP reaches a
threshold concentration. This occurs in the late-exponential stage of growth
in vitro (49). When AIP reaches the threshold concentration, signal
transduction occurs through AgrC and AgrA leading to activation of agrP2
and agrP3 promoters therefore GLuc expression should be activated. To
determine the profile of GLuc bioluminescence with respect to growth
phase, bioluminescence and ODeoo were quantified over 12 h using
S. aureus USA300 agrP3-GLuc.

As shown in Figure 3-4, light output was low for the first 5 h of growth as the
cells were in early exponential phase. From 5-7 h the level of
bioluminescence increased from ~4.83 x 10° to ~8.74 x 10° RLU/ODsqo as
the cells reached late exponential and early stationary phases of growth.
The increase in bioluminescence reached a plateau after 10 h at
~2.7 x 107 RLU/ODe0o, this was representative of agr induction in real time.
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Figure 3-4. ODeoo and relative bioluminescence from S. aureus USA300
agrP3 GLuc over 12 h. (a) ODgoo (b) RLU recorded every hour for 12 h after
inoculation of a single colony of S. aureus USA300 agrP3 GLuc into 50 mL
TSB. Data are representative of three technical repeats recorded for each
sample and error bars displaying standard deviation. The experiment was
performed in biological triplicate.

3.6 Activation of agrP3-GLuc bioluminescence with synthetic
AlP-1
To demonstrate that the S. aureus USA300 GLuc reporter responds to agr
activation, agrA and agrC, which make up the two-component signal
transduction system, were used to complement S. aureus USA300 Aagr
agrP3-GLuc on plasmid pSKermP2-agrAC (153). AgrA and AgrC are under
the control of the agrP2 promoter. Complementation of AgrA and AgrC
enables the strain to respond to exogenous AIP-1 via signal transduction
though AgrC and AgrA which leads to agrP3 activation. Therefore, on
addition of exogenous AIP-1, agrP3-GLuc will be activated leading to
production of bioluminescence. Due to the lack of AgrB and AgrD the

complemented Aagr strain will not create its own AlP-1.

100 nM synthetic AIP-1 or 0.01% DMSO was added to overnight cultures of
S. aureus USA300 Aagr agrP3-GLuc pSKermP2-agrAC and S. aureus
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USA300 Aagr agrP3-GLuc without the complementation plasmid.
Bioluminescence and ODeoo were quantified after overnight growth.

*

%
5x107
4x107 - Bl USA300 Aagr+ 0.01% DMSO
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Figure 3-5. The impact of addition of exogenous AIP-1 on
bioluminescence produced by S. aureus USA300 Aagr agrP3-GLuc
pSKermP2-agrAC. The data represent three technical repeats and three
biological repeats for each sample with error bars displaying standard
deviation. *p<0.0001.

As shown in Figure 3-5, after incubation with 100 nM AIP-1, the level of
bioluminescence in the Aagr strain was ~6.78 x 10% RLU/ODeoo, this is
similar to background levels observed after overnight incubation (Figure
3-3). This demonstrates that AIP-1 cannot activate the agr system in the
knockout strain. With complementation of AgrA and AgrC, the DMSO control
shows bioluminescence of ~1.4 x 107 RLU/ODeoo and with addition of
100 nM AIP-1 this increases to ~4.19 x 107 RLU/ODso. This is a significant
increase showing that the strain is able to respond to exogenous AlP-1,
activating agrP3-Gluc. This validates that GLuc is under the control of the

agr-P3 promoter.

3.7 Inhibition of agrP3-GLuc bioluminescence using
competitive AgrC antagonist AIP-95

To demonstrate further that GLuc expression is under the control of the

agrP3 promoter, the strains were tested with AIP-95, a competitive
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antagonist of the agr system. AIP-95 is a competitive analogue of AlIP-1
which inhibits AlP-1 binding to AgrC1 and therefore prevents activation of
the system. 0.01% DMSO was added as a solvent control.
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Figure 3-6. Impact of 100 nM AIP-95 on relative bioluminescence
output from S. aureus USA300 agrP3-GLuc. The data represent three
technical repeats and three biological repeats for each sample with error
bars displaying standard deviation. **p<0.01.

As shown in Figure 3-6, for S. aureus USA300 agrP3-GLuc, relative
bioluminescence was high after overnight growth in the presence of DMSO
(~3.98 x 107 RLU/ODsoo) but was reduced ~10 fold to the level of the agr
knockout strains after overnight growth in the presence of AIP-95
(~4.65 x 108 RLU/ODeoo). This indicates that the bioluminescence recorded
in the presence of AIP-95 represents background bioluminescence and no
activation of the agrP3 promoter is detected. This shows that GLuc
bioluminescence can be inhibited using an antagonist of the agr quorum
sensing system confirming that it is under the control of agrP3.

3.8 Growth in the presence of inhibitors and activators

To ensure that the inhibitor and activator were not affecting growth of
S. aureus USA300 agrP3-GLuc, growth was monitored over 7 h in the
presence of these compounds. A single colony was added to 10 mL TSB
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and incubated for 7 h with ODeoo recorded every hour. As shown in Figure
3-7, growth was not attenuated after addition of either of the test

compounds.
10—
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Figure 3-7. Growth of S. aureus USA300 agrP3-GLuc in the presence
of AIP-1 and AIP-96. ODeoo was recorded every hour for 7 h. Data shown
are from one experiment and is representative of duplicate biological
repeats.

3.9 Inhibition of S. aureus USA300 agrP3-GLuc
bioluminescence using inhibitors of other components of
the agr system

It has been demonstrated that S. aureus USA300 agrP3-GLuc produces

bioluminescence in response to agr activation and that this bioluminescence

can be inhibited with competitive AgrC antagonist AIP-95. Inhibitors have
been developed against many different protein targets within the agr system
as displayed in Figure 1-3. Therefore, to verify whether this reporter can be
used to report inhibition of different proteins within the agr system, other
inhibitors were tested. These were, ambuic acid, a signal biosynthesis
inhibitor which targets AgrB and apicidin, an AgrA inhibitor (107, 108).
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Ambuic acid and apicidin have both been shown to inhibit agr using an
agrP3-lux reporter and have been shown to reduce lesion size in mouse
models of infection (107, 108). To verify that the agrP3-GLuc reporter can
be used to screen for inhibitors of different proteins within the agr system,
these compounds were tested in overnight culture with S. aureus USA300
agrP3-GLuc.

Addition of ambuic acid at 40 uM significantly reduced bioluminescence, by
almost 4-fold, compared with the DMSO control. Apicidin was tested at a
range of concentrations and was shown to reduce bioluminescence at
concentrations over 20 uM. This reduction, although statistically significant,
is not close to the background level and indicates only partial inhibition of
agr at high concentrations of the compound. Together this demonstrates
that this reporter can be used to screen for agr inhibitors which target

different agr proteins.
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Figure 3-8. Impact of the addition of ambuic acid and apicidin on
bioluminescence output from S. aureus USA300 agrP3-GLuc. The data
represents three technical repeats with error bars showing standard
deviation. The assay testing ambuic acid was performed in biological
triplicate. *p<0.05.
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3.10 Construction of S. aureus agrP3-NanoLuc reporters

Here it has been demonstrated that an S. aureus agrP3-GLuc reporter is
useful for monitoring agr activity in vitro (163). NanoLuciferase (NanoLuc) is
another novel luciferase which has a number of advantages over GLuc. ltis
a smaller protein and is brighter with glow-type bioluminescence. Its use has
also been validated in in vivo studies (147). Due to this, strains were
constructed with NanoLuc under the control of the agrP3 promoter to test
whether this can be used as an improved reporter for agr activation in

S. aureus.

An oligonucleotide was purchased from Eurofins consisting of the agrP3
promoter, an SpA leader to direct NanoLuc to the sec pathway for secretion
in S. aureus, the NanoLuc sequence and a transcriptional terminator
sequence (Figure 3-9). The DNA sequence of this is shown in the methods
in section 2.2.2. This was cloned into plasmid pLL102, a vector with an attP2
site which integrates specifically into an engineered attB2 site in the
chromosome of an S. aureus RN4220 strain (154). Phage transduction was
performed to move the sequence into the chromosome of S. aureus
USA300 JE2. Phage transduction was also performed using phage RN6911
to obtain an agr knockout strain to use as a control. This uses allelic
replacement to replace the full agr operon with a tetracycline resistance

cassette giving a Aagr strain (160).

Start (0) End (1075)

2501 5007 7501 1000"

agrP3 promoter SpA leader Nluc >

mB T1 ter;ninator

1]

agrP3 -35 +1 transcription start site
agrP3 -10

Figure 3-9. Schematic of the agrP3-SpA-NanoLuc oligonucleotide
purchased from Eurofins. The agrP3 promoter is located upstream of an
SpA leader to direct NanoLuc for secretion in S. aureus and the NanoLuc
sequence. This is followed by a ribosomal terminator sequence.
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To confirm the agr knockout, AIP production was assayed from S. aureus
USA300 JE2 Aagr agrP3-NanoLuc using S. aureus ROJ143 (164).
S. aureus ROJ143 is derived from a S. aureus RN4220 Aagr background
with a chromosomally encoded agrP3-/ux reporter and plasmid pSKermP2
encoding agrC1 and agrA1. This can respond to exogenous AIP-1
producing light but does not make AIP-1 itself (153). Supernatant fractions
from overnight cultures of test strains were added to S. aureus ROJ143 in a

96 well plate and grown at 37°C.

As shown in Figure 3-10, after 3.5 h of growth, the light output from S. aureus
ROJ143 with supernatant from S. aureus USA300 JE2 agrP3-NanoLuc was
comparable with that of supernatant from the wild type strain. This
demonstrates that expression of NanoLuc has no effect on the ability of the
strain to make AIP. No bioluminescence was recorded from the Aagr strain

demonstrating no AIP is made indicating a successful knockout of the agr

QS system.
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Figure 3-10. Bioluminescence produced by S. aureus ROJ143 after
growth for 3.5 h with supernatants from overnight cultures of test
strains. The data represent the mean with error bars displaying standard
deviation of three biological repeats.
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3.11 Reduction in bioluminescence after addition of substrate
from GLuc compared to NanoLuc

One reason NanoLuc was chosen as an alternative to GLuc is because
GLuc is a flash luciferase with the signal dropping off rapidly over 1 min after
addition of the coelenterazine (CTZ) substrate (139). This means that the
signal has to be captured with a luminometer with a built-in injector. NanoLuc
is a glow type luciferase which makes it easier to work with (148). To quantify
the differences in bioluminescence output from the different luciferases,
bioluminescence from S. aureus USA300 SpA agrP3-NanoLuc and
S. aureus USA300 SpA agrP3-GLuc was measured every 60 s for 10 min
after addition of substrate. The NanoLuc strain was tested with both
NanoGlo, the substrate for NanoLuc which is an analogue of CTZ with which
the bioluminescence half-life should exceed 2 h, and CTZ.

As shown in Figure 3-11, bioluminescence output from NanolLuc with
NanoGlo substrate was almost 600 times lower than from NanoLuc or GLuc
with CTZ. However, the bioluminescence over 10 min was more stable with
the NanoGlo substrate indicating an improved signal half-life. The signal
from GLuc with CTZ substrate decreased rapidly, falling by almost 50% from
~7.3 x 108 RLU to ~3.9 x 108 in 60 s. The reduction in signal from NanoLuc
with CTZ was less pronounced. This demonstrated that the half-life of
bioluminescence from NanoLuc was extended over that of GLuc with both
CTZ and NanoGlo substrates.
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Figure 3-11. Reduction in bioluminescence over 10 min from GLuc and
NanoLuc after addition of CTZ of NanoGlo as substrate. The data
represent the mean with error bars displaying standard deviation of three
technical repeats.

The low level of bioluminescence from NanoLuc with NanoGlo substrate
was unexpected. NanoGlo is the optimised furimazine substrate for
NanoLuc sold by Promega therefore would be expected to produce higher
bioluminescence with NanoLuc than CTZ. Additionally, NanoLuc would be
expected to be at least as bright as GLuc. The concentration of CTZ added
to GLuc was optimised by Dr Carmen Tong (PhD thesis, University of
Nottingham) to give the highest light output whereas NanoGlo was added
as per the manufacturer’'s recommendations (152). It may be that the CTZ
is in excess, saturating the enzyme whereas there may be a deficit of
NanoGlo, not enabling the luciferase to saturate resulting in lower
bioluminescence. Increasing the concentration of NanoGlo could increase
the bioluminescence output from NanoLuc. Additionally, the NanoGlo
reagent may have degraded. Promega state that the NanoGlo luciferase
buffer can be freeze thawed at least 10 times without change in
performance. However, the reagent was used by multiple lab users meaning
that it may have been through many more freeze thaw cycles, which could
have degraded components in the buffer leading to reduced light output from
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NanoLuc. To test this, a new NanoGlo substrate and buffer should be used.
This was not performed here due to cost and time constraints.

3.12 Inhibition of agrP3-NanoLuc bioluminescence using
competitive AgrC antagonists

As described previously in section 3.7 with agrP3-GLuc, to demonstrate that
NanoLuc expression was under the control of the agrP3 promoter, the
strains were grown in the presence of two competitive AgrC inhibitors, AlP-
95 and (Ala®)AIP-1 (66). These are both cross group AgrC inhibitors and are
analogues of AIP-1. Bioluminescence signal and ODeoo were recorded after
overnight incubation with the inhibitors.
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Figure 3-12. Impact of the addition of competitive agr inhibitors
(Ala®)AIP-1 and AIP-95 on bioluminescence output from S. aureus
USA300 agrP3-NanoLuc. Data represent the bioluminescence output after
overnight growth of test strain with inhibitors. RLU was read after injection
of 50 uL 20 uM CTZ. Data represent the mean with error bars showing

standard deviation of three biological repeats. *p<0.0001.

As shown in Figure 3-12, after incubation with either inhibitor, there was a
significant decrease in bioluminescence. This demonstrates that

bioluminescence from these strains can be inhibited with addition of
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competitive AgrC inhibitors showing that bioluminescence correlates with

agr activation.

3.13 Detecting NanoLuc expression in cells compared with cell
free supernatants

When constructing the reporter, an SpA leader was generated upstream of
NanoLuc to direct the translated protein to the Sec pathway for secretion as
for the GLuc reporter. To check the level of secretion of NanoLuc,
bioluminescence was tested after overnight growth in both the cells and
supernatant fractions. As shown in Figure 3-13, the level of bioluminescence
in the supernatant was significantly lower than in the cell pellet. This
indicates that NanoLuc was not being efficiently secreted via Sec.
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Figure 3-13. Comparison of bioluminescence output from supernatant
and cell pellet of S. aureus USA300 agrP3-NanoLuc. After overnight
growth ODsoo was recorded and cells separated from supernatant by
centrifugation. Cells were washed in PBS before bioluminescence was
recorded. Bioluminescence was quantified after injection of 50 uL 20 uM
CTZ. Data represents the mean with error bars displaying standard

deviation of three biological repeats. *p<0.0001.
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3.14 Improvement of NanoLuc secretion

It was hypothesised that changing the leader signal peptide could improve
the efficiency of secretion. It has been reported previously that the use of
different signal peptides can result in different levels of secretion of the same
protein. It therefore can be important to find signal peptides which are
optimal for each protein to be secreted (165, 166). In S. aureus, surface
proteins are sent to two distinct destinations in the bacterial envelope.
Proteins which have a YSIRK/GS motif in the N-terminal signal peptide such
as SpA are distributed in a ring around the cell. Proteins with no YSIRK/GS
in the signal peptide are directed to discrete assembly sites (167, 168). The
SpA signal sequence does contain a YSIRK motif therefore signal peptides
without this may improve secretion. The predicted likelihood of NanoLuc
secretion via the Sec pathway with a variety of signal peptides was
determined using SignalP (169). SignalP analyses the amino acid sequence
input and uses this to predict the likelihood of secretion in the category
chosen, here via the Sec pathway in Gram-positive bacteria (170). The
predicted likelihood of secretion via Sec with the SpA leader was 0.7999.
The best predicted signal peptides were chosen to be tested experimentally,
these were; CIfA (0.9193), SasD (0.9819) and IsdC (0.9726). CIfA does
contain a YSIRK motif whereas SasD and IsdC do not (167).

These signal peptides were amplified by PCR and inserted in the place of
SpA in the vector pMK-RQ. These sequences were cloned into integration
vector pLL102 using HiFi cloning and integrated into S. aureus RN4220.
Phage transduction was again performed to incorporate the agrP3-signal
peptide-NanoLuc sequence into the chromosome of S. aureus USA300
JE2.

Strains were grown overnight and the ODeoo noted. The bioluminescence
was recorded from cells and supernatant fraction after injection of 50 pL

20 uM CTZ and the percentage secretion of the luciferase was calculated
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as shown in Table 3-1. The SasD leader was shown to direct the highest
level of secretion with 60% NanoLuc signal secreted, however this is still far
lower than the secretion observed for GLuc where 99% signal was detected

in the culture supernatant.

Table 3-1. Percentage bioluminescence from supernatant and cell
pellet of S. aureus USA300 agrP3-signal peptide-NanoLuc strains after

overnight growth.

Signal Percentage bioluminescence

peptide Supernatant Pellet
SpA 24.42 75.58
CIfA 35.23 64.77
SasD 60.48 39.52
IsdC 24.81 75.19

3.15 NanolLuc codon optimisation

To attempt to improve expression and secretion of NanoLuc further, a
S. aureus codon optimised version of the gene was used. This was cloned
as described previously and inserted into the chromosome of S. aureus
USA300 JE2 by phage transduction. As shown in Figure 3-14,
bioluminescence was improved for all constructs with the codon optimised

version of NanoLuc compared with the generic sequence.
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Figure 3-14. Comparison of bioluminescence from agrP3-NanoLuc
strains with and without codon optimisation. Bioluminescence after
overnight growth of S. aureus USA300 agrP3-NanoLuc with different signal
peptide leaders. Bioluminescence was read after injection of 50 uL 20 uM
CTZ. Data represents the mean with error bars displaying standard
deviation of three technical repeats. *p<0.05.

To determine whether codon optimisation of NanoLuc allowed improved
secretion from S. aureus USA300, bioluminescence from the cell pellet and
supernatant was determined as previously after overnight growth. As shown
in Table 3-2, the percentage bioluminescence was higher in the supernatant
with signal peptides CIfA, SasD and IsdC indicating that more than 50% of
the luciferase is being secreted. This is an improvement from the previous

construct.

Table 3-2. Percentage bioluminescence from supernatant and cell
pellet of S. aureus USA300 agrP3-signal peptide-NanoLuc strains with
codon optimisation after overnight growth.

Signal % Bioluminescence
peptide Supernatant Cell pellet
SpA 49.27 50.73
CIfA 57.20 42.80
SasD 73.15 26.85
IsdC 67.55 32.45
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As previously, the SasD signal peptide leader allowed the best secretion of
NanoLuc as predicted by SigP. There is also the highest overall
bioluminescence with this leader peptide (Figure 3-14). This construct was
tested with agr competitive inhibitors AIP-95 and Ala>(AIP-1) to determine
whether the signal could be inhibited by agr antagonists. As shown in Figure
3-15, bioluminescence from S. aureus USA300 agrP3-SasD-NanolLuc
decreased on addition of agr inhibitors. This shows that NanoLuc signal can
be inhibited using agr QS antagonists and demonstrated that it is under the

control of the agrP3 promoter.
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Figure 3-15. Impact of 100 nM AIP-95 and Ala’(AIP-1) on
bioluminescence output from S. aureus USA300 agrP3-SasD-
NanoLuc. The data represent three technical repeats and three biological
repeats for each sample with error bars displaying standard deviation.
*p<0.01.

3.16 Discussion and conclusions

Antibiotic resistance in S. aureus is an increasing clinical problem and there
is an urgent need for therapeutics which do not succumb to conventional
mechanisms of antibiotic resistance. One such method is through the
attenuation of the virulence of the bacteria through targeting the agr quorum
sensing system (6, 112). To facilitate the screening of agr inhibitors and to
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gain information about agr activation in infection models it is important to
develop methods for monitoring agr activity. In this chapter we have
demonstrated the use of novel luciferases GLuc and NanolLuc as secreted

reporters of agr activation and inhibition in S. aureus.

In section 3.5 it was shown that production of bioluminescence from agrP3-
GLuc correlates with growth phase and predicted agr activation. This could
be validated further for example with quantitative reverse transcriptase PCR
to detect RNAIIl levels (171). This will confirm that GLuc activation occurs
with activation of the agrP3 promoter. The correlation between GLuc
bioluminescence and agr activation makes this a useful reporter for real time
monitoring of agr induction and inhibition. GLuc is a useful reporter for agr
QS as itis stable in a wide range of pH and is resistant to hydrogen peroxide
and a wide range of reactive compounds (137, 140). When the agr system
is active, the cells will release a number of toxins and the stability of GLuc
means it should not be affected by these and so will be useful as an agr QS
reporter.

This reporter was validated through demonstration of activation with
exogenous cognate AIP-1 (section 3.6) and inhibition with competitive AgrC
antagonists (section 3.7). The S. aureus agrP3 GLuc reporter was shown to
be sensitive to previously reported agr inhibitors ambuic acid, and apicidin
which target AgrB and AgrA respectively (107, 108). This demonstrates that
GLuc can report on inhibition of different proteins in the agr system. agrP3-
lux based reporters are often used to screen inhibitors of agr QS (61, 105,
107). However, it has been shown that QS inhibitors can interfere with the
bacterial lux system resulting in false positive results. 3-oxo-C12 HSL is a
quorum sensing molecule which is produced by Pseudomonas aeruginosa.
This has been shown to inhibit bioluminescence produced by bacterial lux
however has no effect on GLuc bioluminescence and has been shown,

using an agrP3-GLuc reporter, to be an inhibitor of agr quorum sensing (152,
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163). This highlights the use of GLuc as an alternative reporter to bacterial
luciferase which could be used instead or as well as bacterial luciferases to

report on agr inhibition.

It was shown in section 3.4 that the agrP3-GLuc reporter is secreted from
S. aureus cells, with 99% of the bioluminescent signal being detected in the
supernatant rather than the cell pellet after overnight growth. Some signal
would be expected in the supernatant after overnight growth due to cell
death and lysis releasing the luciferase however, 99% is an extremely high
proportion demonstrating that the luciferase is efficiently secreted. Secreted
luciferases are useful for monitoring of in vivo processes with minimal
interference. Indeed, secreted GLuc has been shown in previous studies to
be an effective reporter for ex vivo monitoring of in vivo processes including
the progress of bacterial infections with the luciferase detected from blood
or urine samples from murine models of infection (137, 143, 146, 172).

It is important to monitor agr activation in vivo, as agr quorum sensing is
under tight control, influenced by many environmental factors (58). This is
hard to simulate in vitro. Detection of GLuc from the blood or urine of mouse
models of infection would inform on real time agr activation. The half-life of
GLuc in circulation in vivo is 20 min therefore there would be no significant
accumulation of signal meaning bioluminescence recorded would correlate
with real-time activation of agr-dependent QS (143). This highlights another
advantage over bacterial luciferase for monitoring agr-dependent QS.
Bacterial luciferase is restricted to intracellular use which is useful for in vivo
imaging of infection sites however the luciferase requires oxygen (173). In
many S. aureus infection sites, oxygen is depleted therefore, the luciferase
will be inactive and so will not accurately reporter on agr activation (87).
Secreted GLuc will be detected ex vivo so the oxygen status at the infection
site will not affect the reporter giving accurate representation of agr
activation and inhibition. The use of secreted agrP3-GLuc in in vivo models
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will give valuable insights into the dynamics of agr activation and the

potential applications for agr QS inhibitors.

GLuc has been demonstrated to be an effective secreted bioreporter for agr
QS activation and inhibition and the potential for use in in vivo studies has
been outlined. A secreted agrP3-NanoLuc reporter has also been
developed. NanoLuc has a number of advantages over GLuc including
smaller size, brighter bioluminescence and improved optical emission for
use in vivo. NanoLuc is an intracellular luciferase which can be secreted by
adding a signal sequence to the NanoLuc sequence which is what has been
done here (149). Optimisation of NanoLuc secretion has been performed
with different signal peptide leaders showing that the SasD leader peptide
enabled the most efficient secretion of NanoLuc. The SasD leader also
promoted the highest level of bioluminescence from NanoLuc. SasD is a cell
wall anchored protein containing host attachment domains (174).

Secreted NanoLuc has been shown previously to be useful for ex vivo
analysis of in vivo processes in living animals showing reduced background
compared to GLuc (149). Here the agrP3-NanoLuc signal was shown to be
inhibited with competitive agr inhibitors AIP-95 and (Ala®)AIP-1 confirming
that this has potential to be used to screen for agr QS inhibitors. This
demonstrates that NanoLuc could also be developed as an effective

biomarker for real time agr activation in mouse models of infection.

Overall, the use of secreted Gaussia luciferase as a novel reporter of agr
activity in S. aureus in vitro and the potential for use of GLuc for screening
activators and inhibitors of the agr system has been validated. The
development of a NanolLuc reporter which could be used to monitor agr
activation and screen for inhibitors has also been demonstrated. These
reporters both display good potential to be used as in vivo bioreporters for
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agr activation and inhibition aiding in the discovery of virulence factor
inhibitors against S. aureus infections.
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4. Using bioluminescent tools to investigate AgrB
and AgrD protein-protein interactions in live
bacteria

4.1 Introduction
In Chapter 3 the use of bioluminescent reporters GLuc and NanoLuc to
monitor the activation and inhibition of the agr system in S. aureus USA300
was described. As well as use as a bioreporter, NanoLuc has been
developed for use in novel assays for monitoring protein-protein interactions

in live cells.

As highlighted in the introduction (section 1.3.3), the molecular mechanism
of processing of AgrD to form mature AIP is unclear. The current hypothesis
is that AgrD localises to the membrane via the N-terminal amphipathic helix
where is it recognised by AgrB via the negatively charged C-terminus (70).
AgrB is considered to form a stable dimer in the membrane and cleave the
C-terminus of AgrD before thiolactone ring formation and further processing
of AgrD to form AIP (68).

Residues in AgrB which are essential for the catalytic activity and cleavage
of AgrD have been identified and multiple topologies of AgrB in the
membrane have been predicted (71). For example, Zhang et al. (56) in 2002
used AgrB-PhoA fusions and computer analysis to predict AgrB to have six
transmembrane domains with the N- and C-termini in the cytosol (56). This
was, however, disputed by Thoendel and Horswill in 2013 (72). They used
substituted cysteine accessibility method (SCAM) with cysteine
substitutions in AgrB in both E. coli and S. aureus to predict that AgrB has
four transmembrane helices and one re-entrant loop with the N- and C-
termini outside the cell (72). These topologies both place key catalytic
residue C84 buried within the membrane however they disagree on the
placement of other key residues. As there is no crystal structure of AgrB,

115



predictions such as these are useful in the understanding the function of
AgrB.

The interactions between AgrB and AgrD leading to the production of mature
AIP have been studied over many years often through the use of Western
blots to display cleavage of AgrD and bioreporter assays to monitor
production of AIP (67, 71, 72). In this chapter the development of protein-
protein interaction techniques to investigate AgrBB oligomerization and
AgrBD interactions in living cells is described.

As mentioned in the Introduction in section 1.3.2, there are four agr
subgroups in S. aureus which have variations in AgrB (11). The work in this
chapter will focus on agr group | proteins from S. aureus USA300. Work
performed by Zhang et al. (56) and Thoendel et al. (72) also focussed on
AgrB from agr group | (AgrB1) therefore this is comparable.

AgrB1 has been shown to oligomerise in vitro by co-immunoprecipitation,
this has been hypothesised to form a pore mediating export of AIP (72).
AgrB has also been reported to form stable dimers in lipid membranes which
may be essential for its function (68). AgrB dimerization has not, however,
been shown experimentally in live bacterial cells. In this work a NanoBRET
assay has been developed to monitor AgrB1 multimerization in vitro in an
E. coli expression system. NanoBRET relies on energy transfer from

proteins in close proximity so will inform on AgrB multimerization.

A split luciferase assay has also been developed in S. aureus to monitor
protein-protein interactions using NanoLuc Binary Technology (NanoBiT).
NanoBiT is used to monitor protein proximity in live cells. A NanoBiT assay
has been developed in S. aureus to identify if AgrB1B1 oligomerization can
be demonstrated experimentally and which termini may be involved in this.
This will also be used to identify whether the AgrB1D1 interaction can be
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demonstrated experimentally in live cells and to identify which termini of
AgrB and AgrD are involved in this interaction.

42 Aims
The aim of the work presented in this chapter was to develop and evaluate
novel bioluminescent tools for investigation of the interaction of AgrB1B1
and AgrB1D1 in S. aureus and in an E. coli model. This will confirm
computational modelling performed by Dr Boyan Bonev and will give
insights into Agr protein-protein interactions in live cells. A NanoBRET
system was developed in E. coli to visualise AgrB1B1 interactions. A split
luciferase system using NanoBiT was also used in S. aureus to evaluate

AgrB1B1 and AgrB1D1 interactions in live cells.

4.3 Computational modelling of AgrBB and AgrBD
interactions

Computational modelling of AgrB1, analysis and interpretation was
performed by Dr Boyan Bonev. As there is no structural data available for
AgrB or AgrD, to understand molecular conformations, molecular dynamics
annealed homology models were established. Homology modelling
revealed AgrB1 to have a six transmembrane domain helical topology with
both the N- and C- termini on the same side of the membrane as shown in
Figure 4-1. The catalytic Cys84 residue was shown to be in the membrane
interior, permitting contact with hydrophobic substrate, AgrD1. Other key
residues which have been shown to affect AgrB1 activity during point
mutagenesis, are accessible from the cytoplasmic side.
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Figure 4-1. Atom MD-annealed homology model of AgrB1 in a
membrane at the end of 500 ns all atom trajectory in hydrated
membranes of 4:1 POPG/POPE. Membrane phospholipid phosphorus
atoms (blue spheres) outline the membrane interface and show protein

location in the membrane.

AgrB1 was shown to dimerize, with one monomer of AgrB1 responsible for
AgrD1 pro-peptide insertion and docking in the correct orientation for
catalytic processing by the other monomer of AgrB1; this is displayed in
Figure 4-2. AgrB C84 which is responsible for cleavage of AgrD is again
located in the membrane interior. C28 of AgrD is positioned in close

proximity to C84.

Other residues to note include R70, G75 and H77, these have all been
shown to be required for AgrB proteolytic activity (71, 72). These are located
on the cytoplasmic face at the end of helix 2 and in a tighter turn towards
helix 3. R70 and K139 are thought to be responsible for stabilisation of the

orientation of AgrD.
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Also to note are the lysines at positions 129-131 (Figure 4-1), mutation of
these has been shown to retain AgrB peptidase activity but not AIP formation
(72). These are located on a mobile cytoplasmic loop which can interact with
C-terminal residues E186 and D187 on another monomer of AgrB stabilising

dimerization.

Extracellular

Cytosol

Figure 4-2. Conformation of the (AgrB)./AgrD complex at the end of 500
ns atomistic MD simulations. Annealed trajectories in hydrated
membranes of POPE/POPG/CL (75/20/5) membranes, showing key
residues involved in AgrD processing. The two inequivalent AgrB molecules,
responsible for AgrD insertion (1, cornflower blue) and catalysis (2, blue)
stabilise orientation of AgrD presenting C28 and M32 close to each other
and to catalytic C84 of AgrB. via AgrB1-K139-D33 and AgrB-I R70-E34
contacts with AgrD, and via AgrB-Il H77-F30 =-interactions. Key residues
are shown in aqua (C28, C84 AgrB-Il), grey (M32 AgrD), pink (F30 AgrD),
purple (H77 AgrB-Il), fuchsia (E34 AgrD), green (D33 AgrD), yellow (K139
AgrB-l) and orange (R70 AgrB-l). All AgrB termini are on the cytosolic side
(top). The (AgrB)2/AgrD complex orientation here is shown with cytosol at

the bottom.
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44 Development of a NanoBRET system to investigate
presence of AgrB1 dimer in an E. coli expression model
Bioluminescence resonance energy transfer (BRET) is a biophysical
technique used to monitor protein proximity within live cells. It relies on
energy transfer from a luciferase donor to an acceptor fluorophore. Energy
transfer only occurs when the donor and acceptor are in close proximity
allowing protein-protein interactions to be monitored in a highly specific
manner. NanoLuc is used as the energy donor for NanoBRET which allows
high sensitivity of assays due to the high level of bioluminescence from
NanoLuc (175).

It has been shown previously that AgrB forms stable dimers in lipid bilayers
and it has also been demonstrated that AgrB oligomerises in vitro (68, 72).
We have also shown AgrB1 dimerization is predicted using MD simulations.
AgrB dimerization or multimerization has not been demonstrated, however,
in live cells. To demonstrate AgrB1 dimerization in live cells, a NanoBRET

system was developed in an E. coli expression model.

In this system NanoLuc will be linked to one copy of AgrB1 on plasmid
pCDFDuet-1. This will be the energy donor. Halo-tag will be linked to another
copy of AgrB1 on the same plasmid. The Halo-tag will bind covalently to a
Halo-tag ligand which will be the energy acceptor. pCDFDuet-1 has two
multiple cloning sites (MCS) and is designed for the co-expression of two
target genes so is a suitable vector. When AgrB1 dimerises, bringing
NanoLuc and Halo-tag into close proximity, and on addition of a Halo-tag
ligand and NanoLuc substrate, energy will be transferred from NanoLuc to
the Halo-tag ligand and fluorescence will be produced as outlined in Figure
4-3. This fluorescence can be quantified using a Tecan Infinite F200

microplate reader or visualised using confocal laser scanning microscopy.
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Figure 4-3. Schematic of NanoBRET used to detect AgrB1 dimer
formation. NanoLuc is linked to one copy of AgrB1 and HaloTag is linked
to another copy of AgrB1. When these come into close proximity in the
presence of the NanoLuc substrate and HaloTag ligand, energy is
transferred from NanoLuc to the HaloTag ligand which can be detected as

fluorescence.

4.4.1 Creation of constructs in E. coli and expression of Nanoluc
Initially, to create an N-terminal translational fusion of NanoLuc to AgrB1,
NanoLuc was inserted N-terminal to AgrB1 in MCS1 of expression vector
pCDFDuet-1 using HiFi cloning. Protein expression from this plasmid is
induced on addition of IPTG.

To determine if the construct was functional and NanoLuc was being
expressed, pCDFDuet-1 nanoluc-agrB1 was used to transform expression
strain E. coli C41 (DE3) and streaked on LB with 100 ng/mL spectinomycin
for plasmid selection and 500 uM IPTG for induction of gene expression via
the T7 promoter. After overnight incubation at 37°C, plates were sprayed

with 20 uM coelenterazine and imaged using a long exposure camera. As
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shown in Figure 4-4, light was produced from this strain. This shows that
NanoLuc is being expressed and is functional.

Figure 4-4. E. coli C41 (DE3) pCDFDuet-1 nanoluc-agrB1 streaked on

LB with 500 uM IPTG and visualised with a long exposure camera.

4.4.2 Western blot to show translational fusion of NanoLuc to
AgrB1

The functional AgrB1 dimer will form at the cell membrane therefore AgrB
must be linked to NanoLuc at the membrane for NanoBRET to occur. To
confirm that NanoLuc was translationally fused to AgrB1 and localised to the
cell membrane, pCDFDuet-1 nanoluc-agrB1 was induced in E. coli C41
(DE3) and membranes separated from cytosolic fraction by
ultracentrifugation. Membrane and cytosolic fractions were run on a 4-20%
gradient Tris Glycine gel and probed by Western blot against AgrB and
NanoLuc.
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Figure 4-5. Western blots showing translational fusion of NanoLuc to
AgrB1. Samples are from cultures of E. coli C41 (DE3) pCDFDuet-1
induced with IPTG and membrane fractions separated from cytosolic. (a)
Western blot with AgrB1 specific nanobody 2ABE10. Lane 1 — pCDFDuet-1
agr1/ membrane fraction; Lane 2 — pCDFDuet-1 agrB1 cytosolic fraction;
Lane 3 — pCDFDuet-1 nanoluc-agrB1 membrane fraction; Lane 4 -
pCDFDuet-1 nanoluc-agrB1 cytosolic fraction. (b) Western blot with
NanoLuc antibody. Lane 1 — pCDFDuet-1 nanoluc-agrB1 membrane
fraction; Lane 2 — pCDFDuet-1 nanoluc-agrB1 cytosolic fraction. Samples
were added to 2 x Novex Tris-Glycine SDS sample buffer and heated to
55°C for 5 min before running on a 4-20% Tris-Glycine gel. The gel was
transferred to PVDF membrane for Western blot. The red arrows indicate

translational fusion of AgrB to NanoLuc.

As shown in Figure 4-5 (a), there was an increase in the size of AgrB when
expressed with NanoLuc, from 26kDa to ~43kDa. AgrB fused to NanoLuc is
marked with a red arrow. This increase in size corresponds to the
translational fusion of NanoLuc (19 kDa) to AgrB. AgrB localised to the
membrane and when co-expressed there was no AgrB in the membrane
which was not fused to NanoLuc (Figure 4-5 (a), lane 3). The translational
fusion is corroborated by the Western blot with a NanoLuc specific antibody
(Figure 4-5 (b)). This showed a band at ~40 kDa corresponding to the band
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on the AgrB Western blot (marked with a red arrow). This shows that AgrB
and NanoLuc were present at this size. The Western blot against NanoLuc
also indicates that there was NanoLuc free in the cytosol (Figure 4-5 (b),

lane 2).

4.4.3 Demonstration that AgrB fused to NanoLuc is functional
To demonstrate that the addition of NanoLuc did not affect the functionality
of AgrB1, agrD1 was inserted into MCS2 of pCDFDuet-1 by HiFi cloning.
AIP-1 production was determined using S. aureus ROJ143 as described
previously after induction of protein expression in E. coli C41 (DE3).
Expression of agrB1D1 in E. coli has been shown previously to be sufficient
for AIP-1 production (67).

As shown in Figure 4-6, bioluminescence representing AIP-1 production
was detected when NanoLuc was present showing that fusion of NanoLuc

to AgrB did not affect the enzyme’s functionality as AgrD could still be

processed to form mature AlP.

600

g
a
9 B NanoLuc-AgrB1 AgrD1
3
(14

Figure 4-6. AIP-1 production from E. coli C41 (DE3) with pCDFDuet-1
nanoluc-agrB1 agrD1. S. aureus ROJ143 was grown in a 96 well plate in
a Tecan plate reader at 37°C for 3.5 h with supernatant from induced
samples. The data represent the mean with error bars displaying standard
deviation of three biological repeats.
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4.4.4 Bioluminescence from membrane and cytosolic fractions
AgrB1 has been shown to dimerise in lipid membranes (68). Therefore,
NanoLuc linked to AgrB at the membrane must be active and producing light
for BRET to occur between an AgrB dimer. To test this, expression from
pCDFDuet-1 nanoluc-agrB1 agrD1 was induced in E. coli C41 (DE3) and
membrane fractions and cytosolic fractions were separated by
ultracentrifugation. The bioluminescence from these fractions was
quantified after the addition of NanoGlo substrate (Promega) using a Tecan
plate reader. As displayed in Figure 4-7, on addition of substrate, the
bioluminescence was almost 100 times higher in the cytosol than in the

membrane fraction.
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Figure 4-7. Bioluminescence produced by membrane and cytosolic
fractions of E. coli C41 (DE3) pCDFDuet-1 nanoluc-agrB1 agrD1. After
induction of protein expression membrane and cytosolic fractions were
separated by ultracentrifugation. 100 uL sample was added to a white 96

well plate and NanoGlo substrate added before RLU was recorded.

Western blot showed that NanoLuc-AgrB1 localised to the membrane in
E. coli, however there was unbound NanoLuc in the cytosolic fraction
(Figure 4-5) which may account for the signal from this fraction. The low
level of bioluminescence from the membrane fraction indicates that
NanoLuc fused to AgrB1 in the membrane was not very functional although
AgrB1 was shown to be. Light production from plates (Figure 4-4) must be
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due to free NanoLuc present in the cytosol not from the membrane. NanoLuc
needs to be producing light at the membrane for NanoBRET to occur
therefore optimisation of this signal was performed.

4.4.5 Optimisation of signal from NanoLuc linked to AgrB

The bioluminescent signal produced by NanoLuc linked to the N-terminus of
AgrB was low. For NanoBRET to occur between AgrB dimers, the
bioluminescence signal from NanoLuc linked to AgrB must be high enough
for energy transfer to the Halo-tag ligand. To try and improve signal,
NanoLuc was fused to the C-terminus of AgrB. Additionally, the linker
between AgrB and NanoLuc was increased. In the initial construct there was
a 3 amino acid linker between AgrB and NanoLuc. This was increased to 15
amino acids as increased flexibility and movement of the proteins may allow
increased bioluminescence output. NanoLuc may have been too close to
AgrB and the cell membrane which may have decreased bioluminescence
output. NanoLuc was inserted C-terminal to AgrB using HiFi cloning, and an
increased linker was introduced by PCR.

agrD1 was inserted in MCS2 of pCDFDuet-1 as before to allow AlP-1
production to be assessed to confirm that AgrB1 was functional. As shown
in Figure 4-8, AIP-1 was detected from all constructs where NanoLuc is
either N- or C-terminal to AgrB with a 3 or 15 amino acid linker. This

demonstrates that AgrB1 was functional in all of these constructs.
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Figure 4-8. AIP-1 production from E. coli C41 (DE3) with pCDFDuet-1
nanoluc-agrB1 agrD1 and pCDFDuet-1 agrB1-nanoluc agrD1 with a 3
or 15 amino acid linker between NanoLuc and AgrB. S. aureus ROJ143
was grown in a 96 well plate in a Tecan plate reader at 37°C for 3.5 h with
supernatant from induced samples. The data represent the mean with error
bars displaying standard deviation of three biological repeats.

It was then determined whether insertion of NanoLuc C-terminal to AgrB or
increasing the length of the linker improved bioluminescence from NanoLuc
linked to AgrB. After induction of protein expression in E. coli C41 (DE3),
cell membrane was separated from cytosol by ultracentrifugation and
bioluminescence recorded from each fraction as before. As shown in Figure
4-9, bioluminescence was still highest in the cytosol for all constructs
however bioluminescence from NanoLuc linked to AgrB in the membrane
was greatly increased when NanoLuc was C-terminal to AgrB with a 15
amino acid linker. Therefore, this construct was used as the energy donor
for NanoBRET.
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Figure 4-9. Bioluminescence produced by membrane fractions of
E. coli C41 (DE3) pCDFDuet-1 nanoluc-agrB1 agrD1 (N-terminal) and
pCDFDuet-1 agrB1-nanoluc agrD1 (C-terminal) with 3 or 15 amino acid
linkers. After induction membrane and cytosolic fractions were separated
by ultracentrifugation. 100 uL sample was added to a white 96 well plate

and furimazine substrate added before bioluminescence was recorded.

4.4.6 Introduction of Halo-AgrB to MCS2 of pCDFDuet-1
AgrB1 linked to a HaloTag was the NanoBRET energy acceptor (Figure
4-3). Using pCDFDuet-1 as the expression construct, HaloTag-agrB1 was
inserted into MCS2 using HiFi cloning (Figure 4-10). The HaloTag was
inserted N-terminal to AgrB. Bioluminescence from NanoLuc on one copy of
AgrB transfers energy to a HaloTag ligand linked to the HaloTag on another

copy of AgrB and fluorescence can be detected.
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Figure 4-10. Plasmid map of pCDFDuet-1 agrB71-nanoluc HaloTag-
agrB1 used for NanoBRET. One copy of agrB7 in MCS1 has nanoluc at
the C-terminus, one copy of agrB1 in MCS2 has HaloTag at the N-terminus.

4.4.7 Detection of NanoBRET using a Tecan plate reader
Detection of NanoBRET was first attempted using a Tecan plate reader.
pCDFDuet-1  agrB1-nanoluc HaloTag-agrB1 and control plasmid
pCDFDuet-1 HaloTag-agrB1 were expressed in E. coli C41 (DE3).
Recommended HaloTag substrate TMRDirect was selected as it can
permeate bacterial cells (176). The Forster distance is the distance between
the donor and acceptor by which 50% of energy transfer occurs. For
NanoBRET with NanoLuc as the donor and TMR as the acceptor this has
been calculated as 6.15 £ 0.03 nm with a working range of 3.08-9.23 nm
showing the proteins need to be in very close proximity for NanoBRET to
occur (177).

The emission wavelength of NanoLuc is 460 nm and the emission from
TMRDirect is 585 nm. To calculate NanoBRET, the bioluminescence from
the donor and recipient is recorded and the ratio of receptor to donor signals
is calculated. Bioluminescence was recorded using a Tecan Infinite F200
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microplate reader with blue and green filters. For both strains the
bioluminescence was recorded with and without incubation with TMRDirect

ligand.

The raw NanoBRET ratio for each sample was calculated by dividing the
acceptor emission by donor emission. The corrected BRET ratio was then
calculated by subtracting the no ligand control ratio from the experimental
ratio as shown below. This must be calculated to remove cross talk between

the detection wavelengths.

NanoBRET corrected ratio

585 nm
460 nm

585 nm)

= Ligand < 460 nm

) — No ligand control <
Figure 4-11 displays the BRET ratio for the test strain of 16.5 milli BRET
units (mBU). This ratio represents energy transfer occurring meaning energy
is being transferred from one copy of AgrB to another. This demonstrates

copies of AgrB are in very close proximity in at least a dimer.

20
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I HaloTag AgrB
Il AgrB NanoLuc HaloTag AgrB

10+
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-5 1 1
Figure 4-11. Corrected BRET ratio from test and control strain. BRET
ratio is calculated using the above formula. Data represent the ratio

calculated from 2 biological repeats.
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4.4.8 NanoBRET detected by confocal laser scanning microscopy
As NanoBRET was detected using the Tecan Infinite F200 microplate
reader we wanted to determine if the AgrB dimer could be visualised using
confocal laser scanning microscopy. This would show visual evidence of the

AgrB dimer at the E. coli membrane.

To test that fluorescence from the TMRDirect ligand bound to the HaloTag
could be detected by confocal microscopy, the sample was excited by
artificial excitation at 555 nm. As shown in Figure 4-12, with artificial
excitation, fluorescence could be detected from the test and control
samples. This demonstrates that the ligand could penetrate the E. coli cell
and bind the HaloTag linked to AgrB.

When NanoGlo substrate was added, fluorescence was detected with no
artificial excitation (Figure 4-12, bottom centre). This shows that this was
the TMR ligand being excited by NanoLuc providing evidence that the AgrB
monomers were in close proximity allowing energy transfer. The images with
artificial excitation and excitation via NanoLuc align showing that it was the
Halotag ligand which fluoresces.

No fluorescence was detected from the sample with no substrate added
when there is no artificial excitation (Figure 4-12, top centre). This confirmed
that the fluorescence observed in the sample with NanoGlo added was due
to energy transfer from NanoLuc representing NanoBRET. Therefore, this
represents visual evidence of AgrB1B1 interaction in the E. coli membrane
representing at least a dimer of AgrB1.
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Figure 4-12. AgrB dimerization in E. coli C41 (DE3) visualised by
NanoBRET using confocal microscopy. Images were taken on a Zeiss
LSM 700 confocal laser scanning microscope controlled by the ZEN 2009
software platform and analysed using the ZEN 2009 software. ‘Artificial
excitation’ was at 555 nm and emission captured at 585 nm. ‘No excitation’
was recorded using a quantum dot which excites at 350 nm, this will not
excite the TMRDirect fluorophore, and emits at 585 nm. The reading from

this channel is representative of no excitation of the TMRDirect ligand.

4.5 Development of a NanoBIiT system to monitor AgrBB
and AgrBD interactions in S. aureus

We have shown evidence for AgrB1 oligomerisation in E. coli however we

also wanted to demonstrate this in S. aureus. NanoLuc binary technology

(NanoBIT) is a novel technology which uses a split luciferase to look at

protein-protein interactions. Here a NanoBiT system has been developed to

investigate whether AgrB1D1 and AgrB1B1 interactions can be

demonstrated experimentally in live S. aureus cells.
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NanoBiT is a two-subunit based system where LargeBiT (156 amino acids)
and SmallBiT (11 amino acids) are fused to two proteins of interest. When
these proteins come into close proximity and interact, LargeBiT and
SmallBiT are brought together and form a luciferase which produces bright
bioluminescence on addition of NanoLuc substrate (Figure 4-13). This can
be used to detect real time protein-protein interactions. LargeBiT and
SmallBiT have a weak affinity for each other (Kp = 190 uM) so do not attract
each other (178).

AgrB
LgBiT FJ'.QD
V) e - |ight
+ substrate
J—\/vsmBiT

AgrD

Figure 4-13. Schematic of the NanoBiT assay used to monitor AgrBD
protein interaction. SmallBiT is linked to the N-terminus of AgrD and LgBiT
is linked to the C-terminus of AgrB in this schematic. When these termini
come into close proximity, the luciferase is formed and, on addition of
NanolLuc substrate, bioluminescence is produced.

For LargeBiT and SmallBiT to interact they have to be in very close proximity
therefore we have developed this technology to inform on both the
interaction between AgrB1 and AgrD1 and AgrB1 multimerization. By fusing
LargeBiT and SmallBiT to different termini of each protein it was possible to
identify interactions and which termini are involved in interactions. Test and
control strains for this investigation were created by Dr. Ewan Murray in
S. aureus SH1000 and are outlined in the Methods section 2.10.1, Table
24
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4.5.1 AgrB1D1 interaction
NanoBiT was used to investigate AgrB1D1 interactions in live S. aureus
cells and to determine which termini of AgrB1 and AgrD1 drive this
interaction. LargeBiT or SmallBiT was fused to the N- or C-terminus of
AgrB1 and this was integrated into the chromosome of S. aureus SH1000
under the control of the agrP2 promoter. Use of the agrP2 promoter will allow
native levels of transcription of the translational fusion proteins therefore
should not overwhelm the cell. LargeBiT or SmallBiT was also fused to the
N- or C-terminus of AgrD1 and this was inserted into the same strain of
S. aureus SH1000 on plasmid pSK5360 under the control of the agrP2
promoter. An example of this is shown in Figure 4-14. Each strain has a
native agr system as well as an additional copy of AgrB1on the membrane

and AgrD1 on a plasmid.

agrP2

‘grm

pSK5630 SmallBiT

SH1000

— . o
agrP2 AgrB1  LargeBiT

Chromosomal DNA

Figure 4-14. Schematic of an example NanoBiT strain used to
investigate AgrB1 AgrD1 interaction. This example has LargeBiT and
SmallBiT at the C-terminus of AgrB1 and AgrD1 respectively.

Constructs have LargeBiT and SmallBiT fused proteins under the control of
the agrP2 promoter. The agrP2 promoter has a low level of basal expression
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which increases exponentially on agr activation (51). This means that the
translational fusion proteins will be expressed at low levels, increasing on
agr activation which occurs in late exponential phase of growth in vitro (49).
Therefore, overnight cultures of test and control strains were washed in TSB
and regrown to ODeoo ~1.0 when the agr system is active to ensure high
expression of NanoBIT fusions. When the cultures reach the correct ODeoo,
NanoGlo reagent was added, and bioluminescence read in a Tecan Infinite
F200 microplate reader.

As shown in Figure 4-15, there was high bioluminescence (~8418 RLU)
from the strain with AgrB C-terminal SmallBiT and AgrD C-terminal LargeBiT
(AgrBCS pAgrDCL). This shows that the C-terminus of AgrB1 interacted
with the C-terminus of AgrD1. There was also low signal (~955 RLU)
detected from the C-terminus of AgrD interacting with the N-terminus of
AgrB. This small signal may have been due to the close proximity of the N-
and C-termini of AgrB however the signal was significantly lower than for the
interaction between the C-termini. There was no signal above background
levels from the N-terminus of AgrD interacting either terminus of AgrB. This
demonstrates that the interaction between AgrB1 and AgrD1 was via the C-
terminus of AgrB and the C-terminus of AgrD. There was very low signal
from all split luciferase control strains which validates that the signal
detected was from the interaction of AgrBD not from the interaction of split
luciferase independently.
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Figure 4-15. Bioluminescence from NanoBiT strains with AgrB1 on the
chromosome and AgrD1 on plasmid pSK5630. x-axis labels: p, plasmid,
N, N-terminal, C, C-terminal, S, SmBIT, L, LgBiT. For some experiments
plasmid controls expressing the LgBiT (pNL) or SmBIT (pNS) only were
included. All strains are listed in Methods section 2.10.1, Table 2-4. Data
are representative of three technical repeats recorded for each sample with
error bars displaying standard deviation. The experiment was performed in
biological triplicate. ****p<0.0001

To ensure that the signal was agrP2 driven, AlIP-95 was added to over-day
culture of the strain which showed interaction between the C-terminus of
AgrB and the C-terminus of AgrD. AIP-95 is a competitive AgrC inhibitor so
will prevent agr activation and upregulation of transcription from agrP2.

As shown in Figure 4-16, bioluminescence was significantly lower when
incubated with 100 nM AIP-95. This shows that the signal was driven by agr
QS dependent upregulation of agrP2. The signal detected in the presence
of AIP-95 was due to expression of the translational fusions from basal

agrP2 expression. This was significantly lower than when agrP2
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transcription was upregulated by phosphorylated AgrA when the agr QS

system was active.
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Figure 4-16. Bioluminescence from S. aureus SH1000 agrP2-AgrB1 C-
terminal SmBit pSK5630 agrD1 C-terminal LgBiT (AgrBCS pAgrDCL)
in the presence of AIP-95. AIP-95 or DMSO was added to over-day culture
and grown to ODgoo. NanoGLo was added and bioluminescence read on a
Tecan plate reader. Data are representative of 3 technical repeats with error

bars showing standard deviation. **** p<0.0001

4.5.2 AgrBB dimerization
NanoBiT was also used to assay AgrB1 interaction with itself in S. aureus
and to verify which termini of AgrB1 may interact with each other. In section
4.4 AgrB dimerization was shown experimentally in E. coli however it was

also interesting to examine this in S. aureus.

S. aureus SH1000 strains had LargeBiT or SmallBiT fused to the N- or C -
terminus of AgrB1 integrated into the chromosome of S. aureus SH1000
under the control of the agrP2 promoter as before. They also carried plasmid
pSK5630 with LargeBiT or SmallBiT fused to the N- or C-terminus of another
copy of AgrB1. These strains have a native agr system, an additional copy
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of AgrB1 on the chromosome and another copy on a plasmid. All strains
were made by Dr. Ewan Murray.

400 -
300+
= 2004
z
100
0—
NV 9D D NV D N D N DD NN o
FTREFTEILT ST &
7S o 18 o8 o8 o 18 oF 18 o8 o F 18 o8 o oS
I I I LI IS LT
(OO OIS \;\/ \;\/ é\/ \;\/ é‘b V{b \{o Q‘b 0"9 06 0"9 0"9
e o I

WS 0 (S 8 (S8 (F 9 18 (9 18 §F F (5 oS

Figure 4-17. Bioluminescence from NanoBiT strains with AgrB1 on the
chromosome and AgrB1 on plasmid pSK5630. x-axis labels: p, plasmid,
N, N-terminal, C, C-terminal, S, SmBIT, L, LgBiT. For some experiments
plasmid controls expressing the LgBiT (pNL) or SmBIT (pNS) only were
included. All strains are listed in Methods section 2.10.1, Table 2-4. Data is
representative of three technical repeats recorded for each sample with
error bars displaying standard deviation. The experiment was performed in
biological triplicate. ****p<0.0001

As shown in Figure 4-17, the highest signal was detected for strains
showing interaction between the N-terminus of one copy of AgrB and the C-
terminus of another copy. This indicates that AgrB1 forms a dimer interface
with N- and C-termini of two monomers. This confirms what was shown in
section 4.4.8 where NanoBRET was visualised between the N- and C-
termini of AgrB1 in E. coli. This provides evidence for formation of at least

an AgrB1 dimer in S. aureus cells. Low background signal from control
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strains was due to the split luciferase associating and producing

bioluminescence without fusion protein interaction.

4.6 Discussion

In this chapter the development of two novel bioluminescence-based assays
for monitoring Agr protein interactions in live cells has been outlined. A
NanoBRET assay was developed for demonstrating AgrB1B1
oligomerization in E. coli cells and a NanoBiT assay was developed to
demonstrate AgrB1D1 and AgrB1B1 interactions in S. aureus cells. To our
knowledge the use of these technologies has not been used before for
monitoring of Agr protein-protein interactions. These assays have been
developed to work alongside computational modelling of AgrB1B1 and
AgrB1D1 interactions to provide experimental evidence of the models

derived.

Computational modelling of AgrB1 indicated that AgrB1 dimerizes in a
membrane and that two copies of AgrB1 are essential for the correct
positioning of AgrD1 for proteolytic cleavage. In this model AgrB1 had six
transmembrane domains with both termini on the same side of the
membrane. This is similar to the structure outlined by Zhang et al. (56) in
2002 which also predicted AgrB1 to have six transmembrane domains with
both the N- and C-terminus in the cytosol (56). This was contradicted by
Thoendel and Horswill in 2013 (72), however, who used SCAM to predict
that AgrB1 has four transmembrane spanning regions and one re-entrant
loop with the N- and C-termini of AgrB outside the cell. They also reported
that other topology prediction algorithms indicate AgrB1 has five
transmembrane helices with the N-terminus outside the cell and the C-
terminus inside (72). AgrB1 dimerization has also not been predicted by

protein modelling before.
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There are discrepancies between this most recent computational modelling
and previous predicted topologies of AgrB1. To confirm the model, work in
live cells was performed. Using NanoBRET it was demonstrated that AgrB1
forms at least a dimer in E. coli membranes. Close interaction between the
N-terminus of one copy of AgrB and the C-terminus of another copy, allowed
energy transfer and detection of fluorescence. NanoBiT was also used to
demonstrate that AgrB1 forms at least a dimer in S. aureus. AgrB1 was
shown to interact with itself producing bioluminescence from the split
luciferase, with a putative dimer interface between the N- and C-termini of
two monomers. This implies AgrB1 molecules are in the membrane as
mirror images of each other. It also highlights that both the N- and C- termini
of AgrB1 are inside the cell where they interact as reported previously (56).
The computational model, when played as a movie, suggests that the N-
and C-termini are very flexible. Taken together with the luciferase data, we
demonstrate that the N- and C-termini of AgrB1 are in closest proximity in a
dimer or oligomer of AgrB1. A weak interaction is also detected between the
C-termini of AgrB1. This accounts for the flexibility of the terminal loops and

demonstrates that this protein is dynamic in a membrane.

Formation of an AgrB1 dimer or oligomer in vitro has been reported by
Thoendel et al. and Wang et al. (68, 72). Here, protein modelling data and
bioluminescence-based assays were used to provide further evidence of
AgrB1 dimerization. Protein modelling data predicted that the AgrB1 dimer
enables the correct positioning of AgrD1 for processing indicating this is
essential in the maturation of AIP-1. Further work must be done to

characterise this dimer and assess its importance in AgrD processing.

Using the NanoBiT system strong interaction between the AgrD1 C-terminus
and the AgrB1 C-terminus was also shown. One function of AgrB1 is the
cleavage of the C-terminal 14 amino acids of AgrD1 and AgrD1 is thought

to associate with AgrB1 via its C-terminus (68). This provides evidence of
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this interaction in S. aureus. The AgrB C-terminus is more variable than its
N-terminus, which is conserved among all staphylococcal species, this may
enable group specific recognition of AgrD (71, 179). This highlights the

importance of the C-terminus of AgrB in AIP processing.

The AgrD C-terminus is negatively charged, and the AgrB C-terminus
contains positively charged residues such as the triple lysines at positions
129-131. The interaction between these residues could be what is detected
using NanoBiT however we cannot tell if this interaction occurs before or
after AgrD C-terminal cleavage. The interaction could be the C-terminus of
AgrD associating with the C-terminus of AgrB after it has been cleaved,
outlining a pathway for removal of this from the active site. It must also be
noted that the interaction between AgrB and AgrD is via SmallBiT on AgrB
and LargeBiT on AgrD. LargeBiT is 18 kDa and AgrD is ~7 kDa therefore,
the addition of this to AgrD may have an effect on the peptide. More work

will be done in the following chapter to characterise this interaction.

In conclusion, evidence for the interaction of AgrB1 and AgrD1 in cells via
their C-termini has been provided. Two methods have been used to validate
protein modelling data showing that AgrB1 forms at least a dimer at the cell
membrane in both S. aureus and in E. coli. Both of these techniques could
be developed further to establish screens for inhibitors of the agr QS system
at the protein-protein interaction level. This could give insights into whether
AgrB1 oligomerization is essential for processing of AgrD1 to form mature
AIP-1.
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5. Identification and analysis of an AgrBD
intermediate required for AIP biosynthesis in

vitro

5.1 Introduction

In the previous chapter we developed novel bioluminescent techniques to
demonstrate AgrBB and AgrBD interactions in bacterial cells. In this chapter,
the interaction between AgrBD will be investigated in more detail in vitro
using proteins induced in an E. coli expression system. Thoendel et al. (67)
demonstrated that expression of AgrB1 and AgrD1 in E. coli is sufficient for
AIP-1 production as AgrB1 and AgrD1 are the only proteins shown to be
uniquely required for AIP biosynthesis. The actions of any other components
involved can be complemented by proteins in E. coli (67). E. coli is a useful
expression host due to the ease of molecular manipulations therefore this
organism was chosen for analysis of AgrBD interactions.

Research has been conducted over many years to try and elucidate the
interaction between AgrB and AgrD and their roles in the production of
mature AIP however, as outlined in the introduction in section 1.3.3, the
exact mechanism of AIP processing is still unclear. The proposed
mechanism of processing, nevertheless, is as follows. AgrB is an integral
membrane endopeptidase which is essential for the C-terminal cleavage of
AgrD and thiolactone ring formation. Residues have been identified in both
AgrB and AgrD which are essential for this reaction (67, 71). After
thiolactone ring formation the N-terminus of AgrD is cleaved, releasing
mature AIP. Both N-terminal AgrD and mature AIP are exported from the
cell either before or after N-terminal cleavage which is thought to involve
proteases MroQ and potentially SpsB (46).
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As the agr system is an interesting antivirulence target, elucidation of the
interaction between AgrB and AgrD and potential other proteases will give
insights into design of inhibitors. AgrB is relatively conserved compared to
other agr proteins such as AgrC which is hypermutable. This makes it a
good potential target for antivirulence inhibitors as resistance may be less
quick to emerge than for bactericidal antibiotics (47, 88). Understanding the
interactions between these proteins can aid in the design of alternative

therapies to use against S. aureus infections.

52 Aims
The aim of this chapter was to outline the investigation of AgrBD interactions
and AIP biosynthesis. This was performed using a cell free model primarily
through the analysis of an AgrBD processing intermediate that can be
detected by Western blot of the E. coli cell envelope. This intermediate is an
essential step in the processing of AgrD. The formation of this intermediate
was probed for agr subgroup cross reactivity, with inactivating mutations in
active residues of AgrB and AgrD and in the presence of protease inhibitors.

5.3 Construction of an agrB1D1 expression vector
As mentioned in the Introduction in section 1.3.2, there are four agr
subgroups in S. aureus. The different subgroups have variations in AgrB,
AgrD and AgrC with AIP molecules of the same group activating the system
and non-self AIP molecules inhibiting the system (11). In this study, AgrB
and AgrD from S. aureus USA300 were investigated. S. aureus USA300 is
an agr group | strain which is commonly used in research and has a

hyperactive agr system (25).

AgrB1 AgrD1 protein interactions were investigated using an E. coli
expression construct. Previously it has been shown that expression of agrB1
and agrD1 are sufficient for AIP-1 production in E. coli, therefore this is an
appropriate model for investigating AgrBD interactions (67). Expression
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constructs were created in pCDFDuet-1 using HiFi cloning. pCDFDuet-1 is
optimised for co-expression of two genes as it has two multiple cloning sites
(MCS) both preceded by a T7 promoter, lac operator and ribosome binding
site. Transcription is induced on addition of IPTG. agrB1 and agrD1 were
amplified from S. aureus USA300 JE2 genomic DNA and were assembled
into pPCDFDuet-1 in E. coli DC10B. AgrB1 and AgrD1 sequences are shown
in the Methods in section 2.2.3. agrB1 was cloned into MCS1 and agrD1
into MCS2 (Figure 5-1). Another construct was made by Dr. Ewan Murray
with agrB1D1 both in MCS1. Proteins were expressed in E. coli C41 (DE3)
as this strain is optimised for the expression of membrane proteins.

T7 promoter Start codon
6xHis

pCDFDuet-1 agrB1 agrD1
4486 bp

Figure 5-1. Vector map of expression vector pCDFDuet-1 agrB1 agrD1.
agrB1 is in MCS1 with a 6x HIS tag at the N-terminus. agrD1 is in MCS2

with an S-tag at the C-terminus.
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5.4 Expression of agrB1D1 from E. coli C41 (DE3) and
detection of AlP-1
To determine whether agrB1 and agrD1 were expressed and functional in
this system the chromosomal agrP3-lux reporter S. aureus ROJ143 was
used to detect AIP-1 expression as described previously (153).

As shown in Figure 5-2, bioluminescence representing AIP-1 production
was detected when both AgrB1 and AgrD1 were present. No
bioluminescence and therefore no AIP-1 production was detected when
either of the proteins were expressed on their own or when protein
expression was not induced. This shows that expression of both of these
proteins was essential and sufficient for mature AlP-1 production in E. coli,
confirming that this was an appropriate model for investigating AgrD1

interaction with AgrB1 and its maturation.
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Figure 5-2. Bioluminescence from S. aureus ROJ143 representing AlP-
1 production after induction of proteins in E. coli C41 (DE3). Cell free
supernatants from E. coli following protein induction were added to
S. aureus ROJ143 culture in a black, flat, clear bottomed 96 well plate and
incubated at 37°C in a Tecan plate reader. The graphs represent
bioluminescence output (as relative light units; RLU) divided by population
density (ODsoo). (a) Represents RLU/ODeoo every 15 min over the 16 h
incubation. (b) Represents a bar chart plot of RLU/ODsgo at the peak output,
after growth for 3.75 h. Data represent 3 technical repeats with error bars
displaying standard deviation.
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Figure 5-2 (a) outlines the RLU/ODeoo recorded every 15 min for 16 h at
37°C, this peaked after 3.5 h growth in this assay which is displayed in
Figure 5-2 (b). Future S. aureus ROJ143 data in this thesis will be displayed
in a bar chart representing the peak bioluminescence output which was

usually after incubation for between 3-4 h.

5.5 Detection of AgrD1 by Western blot

Expression and localisation of AgrD1 was detected by Western blot against
the S-tag at the C-terminus of AgrD1. After induction of protein expression
in E. coli C41 (DE3), cell envelope and cytosolic fractions were separated
by ultracentrifugation and samples were run on a 16% Tricine gel
(ThermoFisher) before detection by Western blot. As shown in Figure 5-3,
AgrD1 predominantly localised to the cell envelope fraction rather than the
cytosol. A band was detected at ~7.5 kDa, representing AgrD1 (~5 kDa) and
the S-tag (3 kDa). AgrD is directed to the cell membrane via its N-terminal
region in S. aureus and this shows that, as in S. aureus, AgrD1 is primarily
directed to the cell membrane in E. coli (67). The S-tag was at the C-
terminus therefore this shows the C-terminus had not been cleaved from the
AgrD peptide detected. No band was present in the non-induced control
showing expression is tightly regulated and that the Western blot was
specific and was detecting induced AgrD.
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Figure 5-3. Detection of AgrD1 from E. coli C41 (DE3) in membrane and
cytosolic fractions. Samples are from E. coli C41 (DE3) carrying
pCDFDuet-1 encoding genes as follows; Lane 1: agrB1 agrD1, Lane 2:
agrD1 Lane 3: agrB1 agrD1 not induced. Samples were added to 2 x Novex
Tris-Glycine SDS sample buffer (ThermoFisher), heated to 55°C for 5 min
and run on a 16% Tricine gel before transfer to PVDF 0.2 uM transfer

membrane and detection with S-tag antibody.

5.6 Detection of AgrB1 by Western blot
Expression and localisation of AgrB1 was confirmed by Western blot using
AgrB specific llama nanobody, following the protocol outlined in the Methods
in section 2.17. Membrane fractions were separated from cytosolic by
ultracentrifugation and samples were run on a 15 % acrylamide gel. As
displayed in Figure 5-4, a band was detected at ~23 kDa in the membrane
fraction representing AgrB1. AgrB1 localised to the membrane in this E. coli
expression model where it interacts with AgrD1 as occurs in S. aureus (67).
No bands were detected in the non-induced control demonstrating that the
Western blot was specific for detection of AgrB. Higher order structures of
AgrB can be observed in the cell membrane, with AgrB detected as a dimer

and trimer in Figure 5-4 Lane 1.
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Interestingly, when co-expressed with agrD1 a shift in the size of the band
representing AgrB1 was observed as shown in Figure 5-4 Lane 2. The shift
in size of AgrB was observed in both the monomer (~23 kDa) and the dimer
(~44 kDa), this is highlighted with red arrows in Figure 5-4. This represents
a potential AgrB1D1 intermediate forming in the cell membrane. No band
was detected at ~26 kDa on the Western blot against the S-tag at the C-
terminus of AgrD1 (Figure 5-3), indicating that the C-terminus of AgrD1 was
not present in this AgrBD complex. The C-terminus of AgrD is cleaved by
AgrB and these data demonstrate that the AgrBD complex forms after

cleavage of the C-terminus.

Membrane Cytosol

Figure 5-4. Detection of AgrB1 from E. coli C41 (DE3) in membrane and
cytosolic fractions. Samples were added to 4 x loading buffer with SDS
and BME (methods section 1.14) and heated to 55°C for 5 min before
running on a 15% acrylamide gel and transfer to PVDF membrane. AgrB1
was detected with llama nanobody 2ABE15. Samples are from E. coli C41
(DE3) carrying pCDFDuet-1 encoding genes as follows; Lane 1: agrB1,
Lane 2: agrB1D1, Lane 3: agrB1D1 not induced. All lanes are from the same

blot. Red arrows indicate AgrBD complex in the monomer and dimer.
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5.7 Confirmation of AgrB1D1 complex formation with
synthetic linear T7-AgrD1
To confirm that the shift in size of AgrB1 observed in Figure 5-4 was caused
by the presence of AgrD1, synthetic T7-AgrD1 was used. This is linear
AgrD1 with a T7-tag at the N-terminus which can be detected by Western
blot, the sequence of this is displayed in the Methods in section 2.15 (Figure
5-5).

T7 tag N-terminus AIP C-terminus

Figure 5-5. Schematic of synthetic linear T7-AgrD1. The T7 tag is at the
N-terminus of the linear AgrD peptide.

A construct was made by HiFi cloning with AgrB1 in MCS1 of pCDFDuet-1.
AgrB1 was expressed alone in E. coli C41 (DE3), membranes separated
from cytosol by ultracentrifugation and incubated with T7-AgrD1. After
incubation of E. coli membrane fraction containing AgrB1 with T7-AgrD1,
samples were run on a 15% acrylamide gel. AgrB1 was detected by Western
blot with 2ABE10 nanobody and the T7-tag on AgrD1 was detected by
Western blot with an antibody to T7 conjugated to HRP.

On the AgrB Western blot (Figure 5-6 (a)) two bands could clearly be
observed indicating the shift in size of AgrB1 when incubated with T7-AgrD1
(Lane 2). The T7-tag is 11 amino acids long so slightly increases the size of
AgrD1 meaning the shift in size of AgrB1 was larger than the co-expressed
form in Figure 5-4. The doublet was not detected in the absence of T7-AgrD1
(Figure 5-6 (a) Lane 1) demonstrating that it was AgrD1 causing the shift in
size. On the T7 Western blot, which detects AgrD (Figure 5-6 (b)) a band

can be observed in Lane 2 at the size of AgrB1D1 (indicated with a red
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arrow) however no band was detected at this size when T7-AgrD1 was run
alone (Lane 3). This demonstrates that the N-terminus of AgrD1 was present
in the AgrB1D1 complex. T7-AgrD1 is 6.7 kDa, this can be observed at the
bottom of the gel in the T7 Western ((Figure 5-6 (b), lane 2), marked with a
blue arrow. T7-AgrD1 aggregates can also be observed in Figure 5-6 (b),

lanes 2 and 3, marked with a green arrow.
kDa
34

26

17

10

(a)
Figure 5-6. Western blots of membrane assay with AgrB1 and synthetic
linear T7-AgrD1. E. coli C41 (DE3) pCDFDuet-1 agrB1 was induced and
membranes isolated and incubated with synthetic linear T7-AgrD1. Samples
were added to 4 x loading buffer with SDS and BME, as described in the

Methods in section 2.16, and heated to 55°C for 5 min before running on a

15% acrylamide gel. The gel was transferred to PVDF and probed with (a)
llama nanobody 2ABE10 (b) antibody to T7 conjugated to HRP. Lane 1:
AgrB1 membrane, Lane 2: AgrB1 membrane + T7-AgrD1, Lane 3: T7-
AgrD1. The red arrows indicate AgrB1D1 intermediate, the blue arrow

indicates T7-AgrD1 and the green arrow indicates T7-AgrD1 aggregates.
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5.8 AIP-1 production from AgrB1 membrane fractions
incubated with T7-AgrD1.

As shown in sections 5.6 and 5.7, AgrB1 and AgrD1 form a complex in
extracted E. coli membranes. To determine whether AgrD1 maturation can
be analysed using this model, AIP-1 production was determined using
S. aureus ROJ143. As shown in Figure 5-7, AIP production was detected
from the reaction of membrane bound AgrB1 with T7-AgrD1. This shows
that the T7-tag did not interfere with AgrD1 maturation and that the presence
of AgrB1 enabled the processing of AgrD1 in E. coli membranes. This
showed that this cell-free model could be used to investigate AgrB1D1
interactions and the processing of AgrD1 to form mature AlP-1.

80+
60 -
(=
¥ Bl AgrB1
Q r
O 404 ?
> Bl AgrB1 + T7-AgrD1
(14
20
0_

Figure 5-7. Bioluminescence output from S. aureus ROJ143 confirming
AIP-1 production after incubation of E. coli C41 (DE3) pCDFDuet-1
agrB1 membrane fractions with T7-AgrD1. S. aureus ROJ143 was grown
overnight at 37°C, 200 rpm and was diluted 1/200. 10 uL AgrB1 membrane
fraction after incubation with T7-AgrD1 was added to 190 pL diluted culture
in triplicate in a 96 well, black, clear bottomed Tecan plate. The plate was
placed in a Tecan plate reader and incubated at 37°C. ODgoo and RLU were
read every 15 min for 16 h. Data represent RLU divided by ODsoo after
incubation for 3 h. The data represents three technical repeats with error
bars displaying standard deviation.
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5.9 AgrBD complex formation with N-terminal AgrD1

We have demonstrated that the AgrB1D1 intermediate consisted of AgrB1
in complex with the N-terminus of AgrD1 but not the C-terminus. To probe
the interaction between AgrB and AgrD further, a synthetic peptide was
obtained consisting of linear AgrD1 without the C-terminus and with an alfa
tag at the N-terminus, the sequence of this is shown in the Methods in
section 2.15 (Figure 5-8). The alfa tag is a 15 amino acid epitope tag which
forms a small alpha helix that can be used for microscopy,
immunoprecipitation and Western blotting. The alfa tag is small,
monovalent, hydrophilic and has no net charge resulting in minimal effects
on the protein it is linked to (180). This peptide was used to identify if AgrB1
could recognise AgrD1 lacking the C-terminus. The N-terminal AgrD1
peptide was incubated with membrane fractions of E. coli C41 (DE3) agrB1
and the samples probed for AgrBD complex formation by Western blot
against AgrB. The samples were also tested for AIP-1 production using
S. aureus ROJ143.

alfatag N-terminus and linker AIP

Figure 5-8. Schematic of synthetic alfa AgrD1 lacking the C-terminus

As shown in Figure 5-9 (a), there was no AgrB1D1 complex formation when
E. coli pCDFDuet-1 agrB1 membranes were incubated with N-terminal
AgrD1. This shows that there was no recognition of AgrD1 and the C-
terminus is necessary for this interaction. Additionally, as shown in Figure
5-9 (b), no AIP-1 was produced on incubation of AgrB1 with N-terminal
AgrD1. This further highlights that this version of the peptide was not
recognised by AgrB1 and the C-terminus is necessary for this interaction.
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Figure 5-9. AgrB1D1 complex formation and AIP-1 production with N-
terminally tagged AgrD1 peptide. (a) Western blot against AgrB1.
Samples are membrane fractions of induced E. coli C41(DE3) pCDFDuet-1
agrB1 incubated with T7-AgrD1 or N-terminal alfa-AgrD1 as follows; Lane
1: no AgrD peptide Lane 2: T7-AgrD1, Lane 3: N-terminal alfa-AgrD1.
Samples were added to 2 x Novex Tris-Glycine SDS sample buffer and
heated to 55°C for 5 min before running on a 14 % Tris-Glycine gel. The gel
was transferred to PVDF and probed with AgrB nanobody 2ABE10. (b)
Bioluminescence from S. aureus ROJ143 indicating AlIP-1 production after
incubation of membrane fractions of E. coli C41 (DE3) pCDFDuet-1 agrB
with T7-AgrD1 or alfa-Nterm-AgrD1. Samples were added to S. aureus
ROJ143 as described previously and ODeoo and RLU read in a Tecan plate
reader after 3.75 h incubation at 37°C. Data represent three technical

repeats with error bars showing standard deviation.

5.10 Dynamics of AgrB1D1 complex formation
Recognition of AgrD by AgrB as detected here is the first step in AIP
maturation. To determine the dynamics of this interaction the formation of
the AgrB1D1 complex was monitored over time. E. coli membrane
containing AgrB1 was incubated with T7-AgrD1 at 37°C and samples taken
at different time points. AgrB1D1 complex formation was detected after just

half an hour of incubation (Figure 5-10, a). Additionally, the intensity of the
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upper band, and so the proportion of protein in the AgrB1D1 complex, did

not change as the incubation time was increased.

Interestingly, AlIP-1 production was detected after 30 min and the level of
AIP-1 detected using bioreporter S. aureus ROJ143 decreased as the
incubation time increased (Figure 5-10, b). This indicates the complex
formed and AgrD1 was turned over to form mature AIP-1 within 30 min. The

turnover of AgrD1 did not increase with increased incubation time.

kDa 1 2 3 4

°§ Il 30 minutes
26 (] I 1 hour
' ‘ 3 100
v s G i
% 50— __ Il 3 hours

(@) % (b) oA

Figure 5-10. AgrB1D1 complex formation and AIP-1 production over
time. (a) Western blot against AgrB. Samples were membrane fractions of
induced E. coli C41(DE3) pCDFDuet-1 agrB1 incubated with T7-AgrD1 at
37°C for increasing amounts of time as follows; Lane 1: 30 min, Lane 2: 1
h, Lane 3: 2 h, Lane 4: 3 h. Samples were added to 2 x Novex Tris-Glycine
SDS sample buffer and heated to 55°C for 5 min before running on a 14 %
Tris-Glycine gel. The gel was transferred to PVDF and probed with AgrB1
nanobody 2ABE10. (b) AlIP-1 production from E. coli C41 (DE3) membrane
with AgrB1 incubated with T7-AgrD1 for different lengths of time. Samples
were added to S. aureus ROJ143 as described previously and ODeoo and
bioluminescence read in a Tecan plate reader after 3.25 h incubation at
37°C. Data represent three technical repeats with error bars showing

standard deviation.

154



511 AgrB1D1 complex formation with increasing
concentrations of T7-AgrD1

It was hypothesised that increasing the concentration of T7-AgrD1 in the in
vitro assay would increase the intensity of the AgrB1D1 band on the Western
blot. The concentration of AgrB1 was not quantified but was kept as
consistent as possible between assays by keeping the induction and
membrane preparation protocol the same. Increasing concentrations of T7-
AgrD1 were added to the same E. coli AgrB1 membrane preparation and an
increase in the intensity of the upper band is observed. This is representative

of increasing saturation of AgrB1 as it binds more AgrD1.
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Figure 5-11. AgrB1D1 complex formation with membrane fractions of
E. coli C41 (DE3) pCDFDuet-1 agrB1 incubated with T7-AgrD1 at
increasing concentrations. T7-AgrD1 concentration was as follows; Lane
1: 1 uM, Lane 2: 2 uM, Lane 3: 3 uM, Lane 4: 4 uM, Lane 5: 6 uM, Lane 6:
8 uM, Lane 7: 10 uM. Samples were incubated at 37°C for 2 h before being
added to 2 x Novex Tris-Glycine SDS sample buffer and heated to 55°C for
5 min. Samples were run on a 14 % Tris-Glycine gel and transferred to
PVDF for probing with AgrB nanobody 2ABE10.

5.12 Stability of the AgrB1D1 complex
Previously, a potential AgrBD intermediate has been shown to be resistant
to attempts to separate the two components using thioester sensitive
reagents such as hydroxylamine and dithiothreitol (67). We sought to
determine whether the complex could be dissociated by increasing the
reducing environment or by boiling. After incubation of E. coli membranes

155



containing AgrB1 with T7-AgrD1 for 2 h, samples were added to gel loading
buffer with increasing concentrations of B-mercaptoethanol and run on a
15 % acrylamide gel. Increasing the concentration of B-mercaptoethanol
had no effect on the intensity of the upper band indicating the AgrB1D1
intermediate. This shows this complex was resistant to a highly reducing

environment.

TR o .
Figure 5-12. AgrB1D1 complex stability in increasing reducing
environment. Samples were membrane fractions of induced E. coli
C41(DE3) pCDFDuet-1 agrB1 incubated with 2 uM T7-AgrD1 at 37°C. The
same samples were added to loading buffer with containing SDS as outlined
in methods section 2.16 with increasing concentrations of J-
mercaptoethanol as follows. Lane 1: 0%, Lane 2: 1.25%, Lane 3: 2.5%, Lane
4: 5%, Lane 5: 7.5%, Lane 6: 8.75%. Samples were heated to 55°C for 5
min in sample buffer and run on a 15% acrylamide gel before transfer to
PVDF and detection with AgrB nanobody 2ABE10.

Usually, samples of AgrB1 are added to SDS-PAGE sample buffer and
heated to 55°C for 5 min before running on the SDS gel as boiling the
sample can cause AgrB1 to aggregate at the top of the gel. To determine
whether the AgrB1D1 complex was resistant to boiling, after incubation of
E. coli membrane containing AgrB1 with T7-AgrD1 for 2 h, samples were
added to 2 x Tris-Glycine sample loading buffer and heated to 100°C for
5 min before running the gel. As displayed in Figure 5-13, boiling the sample
did not completely dissociate the complex. This shows the AgrB1D1

complex was stable after boiling.
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Figure 5-13. AgrB1D1 complex stability after boiling. Samples are
membrane fractions of induced E. coli C41(DE3) pCDFDuet-1 agrB1
incubated with T7-AgrD1 at 37°C. The same sample was added to sample
buffer and either heated to 55°C or 100°C for 5 min before running on a 14%
Tris-Glycine gel and transfer to PVDF for detection with AgrB nanobody
2ABE10. Lane 1: 55°C, Lane 2: 100°C.

5.13 AgrBD complex formation with different agr subgroups
We have demonstrated AgrBD complex formation in agr group | however,
as mentioned previously, 4 agr subgroups exist in S. aureus which are
characterised by the amino acid sequence of the pheromone AIP peptide.
The sequences of the AgrD molecules of different subgroups are shown
below (11). The catalytic cysteine residue is shown in red and other residues
which are conserved across Staphylococci are shown in green. AIP
molecules are highly specific for their cognate AgrC receptor, AlPs of the
same subgroup activate the agr system whereas non-self AlIPs inhibit the
agr system (109, 181). It is known that the AgrC-AlIP interaction is highly
group specific. It has also been demonstrated that AgrB1 and AgrB3 can
process AgrD1 and AgrD3 but not AgrD2 and AgrB2 can only process
AgrD2. This was demonstrated through reporter assays detecting AIP
production (60). Here we wanted to determine if the subgroup specificity

between AgrB and AgrD could be detected using this model. This could give
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insights into the residues in AgrD which are essential for the recognition by
AgrB.

N-terminus AIP C-terminus
S. aureus
AgrD1 MNTLFNLFFDFITGILKNIGNIAA YSTCDFIM DEVEVPKELTQLHE
AgrD2 MNTLVNMFFDFIIKLAKAIGIVG GVNACSSLF DEPKVPAELTNLYDK
AgrD3 MKKLLNKVIELLVDFFNSIGYRAAY INCDFLL DEAEVPKELTQLHE

AgrD4 MNTLLNIFFDFITGVLKNIGNVAS YSTCYFIM DEVEIPKELTQLHE

Expression constructs pCDFDuet-1 agrB2D2 and pCDFDuet-1 agrB3 were
made using HiFi cloning by Dr. Ewan Murray. agrB2 and agrDZ2 were
amplified from S. aureus NRS149 and agrB3 from S. aureus MRSA252.
pCDFDuet-1 agrB2 was constructed via inverse PCR to remove agrD2.

To test whether the AgrB nanobody 2ABE10 was able to detect all
subgroups of AgrB, these constructs were induced in E. coli C41 (DE3),
membranes separated from cytosolic fraction and samples run on a 14 %
Tris-Glycine gel before transfer to PVDF and Western blot with nanobody
2ABE10. As displayed in Figure 5-14, 2ABE10 was able to detect AgrB from
E. coli membranes from the three agr subgroups tested. Additionally, an
AgrB2D2 complex was detected (Figure 5-14, Lane 4). This indicates that
the AgrBD complex formation is not specific to agr group I. It is also to be
noted that no dimer is observed for AgrB2 or AgrB3, as no band was
detected at ~42 kDa as there was for AgrB1. It has been shown that AgrB2
forms a dimer in lipid membranes (68). The absence of AgrB2 and AgrB3
dimers does not mean that they do not form in E. coli membranes, they just
may be more unstable on the SDS-PAGE gel than an AgrB1 dimer therefore
the dimer could have been dissassembled.
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Figure 5-14. Western blot with AgrB nanobody 2ABE10 to detect
AgrB1, AgrB2 and AgrB3. Samples are membrane fractions of induced E.
coli C41 (DE3) pCDFDuet-1 encoding genes as follows; Lane 1: agrB1,
Lane 2: agrB1D1, Lane 3: agrB2, Lane 4: agrB2D2, Lane 5: agrB3.
Membrane fractions were added to 2 x Novex Tris-Glycine SDS sample
buffer and heated to 55°C for 5 min before running on a 14 % Tris-Glycine
gel. The gel was transferred to PVDF and probed with AgrB nanobody
2ABE10.

To check the reactivity of AgrB1 with AgrD2 and AgrD3, pCDFDuet-1 agrB1
was induced in E. coli C41 (DE3), the membrane fraction separated and
incubated with synthetic linear T7-AgrD1, T7-AgrD2 and T7-AgrD3. AgrB1
was able to form a complex with T7-AgrD1 and T7-AgrD3 but not T7-AgrD2
(Figure 5-15). There appears to be a higher proportion of AgrB1 in complex
with AgrD3 than AgrD1. The peptide preparation of T7-AgrD3 was a fresher
preparation and had been through fewer freeze thaw cycles than the T7-
AgrD1 peptide which could have resulted in apparent increased complex

formation.
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Figure 5-15. Reactivity of AgrB1 with AgrD of different subgroups.
Samples were membrane fractions of E. coli C41 (DE3) pCDFDuet-1 agrB1
incubated with T7-AgrD at 37°C for 2 h as follows; Lane 1: control, Lane 2:
T7-AgrD1, Lane 3: T7-AgrD2, Lane 4: T7-AgrD3. Samples were added to
2 x Novex Tris-Glycine SDS sample buffer and heated to 55°C for 5 min
before running on a 14 % Tris-Glycine gel. The gel was transferred to PVDF
and probed with AgrB nanobody 2ABE10.

To determine whether AgrD2 forms weak or transient interactions with
AgrB1 which are lost on running of the SDS-PAGE gel, the sample was also
run with loading buffer containing no B-mercaptoethanol on a 15%
acrylamide gel. B-mercaptoethanol will break apart the thioester bond
between AgrB and AgrD therefore in the absence of this, any AgrBD

complex that forms should be detected on the gel.

As shown in Figure 5-16, no complex was observed with AgrB1 and T7-
AgrD2 in the absence of B-mercaptoethanol. This confirms that no
interaction was noted between AgrB1 and T7-AgrD2 which implies that this

interaction is agr subgroup specific.
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Figure 5-16. AgrB1 and T7-AgrD2 with and without B-mercaptoethanol.
Samples were membrane fractions of E. coli C41 (DE3) pCDFDuet-1 agrB1
incubated with T7-AgrD2. Sample buffer was added with and without BME
as follows; Lane 1: 5 % BME, Lane 2: 0% BME. Samples were incubated in
loading buffer at 55°C for 5 min before running on a 14 % Tris-Glycine gel.
The gel was transferred to PVDF and probed with AgrB nanobody 2ABE10.

To investigate the specificity of recognition by AgrB2, pCDFDuet-1 agrB2
was induced in E. coli C41 (DE3), membranes separated from cytosolic
fraction and incubated with synthetic T7-AgrD1, T7-AgrD2 and T7-AgrD3.
As displayed in Figure 5-17, AgrB2 formed a complex with T7-AgrD2 only
(Lane 3). No complex formation was observed with T7-AgrD1 or T7-AgrD3.
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Figure 5-17. Cross reactivity of AgrB2 with AgrD of different
subgroups. Samples were membrane fractions of E. coli C41 (DE3)
pCDFDuet-1 agrB2 incubated with T7-AgrD at 37°C for 2 h as follows; Lane
1: control, Lane 2: T7-AgrD1, Lane 3: T7-AgrD2, Lane 4: T7-AgrD3.
Samples were added to 2 x Novex Tris-Glycine SDS sample buffer and
heated to 55°C for 5 min before running on a 14 % Tris-Glycine gel. The gel
was transferred to PVDF and probed with AgrB nanobody 2ABE10.
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To examine the specificity of AgrD recognition by AgrB3, pCDFDuet-1 agrB3
was induced in E. coli C41 (DE3), membranes separated and incubated with
synthetic T7-AgrD1, T7-AgrD2 and T7-AgrD3. As displayed in Figure 5-18
AgrB3 formed a complex with AgrD1 and AgrD3 but not AgrD2.
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Figure 5-18. Cross reactivity of AgrB3 with AgrD of different
subgroups. Samples are membrane fractions of E. coli C41 (DE3)
pCDFDuet-1 agrB3 incubated with T7-AgrD at 37°C for 2 h as follows; Lane
1: control, Lane 2: T7-AgrD1, Lane 3: T7-AgrD2, Lane 4: T7-AgrD3.
Samples were added to 2 x Novex Tris-Glycine SDS sample buffer and
heated to 55°C for 5 min before running on a 14 % Tris-Glycine gel. The gel
was transferred to PVDF and probed with AgrB nanobody 2ABE10.

As there was recognition of T7-AgrD1 by AgrB3, AlIP-1 production was
determined using agr group | bioreporter S. aureus ROJ143. As shown in
Figure 5-19, AIP-1 was produced on incubation of T7-AgrD1 with AgrB3 in
E. colimembranes. This shows that AgrB3 was able to recognise and initiate
turnover of AgrD1. As expected, there was no production of mature AlP-1
by AgrB2. This is due to the lack of recognition of the pro-peptide.
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Figure 5-19. AIP-1 production from AgrB2 and AgrB3 with T7-AgrD1.
Samples were added to S. aureus ROJ143 as described previously and
ODsoo and bioluminescence read in a Tecan plate reader after 3.25 h
incubation at 37°C. Data represent three technical repeats with error bars

showing standard deviation.

Overall, there was found to be inter group recognition between AgrB and
AgrD of agr groups | and Il but not group Il. This is similar to what was
reported by Ji et al. in 1997 (60). They detected the production of AlPs with
different AgrB AgrD group combinations using a bioreporter however here
we have demonstrated the formation of AgrBD complex and AlP-1
production in E. coli membranes. This demonstrates that AgrB1 and AgrB3
are unable to process AgrD2 and AgrB2 is unable to process AgrD1 and
AgrD3 through the lack of initial recognition.

The C-terminus of AgrD has been demonstrated in this thesis to be essential
for the recognition of AgrD by AgrB. The findings in this section give insights
into the residues which are essential for this interaction. AgrD C-termini from
the three subgroups were aligned using Clustal Omega software, this
alignment is shown in Figure 5-20 (182). As demonstrated in the alignment,
the C-termini of AgrD from group | and group Il are identical apart from one
amino acid (V in group |, Ain group Il). As there is cross recognition between
these groups this indicates that this amino acid position, just after the
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conserved DE is not critical in recognition of AgrD by AgrB. The AgrD2 C-
terminus does differ more greatly, and it has been demonstrated here that
AgrD2 is not recognised by AgrB1 and AgrB3. Residues which may dictate
this recognition include the proline, alanine and lysine residues indicated
with a circle in Figure 5-20. These differ most from amino acids in AgrD1
and AgrD3 which indicates they may prevent recognition by AgrB of other

subgroups.
AgrD1 DEVEVPKELTQLHE- 14
AgrD3 DEAEVPKELTQLHE- 14
AgrD2 DE:KVH:ELTNLYq@ 15

2Rk kskk g kg

Figure 5-20. Clustal Omega alignment of AgrD C-termini. Amino acids
are colour coded by their properties as follows; blue — acidic, red —
hydrophobic, magenta — basic, green — hydroxyl, sulfhydryl and amine.
* indicates the same amino acids, : indicates amino acids of strongly similar

properties (182).

514 AgrBD complex formation with AgrD2 from
Staphylococcus epidermidis

The agr quorum sensing system is employed in many other Gram-positive
bacteria as well as S. aureus such as Staphylococcus epidermidis. AlPs
from S. epidermidis have been shown to be cross inhibitory to S. aureus agr
systems and S. epidermidis is able to out compete S. aureus for colonisation
(181). We wanted to determine whether AgrD from S. epidermidis can be
recognised by AgrB1 from S. aureus. This will give insights into how specific
this interaction is and if there is cross-reactivity between species at this
stage of the signalling pathway. S. epidermidis has three agr groups. The
AIP molecules have longer tails than AlPs from S. aureus however the AgrD
molecules contain residues which are highly conserved across

Staphylococci such as the catalytic cysteine residue (183). The sequences
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of AgrD from S. aureus and S. epidermidis are outlined below, the catalytic
cysteine residue is shown in red and other residues which are conserved

across staphylococci are shown in green.

N-terminus AIP C-terminus
S. aureus
AgrD1 MNTLFNLFFDFITGILKNIGNIAA YSTCDFIM DEVEVPKELTQLHE
AgrD2 MNTLVNMFFDFIIKLAKAIGIVG GVNACSSLF DEPKVPAELTNLYDK
AgrD3 MKKLLNKVIELLVDFFNSIGYRAAY INCDFLL DEAEVPKELTQLHE
AgrD4 MNTLLNIFFDFITGVLKNIGNVAS YSTCYFIM DEVEIPKELTQLHE
S. epidermidis
AgrD1 MENIFNLFIKFFTTILEFIG TVAGDSVCASYF DEPEVPEELTYLYE
AgrD2 MNLLGGLLLKIFSNFMAVIG NASKYNPCSNYL DEPQVPEELTKLDE
AgrD3 MNLLGGLLLKLFSNFMAVIG NAAKYNPCASYL DEPQVPEELTKLDE

To identify recognition between AgrD from S. epidermidis and AgrB from
S. aureus, agrD2 was amplified from S. epidermidis 1457 and inserted into
MCS2 of pCDFDuet-1 agrB1 using HiFi cloning. This is a biofilm forming
strain which has been the focus of agr studies in S. epidermidis. S. aureus
AgrB1 and S. epidermidis AgrD2 protein expression was induced in E. coli
C41 (DE3) and complex formation detected using a Western blot against
membrane fractions using AgrB nanobody 2ABE10.
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Figure 5-21. AgrBD complex formation with S. aureus AgrB1 and
S. epidermidis AgrD2. Samples are induced E. coli C41 (DE3) pCDFDuet-
1 encoding genes as follows; Lane 1: S. aureus agrB1, Lane 2: S. aureus
agrB1 S. epi agrD2. Samples were added to 2 x Novex Tris-Glycine SDS
sample buffer and heated to 55°C for 5 min before running on a 14 % Tris-
Glycine gel. The gel was transferred to PVDF and probed with AgrB
nanobody 2ABE10.
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As shown in Figure 5-21, AgrB1 from S. aureus was able to recognise and
form a complex with AgrD2 from S. epidermidis (Figure 5-21). Ji et al.
showed in 1997 that there was no mature AIP production from AgrD of
Staphylococcus lugdunensis with S. aureus AgrB group 1, 2 or 3. We have
not measured mature AIP production here, however, have demonstrated
that S. aureus AgrB1 is able to recognise AgrD of another species. Mature
AIP may not be made as amino acid differences in the AIP molecule and the

N-terminus may prevent further processing by AgrB of different groups.

There is high sequence homology in the C-termini of AgrD peptides as
shown above. This supports the hypothesis that AgrB recognises AgrD via
the C-terminus as this highly conserved region enables cross-group
recognition by AgrB.

The C-terminus of AgrD2 from S. epidermidis was aligned with the C-
terminus of AgrD1 from S. aureus using Clustal Omega (Figure 5-22) (182).
Differences are seen however cross group recognition is seen between
these AgrD peptides. This indicates that differences in amino acids seen
here are not essential for recognition by AgrB. Taken together with the
alignment of AgrD C-termini from S. aureus (Figure 5-20), this indicates that
the alanine in AgrD2 and the final lysine residue may be what prevents
AgrB1 and AgrB3 from recognising and binding AgrD2.

aureus DEVEVPKELTQLHE 14
epi DEPQVPEELTKLDE 14
XX LkXkiIXkXkX:k, Xk

Figure 5-22. Clustal Omega alignment of AgrD C-termini from S. aureus
group | and S. epidermidis group Il. Amino acids are colour coded by
their properties as follows; blue — acidic, red — hydrophobic, magenta —
basic, green — hydroxyl, sulfhydryl and amine. * indicates the same amino

acids, : indicates amino acids of strongly similar properties (182).
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5.15 Identification of residues in AgrB necessary for AgrBD
complex formation

In the previous section residues in the AgrD C-terminus which could be
essential for recognition of AgrD by AgrB have been identified. To probe the
S. aureus AgrB1D1 interaction further and identify residues which are
essential for complex formation, site specific mutations were made in key
amino acids in AgrB1 and AgrD1. Residues targeted include Cys84 and
His77 which form the putative active site of AgrB and catalyse the
processing of AgrD (71). Cys28 in AgrD1 was also targeted, as this is
required for formation of the thiolactone macrocycle and likely catalyses
thioester exchange, releasing AgrD from AgrB (Figure 5-23) (67).

Cys84 in AgrB1 and Cys28 in AgrD1 were converted to serine using site
directed mutagenesis of pCDFDuet-1 agrB1D1. Creation of the mutations
was confirmed by DNA sequencing carried out by Source Bioscience. These
plasmids were introduced into in E. coli C41 (DE3), protein expression was
induced, and membrane fractions isolated. Membrane fractions were run on
a 14% Tris-Glycine gel and AgrB detected by Western blot with nanobody
2ABE10.

1 2

Figure 5-23. Schematic of the role of Cys84 AgrB and Cys28 AgrD. (1)
AgrD binds to AgrB via Cys84 and Cys28 and Cys84 are located in close
proximity. (2) After AgrD C-terminal cleavage, AgrD M33 is susceptible to
nucleophilic attack by AgrD C28. This catalyses thioester exchange and

thiolactone ring formation, releasing AgrD from AgrB.
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As shown in Figure 5-24 (a), with either of these mutations, no mature AlP-
1 was formed. This shows that these residues are essential for the
processing of AgrD1 by AgrB1 to form AIP-1. Additionally, as presented in
Figure 5-24 (b), the AgrB1D1 complex was unable to form with an
inactivating mutation of AgrB Cys84 (Lane 3) however it can form with an
inactivating mutation of AgrD Cys28 (Lane 4). This is expected as Cys84 is
essential for recognition and binding of AgrD forming a thioester bond
therefore mutation of this will prevent AgrBD complex formation. Cys28 is
essential for thiolactone ring formation and release of AgrD from AgrB
(Figure 5-23) (67). Therefore, mutation of this does not prevent recognition
of AgrD by AgrB but does inhibit mature AlP-1 production as the thiolactone
ring cannot be formed.
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Figure 5-24. AIP-1 production and AgrB1D1 complex formation with
site specific mutations in AgrB1 C84 and AgrD1 C28. (a) Cell free E. coli
supernatants after induction were added to S. aureus ROJ143 as described
previously and ODeoo and RLU read in a Tecan plate reader after 3.5 h
incubation at 37°C. Data represent three technical repeats with error bars
showing standard deviation. (b) Western blot against AgrB. Samples were
membrane fractions of E. coli C41 (DE3) pCDFDuet-1 with genes as follows;
Lane 1: agrB1, Lane 2: agrB1 agrD1 Lane 3: agrBC84S agrD1 Lane 4:
agrB1 agrDC28S. Samples were added to 2 x Novex Tris-Glycine SDS
sample buffer and heated to 55°C for 5 min before running on a 14 % Tris-
Glycine gel. The gel was transferred to PVDF and probed with AgrB
nanobody 2ABE10.
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Arginine 70 (R70), glycine 75 (G75) and lysines 129-131 (KKK129-131) in
AgrB1 were also targeted as mutation of these residues has been shown
previously to inhibit AIP production in S. aureus (72). Mutation of either R70
or G75 has been shown to inhibit AIP production, detected using a
bioreporter, and AgrD C-terminal cleavage detected by Western blot.
Mutation of KKK129-131 has been shown to inhibit AIP production but not
AgrD cleavage indicating it inhibited maturation of AIP at a later stage in the
pathway (72). We wanted to identify if mutating these key residues would
affect the recognition of AgrD by AgrB. Each of these key active site amino
acids were converted to alanine by site directed mutagenesis in pCDFDuet-
1 agrB1D1. As previously, the expression of proteins from plasmids was
induced in E. coli C41 (DE3) and AlP-1 production and AgrB1D1 complex
formation assessed using S. aureus ROJ143 and Western blot against
AgrB.

As shown in Figure 5-25 (a), using group | bioreporter S. aureus ROJ143 to
detect AIP-1 production, no AIP-1 was synthesised with G75A mutation.
With a R70A mutation, AlP-1 production reduced ~3.5 fold and with mutation
of the triple lysine residues surrounding K130, AIP-1 production reduced
~2.5 fold. AgrB1D1 complex formation was prevented with G75A and R70A
mutations however it was able to form with mutation of the triple lysine
residues surrounding K130 (Figure 5-25, b). This confirms what was
demonstrated previously, that mutation of the lysine residues prevents AlP-
1 production but does not prevent peptidase activity and recognition of AgrD
by AgrB (72). Together with the findings of Thoendel et al. (72) this indicates
that that these lysine residues function in processing of AgrD after
recognition and C-terminal cleavage. The data also indicates that R70 and
G75 are involved in the recognition of AgrD by AgrB as complex formation
was prevented when they are mutated. This highlights distinct steps in the
processing of AgrD including recognition and cleavage of the C-terminus
followed by thiolactone ring formation and release of AgrD from AgrB.
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Figure 5-25. AIP-1 production and AgrBD complex formation with
E. coli C41 (DE3) after induction of pCDFDuet-1 agrB1D1 with
inactivating point mutations. (a) Cell free supernatants of E. coli cultures
after induction were added to S. aureus ROJ143 as described previously
and ODeoo and RLU read in a Tecan plate reader after 3.5 h incubation at
37°C. Data represent three technical repeats with error bars showing
standard deviation. (b) Western blot against AgrB. Samples are membrane
fractions of E. coli C41 (DE3) pCDFDuet-1 with recombinant genes as
follows; Lane 1: agrB, Lane 2: agrB agrD Lane 3: agrBR70A agrD Lane 4:
agrBG75A agrD, Lane 5: agrBK129-131A agrD. Samples were added to 2
x Novex Tris-Glycine SDS sample buffer and heated to 55°C for 5 min before
running on a 14 % Tris-Glycine gel. The gel was transferred to PVDF and
probed with AgrB nanobody 2ABE10.

As mentioned previously a site-specific mutation was also made in His77 in
AgrB1 which is thought to be part of the active site. This mutation could not
be made in the pCDFDuet-1 agrBD vector due to technical difficulties
therefore it was made in pCDFDuet-1 agrB. To assay AgrBD complex
formation and AIP-1 production with this mutant, pCDFDuet-1 agrBH77A
was induced in E. coli C41 (DE3), membrane isolated and incubated with
T7-AgrD1.

As displayed in Figure 5-26 (a), AlIP-1 production was reduced but not
abolished with H77A mutation. Additionally, AgrB1D1 complex formation
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was prevented with H77A mutation (Figure 5-26, b, Lane 2). His77 and
Cys84 make up the active site and mutation of either of these residues
resulted in loss of recognition of AgrD and loss of AlIP-1 production showing

that the catalytic activity of AgrB is essential for this.
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Figure 5-26. AIP-1 production and AgrBD complex formation with
membrane fractions of induced E. coli C41(DE3) pCDFDuet-1 agrB1D1
H77A. (a) Samples were added to S. aureus ROJ143 as described
previously and ODeoo and RLU read in a Tecan plate reader after 3.5 h
incubation at 37°C. Data represent three technical repeats with error bars
showing standard deviation. (b) Western blot against AgrB. Samples are
membrane fractions of induced E. coli C41(DE3) pCDFDuet-1 agrB1
incubated with T7-AgrD1. Lane 1: AgrB1 + T7-AgrD1 Lane 2: AgrB1H77A +
T7-AgrD1. Samples were added to 2 x Novex Tris-Glycine SDS sample
buffer and heated to 55°C for 5 min before running on a 14 % Tris-Glycine
gel. The gel was transferred to PVDF and probed with AgrB nanobody
2ABE10.

5.16 Effect of protease inhibitors on AgrB1D1 complex
formation

Mutation of key catalytic residues of AgrB1 was shown to prevent AgrB1D1

intermediate formation. To determine whether protease activity was

necessary for AgrB1D1 complex formation, this was investigated in the

presence of various protease inhibitors. Inhibitors selected had been tested
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for AIP-1 biosynthesis inhibition previously using membrane extracts of
E. coliBL21 pCold agrB1 incubated with T7-AgrD1. Some had been shown
to be AIP biosynthesis inhibitors and some had no effect (Figure 5-27).
Inhibitors selected for use here were, ambuic acid, a known AgrB inhibitor,
TPCK, an irreversible serine and cysteine protease inhibitor, E64 an
irreversible cysteine protease inhibitor and pepstatin, a reversible aspartic
acid protease inhibitor as well as cOmplete protease inhibitor cocktail
(Sigma Aldrich).
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Figure 5-27. AIP-1 production from E. coli BL21 pCold agrB1 incubated
with T7-AgrD1. AIP-1 production was detected by addition of samples to
S. aureus ROJ143 using the method described previously. This work was

performed, and data analysed by Dr. Victoria Steele.
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Protease inhibitors were tested with membrane fractions of E. coli C41
(DE3) agrB1 incubated with synthetic T7-AgrD1. Protease inhibitors were
incubated with AgrB1 induced E. coli membrane at 37°C for 1 h before
addition of T7-AgrD1 and incubation at 37°C for an additional 2 h. As shown
in Figure 5-28, ambuic acid and TPCK completely inhibited AgrB1D1
complex formation whereas cOmplete protease inhibitor, E64 and pepstatin
had no effect. This confirms what was observed before by Dr. Victoria Steele
who saw inhibition of AlIP-1 production from cell free assays with ambuic
acid and TPCK but no inhibition with pepstatin and E64 (Figure 5-27).

a2
3

Figure 5-28. Effect of protease inhibitors on AgrB1D1 complex
formation where inhibitors were added before T7-AgrD1. Samples were
membrane fractions of induced E. coli C41(DE3) pCDFDuet-1 agrB1
incubated with T7-AgrD1 and inhibitors as follows. Lane 1: DMSO control,
Lane 2: 100 uM ambuic acid, Lane 3: 100 uM TPCK, Lane 4: 1 x cOmplete
protease inhibitor cocktail, Lane 5: 10 uM E64, Lane 6: 10 ng/mL pepstatin.
Samples were added to 2 x Novex Tris-Glycine SDS sample buffer and
heated to 55°C for 5 min before running on a 14 % Tris-Glycine gel. The gel
was transferred to PVDF and probed with AgrB nanobody 2ABE10.

Previously inhibitors were incubated with membranes for 1 h before addition
of T7-AgrD1 giving them time to act before AgrB1D1 complex formation
could occur. Therefore, here inhibitors were added at the same time as T7-

AgrD1 and incubated at 37°C for 2 h with membrane fractions of E. coli
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C41(DE3) pCDFDuet-1 agrB1 to see if they acted competitively. As
presented in Figure 5-29, the inhibition profile was the same as for when
inhibitors are added first. This implies that ambuic acid and TPCK could

inhibit AgrB1 competitively.

wa 1 2 3 4 5 6

Figure 5-29. AgrB1D1 complex formation in the presence of protease
inhibitors with inhibitors added simultaneously to T7-AgrD1. Samples
are membrane fractions of induced E. coli C41(DE3) pCDFDuet-1 agrB1
incubated with T7-AgrD1 and inhibitors as follows. Lane 1: DMSO control,
Lane 2: 100 uM ambuic acid, Lane 3: 100 uM TPCK, Lane 4: cOmplete
protease inhibitor cocktail, Lane 5: 10 uM E64, Lane 6: 10 ng/mL pepstatin.
Samples were added to 2 x Novex Tris-Glycine SDS sample buffer and
heated to 55°C for 5 min before running on a 14 % Tris-Glycine gel. The gel
was transferred to PVDF and probed with AgrB nanobody 2ABE10.

Pefabloc, an irreversible serine and cysteine protease inhibitor was also
tested. This was also shown to be effective in inhibiting AIP-1 production by
Dr. Steele in her in vitro AIP biosynthesis assay (Figure 5-27). Interestingly,
addition of 100 uM pefabloc had no effect on AgrB1D1 complex formation
when added simultaneously with T7-AgrD1 to AgrB1 (Figure 5-30). This
implies that pefabloc could inhibit AIP-1 formation but did not act at the level
of AgrB1 recognition of AgrD1.
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Figure 5-30. AgrB1D1 complex formation in the presence of 100 uM
pefabloc. Samples are membrane fractions of induced E. coli C41(DE3)
pCDFDuet-1 agrB1 incubated with T7-AgrD1. Lane 1: DMSO control, Lane
2: 100 uM pefabloc. Lanes are from the same Western blot. Samples were
added to 2 x Novex Tris-Glycine SDS sample buffer and heated to 55°C for
5 min before running on a 14 % Tris-Glycine gel. The gel was transferred to
PVDF and probed with AgrB nanobody 2ABE10.

Finally, T7-AgrD1 was incubated with membrane fractions of E. coli C41
(DE3) agrB1 for 1 h at 37°C before addition of inhibitors and incubation for
a further 2 h to determine whether the inhibitors were able to dissociate the
pre-formed complex. As shown in Figure 5-10, the AgrB1D1 complex forms
within 30 min of incubation. As displayed in Figure 5-31, none of the
inhibitors were able to dissociate the pre-formed complex.
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Figure 5-31. AgrB1D1 complex formation in the presence of protease
inhibitors with inhibitors added after T7-AgrD1. Samples are membrane
fractions of induced E. coli C41(DE3) pCDFDuet-1 agrB1 incubated with T7-
AgrD1 and inhibitors as follows. Lane 1: DMSO control, Lane 2: 100 uM
ambuic acid, Lane 3: 100 uM TPCK, Lane 4: 10 uM E64, Lane 5: 10 ug/mL
pepstatin, Lane 6: 1 mM pefabloc, Lane 7: cOmplete protease inhibitor
cocktail. Samples were added to 2 x Novex Tris-Glycine SDS sample buffer
and heated to 55°C for 5 min before running on a 14 % Tris-Glycine gel. The
gel was transferred to PVDF and probed with AgrB nanobody 2ABE10.

5.17 Discussion

As described previously by Thoendel et al. (67) expression of AgrB1 and
AgrD1 in E. coli was sufficient for AIP-1 production which was detectable
using bioreporter S. aureus ROJ143 (67, 153). Co-expression of these
proteins resulted in the detection of an AgrB1D1 intermediate at the cell
envelope by Western blot. The formation of this AgrB1D1 complex was
confirmed in section 5.7 and it was shown that AlIP-1 production can be
detected from membrane fractions of E. coli with AgrB1 incubated with
synthetic AgrD1. The detection of an AgrBD intermediate by Western blot
against AgrB or AgrD has been shown previously however here further work
has been done to characterise this intermediate (67, 71).

It has been shown previously that the N-terminus of AgrD is essential for it's

targeting to the membrane (70). It has also been shown that removal of the

C-terminus of AgrD results in loss of mature AIP however the exact role of
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the C-terminus was unclear (67). We showed in Chapter 4 that the C-
terminus of AgrD interacts with the C-terminus of AgrB in live S. aureus cells.
Additionally, in this chapter in section 5.9 we have demonstrated that AgrD
lacking the C-terminus is not recognised by AgrB, with no AgrBD complex
formation and no AIP production. Thoendel and Horswill hypothesised that
the C-terminal region could be involved in mediating the interaction with
AgrB (67). Our findings verify that the negatively charged C-terminus of
AgrD, which is highly conserved, is essential for recognition by AgrB. AgrB
has a number of positively charged residues in cytoplasmic loops which
could be involved in this interaction (56). Through the evaluation of AgrBD
complex formation with different agr subgroups we have also identified
residues in the AgrD C-terminus which could be essential for this interaction.
It would be interesting to mutate these residues to further validate if they are
essential in this interaction. This was not performed here due to time

constraints.

The AgrBD intermediate was noted by Thoendel et al. in 2008. They
hypothesised that the complex was representative of AgrD peptide bound
by a thioester bond to AgrB C84 (67). They showed that formation of the
intermediate was pH dependent which supports the theory that it is a
thioester bond. They were, however, unable to break the complex apart with
thioester sensitive reagents (67). In section 5.12 it was established that the
AgrB1D1 intermediate is resistant to boiling and high reducing environment.
-mercaptoethanol can disrupt thioester bonds therefore this could suggest
that the complex is not held together in this way. However, taken with the
findings from Thoendel et al. it is likely that the AgrBD interface is protected
and is inaccessible to reducing agent and thioester disruptive agents.

On co-expression of AgrBD in E. coli C41 (DE3) from pCDFDuet-1, a high
proportion of the protein appears to be present in an AgrBD complex (Figure
5-4). However, when AgrB1 is expressed alone and the cell envelope
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separated and incubated with T7-AgrD1, a higher proportion of the protein
appears to be unbound to AgrD1. This could be due to the unequal
concentrations of protein. AgrB in the cell envelope is not quantified, indeed,
when the concentration of AgrD is increased, the proportion of protein in the
AgrBD complex increases (Figure 5-11). AgrBD are both under the agrP3
promoter therefore will be transcribed at a similar rate in S. aureus (51).
However, due to differences in translation and protein degradation they will
not be present at an equimolar ratio in the S. aureus cell. It would be
interesting to quantify the levels of AgrB and AgrD in S. aureus and
determine the proportion of AgrB present that is used for processing of AgrD.
This could not be performed in this study due to the lack of antibody against

native AgrD.

It was noted that the AgrB1D1 complex forms within 30 min and AlP-1
formation is highest at this time point. This is consistent with thermodynamic
analysis performed by Wang et al. (68). They demonstrated that thiolactone
ring formation is reversible and reaches an equilibrium with the reaction
needing the rapid degradation of AgrD C-terminus by ClpP in order to
progress (68). ClpP proteases exist in E. coli however these exist in the
cytosol (184). The experiment shown here is representative of E. coli cell
envelope with AgrB incubated with T7-AgrD1 over time, therefore ClpP will
have been removed from this system. The AgrD C-terminus will not be able
to be broken down in this system. Overproduction of the AgrD C-terminus
leads to a decrease in AIP production as the energy from the hydrolytic
degradation of the C-terminus is required to power the production of the
high-energy thiolactone (46). This could explain why decrease in AIP
production is observed over time as the reaction reaches equilibrium in the

absence of ClpP.

In section 5.13 it was shown that there is inter group reactivity between agr
groups | and Ill. AgrB1 was able to form an intermediate with AgrD3 and
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AgrB3 was able to form an intermediate with AgrD1. Additionally, mature
AIP-1 was made with AgrB3 turning over AgrD1. This supports work done
previously which showed that the group specificity of AgrB is less stringent
than the AIP-AgrC interaction which is highly group specific. Ji et al (60) in
1997 showed that AgrB1 and AgrB3 will process AgrD1 and AgrD3 with
equal efficiency but neither will process AgrD2 and AgrB2 will not process
AgrD1 or AgrD3 (60). It has been shown previously that different residues
in AgrB1 and AgrB2 are essential for the recognition of AgrD which could
lead to the group specific interactions detected here (185).

S. epidermidis AIP has been shown to be potent inhibitor of the S. aureus
agr QS system however here we have demonstrated that S. aureus AgrB1
can recognise and form an intermediate with S. epidermidis AgrD2 (181).
The C-terminal tail of S. epidermidis AgrD is highly conserved between the
three agr groups with group | and Il being identical and group Il differing in
one amino acid. The C-terminal tail contains seven amino acids which are
highly conserved across staphylococcal AgrDs (183). This indicates that the
C-terminus is likely to be essential for recognition of AgrD by AgrB as it is
highly conserved. The sequence diversity in the AIP containing region and
the N-terminus do not affect recognition of AgrD by AgrB but may affect
further downstream processing.

Using alignment of the C-termini of AgrD peptides from S. aureus and
S. epidermidis we have identified residues which could be essential in the
recognition of AgrD by AgrB. It would be interesting to mutate these residues
to confirm whether they are involved in this interaction. This would further
validate that certain residues in the C-terminus of AgrD dictate recognition
by AgrB.

The AgrBD intermediate was noted by Thoendel et al. (67) in 2009 with an
AgrD C28A mutant however was not probed further (67). AQrBD complex
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formation in the presence of an AgrD C28 mutant was also evaluated in this
study. AgrD C28S was able to form a complex with AgrB but mature AIP
was not formed. It is hypothesised that C28 is essential for thiolactone ring
formation, therefore this intermediate consists of AgrD in complex with AgrB
before thiolactone ring formation and could represent a fixed form of the
intermediate (67).

Investigation into the residues of AgrB which are essential for its activity and
the cleavage of AgrD has been performed previously. Qiu et al. (71) in 2005
explored residues essential for the catalytic nature of AgrB resulting in the
identification of the catalytic dyad consisting of C84 and H77 (71). Thoendel
et al. in 2013 (72) used random mutagenesis to identify further residues in
AgrB which are essential for AIP production and AgrD processing. They
observed AgrD processing through evaluation of the cleavage of AgrD
detected by Western blot (72). In this study the ability of some of these
mutants to produce AIP and to recognise and form an intermediate with
AgrD has been investigated.

As demonstrated by Thoendel et al. (72) the AgrBD intermediate cannot
form with a C84 mutation and mature AIP production is not observed. AgrD
is inserted to the membrane via the N-terminal amphipathic leader. This is
where C84, which is predicted to be in the membrane interior, interacts with
AgrD (56). As shown in Chapter 4 section 4.3, computational modelling
predicts that C84 is positioned in close proximity with C28 on AgrD and C84
cleaves between M32 and D33 on AgrD forming linear peptide before
thiolactone ring formation. Mutation of C84, removes the catalytic activity
and the ability of AgrB to bind and recognise AgrD.

Mutation of H77, which localises on the cytoplasmic side of AgrB, also

reduced AIP production and appeared to inhibit AgrBD intermediate
formation. This forms the catalytic dyad with C84 and mutation of either of
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these residues inhibited efficient AIP production by inhibiting recognition of
AgrD by AgrB.

Mutation of R70 and G75, which both map to a loop on the cytoplasmic side
of AgrB both resulted in inhibition of AgrBD intermediate formation. Mutation
of G75 resulted in complete inhibition of AIP production and mutation of R70
resulted in partial reduction of mature AIP production. This confirms what
was reported by Thoendel et al. who showed that mutation of these residues
blocked peptidase activity. These data imply that these residues may be
essential for the recognition of AgrD by AgrB. The localisation of these
residues on a cytoplasmic loop is consistent with them being involved in
AgrD binding. In fact, R70 was predicted by computational modelling
(section 4.3) to stabilise the orientation of AgrD in association with AgrB.
This data supports that hypothesis as, with R70 mutated, AgrD is unable to
remain in association with AgrB which reduces the ability to make mature
AIP efficiently. G75 is among the seven residues which are conserved
across all AgrB sequences from Staphylococci, Clostridium and Listeria,
along with C84 and H77 (72). This implies a similar role for these residues
in all species and implies that these residues are essential in mature AlIP

production.

Interestingly, mutation of the three lysine resides at positions 129-131
resulted in inhibition of AIP production but AgrBD intermediate formation
was observed. This confirms what Thoendel et al. (72) reported, with AgrD
cleavage observed but no AIP production. This demonstrates that these
residues are essential for AIP processing after C-terminal cleavage,
potentially for thiolactone ring formation or for export from the cell. These
resides were previously thought to be present in the intramembrane domain
however recent modelling by Dr Bonev has placed these on a cytoplasmic
loop (Chapter 4, Figure 4-1). Protein modelling has predicted that these
lysine residues may interact with C-terminal E186 and D187 residues on
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another copy of AgrB to stabilise a dimer complex. We have demonstrated
in Chapter 4 that AgrB forms a dimer which could be essential for its activity.
Therefore, interruption of these residues could inhibit oligomer formation
which may be essential for steps in the processing of AgrD after C-terminal
cleavage such as thiolactone ring formation or transport across the
membrane (72). Contrary to this hypothesis however, is the detection of
AgrB dimer by Western blot with these residues mutated (Figure 5-25). This
indicates that, although these residues may be important in AgrB

dimerization, dimerization can still occur when these are mutated.

The data showing that AgrBD complex formation can occur with the triple
lysine mutation indicates that residues in the C-terminus of AgrB are not
essential for the recognition and binding of AgrD but are essential for
effective AIP production. This implies that they are essential at a later stage
in the pathway. One hypothesis is that these lysine residues interact with
negatively charged residues in the AgrD C-terminus and are essential for
the removal of AgrD C-terminus from the AgrB active site. Removal of the
C-terminus is essential for efficient AIP production therefore with these
residues mutated, AIP production is impaired, but not completely inhibited.
We showed in Chapter 4 that there is a strong interaction between the AgrD
C-terminus and the AgrB C-terminus which supports this hypothesis.

AgrB is an integral membrane protease, therefore the processing of AgrD
by AgrB should be able to be inhibited with protease inhibitors. Qiu et al.
showed that, in S. aureus cells, AIP production decreased in the presence
of pefabloc (AEBSF), a serine protease inhibitor. They also showed that, in
an in vitro assay with AgrB in purified membrane vesicles, pefabloc inhibited
AgrD processing as detected by Western blot against T7-AgrD. TPCK, a
serine/cysteine protease inhibitor was also shown to inhibit AgrD processing
in vitro. Conversely, E64, a cysteine protease inhibitor, and pepstatin, an
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aspartic acid inhibitor, were both shown to have no effect on AIP production
or AgrD processing (71).

Using this model AgrB processing of AgrD was inhibited competitively by
serine/cysteine protease inhibitor TPCK but not by cysteine protease
inhibitor E64 as reported previously. Although AgrB has no sequence
homology with other cysteine proteases, it has been described as a putative
cysteine protease. This is because mutation of the conserved serine in AgrB
has little effect on AIP production, indicating that AgrB is not a serine
protease (71). Additionally, His77 and Cys84 are thought to form a catalytic
centre and these most common conserved residues in the catalytic centre
of cysteine proteases (71). The lack of inhibition by E64 and pepstatin could
be due to the inability of the compounds to penetrate the catalytic centre

rendering them ineffective.

Interestingly we showed that serine protease inhibitor pefabloc was unable
to prevent AgrB1D1 intermediate formation. This was unexpected as it has
been shown by Qiu et al. and by Dr Steele to inhibit AIP production and AgrD
processing (71). This implies that pefabloc cannot inhibit the recognition of
AgrB by AgrD but can inhibit formation of mature AIP so must be acting at a
later stage in AgrD processing.

Overall, in this chapter evidence for an AgrBD intermediate which forms at
the cell membrane in E. coli has been provided. This is essential for the
production of mature AIP. It has been demonstrated using this model that
recognition of AgrD by AgrB is via the C-terminus of AgrD which supports
NanoBiT data outlined in Chapter 4. It has also been shown that catalytic
residues of AgrB are essential for the formation of this intermediate and its
formation can be inhibited with protease inhibitors.
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6. Evaluating the mechanism of action of AIP
biosynthesis inhibitors and the function of

protease MroQ

6.1 Introduction

In the previous chapter the detection of an AgrBD intermediate which forms
at the cell membrane in E. coli was described. The formation of this complex
was shown to be essential for AIP-1 production and inhibition of this resulted
in loss of AIP-1 production. We hypothesise that this assay could be used
to test for inhibitors of AIP biosynthesis. Signal biosynthesis is an attractive
target for QS inhibitors as AgrB is widely conserved among Gram-positive
bacteria. AgrB is present in Staphylococcus, Listeria, Enterococcus and
Clostridium (179). However, currently the only signal biosynthesis inhibitor
identified is the fungal metabolite ambuic acid.

Ambuic acid was first identified as an inhibitor of FsrB which is an AgrB
homologue in Enterococcus faecalis (113). It has since been identified as
an inhibitor of AgrB, but the mechanism of action is unknown (107). In the
previous chapter it was shown that the formation of the AgrBD intermediate
can be inhibited competitively with ambuic acid. In this chapter analogues of
ambuic acid which were synthesised by Dr Reekes and Dr Baldessare will
be tested for inhibition of AgrBD complex formation to help elucidate their
mechanism of action (186).

Additionally, in the previous chapter it was shown that AgrB and AgrD were
sufficient for AIP production in an E. coli membrane based in vitro assay.
However, there are many proteases in the E. coli membrane which are not
present in S. aureus which could be interfering with this reaction. AgrB is
known to perform C-terminal cleavage of AgrD and catalyse thiolactone ring
formation (67, 71). MroQ, is another protease which is thought to perform

184



N-terminal cleavage of AgrD (69). The role of MroQ must be being
performed by unknown proteases in the E. coli membrane in this model.
This chapter will outline the purification of AgrB and MroQ, performed to

investigate their interactions in a cell free model.

6.2 Aims
In the previous chapter evidence for an AgrBD intermediate which forms at
the E. coli cell membrane was provided. Formation of this intermediate can
be inhibited with protease inhibitors such as TPCK and the natural product,
ambuic acid. In this chapter we will use AgrBD complex formation to probe
the mechanism of action of AgrB inhibitor ambuic acid and its analogues.

AgrBD intermediate formation was also shown to be essential for AlIP-1
production in E. coli membranes. There are many proteases and proteins in
the E. coli membrane which are not present in S. aureus therefore AgrB will
be purified to probe the AgrBD interaction and AIP production in the absence

of interfering proteins.

6.3 AgrB1D1 complex formation with ambuic acid

Ambuic acid is a known AgrB inhibitor however the mechanism of action is
unknown (107). As shown in the previous chapter in Figure 5-30, ambuic
acid was able to inhibit AgrB1D1 complex formation competitively, implying
that it prevented AgrB recognition of AgrD. To investigate whether inhibition
was concentration dependent, increasing concentrations of ambuic acid
were added to membrane fractions of induced E. coli C41(DE3) pCDFDuet-
1 agrB1 with T7-AgrD1 added simultaneously. These were incubated at
37°C for 2 h.

As shown in Figure 6-1 (a), the inhibition of AgrB1D1 complex formation was
dose dependent, with inhibition of AQrBD complex formation increasing with

increasing concentrations of ambuic acid. Surprisingly, when AIP-1
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production was monitored from these reactions using S. aureus ROJ143 it
showed that increasing the concentration of ambuic acid up to 200 uM

promoted AIP-1 production (Figure 6-1, b).

kDa 1 2 3 4 5 6 7

26
D ———

(@)

150 -
B 1M
E 10puM
0§ 100 B 50 uM
e B 100 uM
=
Z 50- 200 uM
500 uM

(b)
Figure 6-1. Effect of increasing concentrations of ambuic acid on (a)
AgrB1D1 complex formation and (b) AIP-1 production. (a) Western blot
against AgrB. Samples were membrane fractions of induced E. coli
C41(DE3) pCDFDuet-1 agrB1 incubated with T7-AgrD1 and increasing
concentrations of ambuic acid as follows; Lane 1: DMSO control, Lane 2: 1
uM, Lane 3: 10 uM, Lane 4: 50 uM, Lane 5: 100 uM, Lane 6: 200 uM, Lane
7: 500 uM. Samples were added to 2 x Novex Tris-Glycine SDS sample
buffer and heated to 55°C for 5 min before running on a 14 % Tris-Glycine
gel. The gel was transferred to PVDF and probed with AgrB nanobody
2ABE10. (b) Samples were added to S. aureus ROJ143 as described
previously and ODsoo and bioluminescence read in a Tecan plate reader
after 4 h incubation at 37°C. Data represent three technical repeats with

error bars showing standard deviation.
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An apparent increase in AlIP-1 production in the presence of ambuic acid
was unexpected. To confirm that the increase in bioluminescence observed
with S. aureus ROJ143 was caused by an increase in AlP-1 production and
not an effect of the high concentration of ambuic acid on the reporter strain,
samples were sent for liquid chromatography mass spectrometry (LC-MS)
to detect AIP-1. Samples for LC-MS were membrane fractions of induced
E. coli C41(DE3) pCDFDuet-1 agrB1 incubated with T7-AgrD1 and 200 uM
ambuic acid for 2 h at 37°C. These samples were also tested for AlP-1

production using S. aureus ROJ143.
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Figure 6-2. AIP-1 production from membrane fractions of induced
E. coli C41(DE3) pCDFDuet-1 agrB1 incubated with T7-AgrD1 and
ambuic acid characterized using (a) S. aureus ROJ143 and (b) LC-MS.
Samples were added to S. aureus ROJ143 as described previously and
ODsoo and bioluminescence read in a Tecan plate reader after 4 h incubation
at 37°C. Data represent three technical repeats with error bars showing

standard deviation. **p<0.01

As shown in Figure 6-2, AIP-1 production was higher in the presence of
ambuic acid as detected using both the bioreporter and LC-MS. LC-MS
showed a ~10-fold increase in the relative AlIP-1 presence when E. coli
C41(DE3) pCDFDuet-1 agrB1 was incubated with T7-AgrD1 in the presence
of ambuic acid compared to in the presence of DMSO which was used as a

solvent control. The LC-MS data also gives insight into the turnover of T7-
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AgrD1. 2 uM T7-AgrD1 was added to the initial reaction and, when
compared to the AIP-1 standard, approximately 16 nM AIP-1 was produced
in the presence of DMSO and 158 nM was produced in the presence of
ambuic acid. This represents a 1 or 10% conversion of T7-AgrD1 to mature
AIP-1. This demonstrates that the production of mature AlIP-1 is inefficient.
This may not mean, however that AgrBD complex formation is inefficient.
The steps following C-terminal cleavage and thiolactone ring formation may
be complemented by other proteases in the E. coli cell envelope. As these
are not the native proteins from S. aureus, these reactions may be inefficient

resulting in low turnover of AgrD to AlP.

Previously (Figure 5-18) it was shown that AgrB3 can form a complex with
AgrD1 and can process AgrD1 to form mature AIP-1 (Figure 5-19). To
investigate whether the addition of ambuic acid had any effect on AlP-1
production via AgrB3, S. aureus ROJ143 was used. E. coli membrane
fractions with AgrB3 were incubated with T7-AgrD1 with or without ambuic
acid. Reactions were added to S. aureus ROJ143 as previously and
bioluminescence recorded using a Tecan plate reader.

As displayed in Figure 6-3, increased AlP-1 production was observed in the
presence of ambuic acid as was shown with AgrB1. This indicated that
200 uM ambuic acid significantly increases the turn-over of AgrD1 by both

AgrB1 and AgrB3 when in an E. coli membrane.

188



*k

250+
200
=3
©
g 1507 B AgrB3 + T7-AgrD1 + DMSO
§ 100 - B AgrB3 + T7-AgrD1 + 200 uM ambuic acid
(14
50
0_

Figure 6-3. AIP-1 production from membrane fractions of induced
E. coli C41(DE3) pCDFDuet-1 agrB3 incubated with T7-AgrD1 and
DMSO or ambuic acid. Samples were added to S. aureus ROJ143 as
described previously and ODeggoo and bioluminescence read in a Tecan plate
reader after 2.75 h incubation at 37°C. Data represent three technical

repeats with error bars showing standard deviation. ** p<0.01.

6.4 Impact of ambuic acid analogues on AgrBD complex
formation

Previous PhD students Dr James Reekes and Dr Leonardo Baldessare
synthesised a number of ambuic acid analogues (186). The aims of the
synthesis of these analogues were to improve the activity of the compound,
to help elucidate the mechanism of action of ambuic acid and to obtain
structure activity relationships. The structures of the analogues tested are
shown in Figure 6-4. These had all been shown to be effective in inhibiting
agr activity when tested with agrP3-lux based reporter S. aureus EJM82.
This reporter is S. aureus SH1000 with a native agr system and insertion of
agrP3::luxABCDE in the chromosome at the aftB ectopic locus. This strain
was used to calculate the ICso of these compounds. The ICso of ambuic acid
was shown to be 0.94 + 0.13 uM. None of the compounds tested were
shown to be as potent as ambuic acid, with lower ICso, except for LB276
which had a similar ICso of 0.99 + 0.46 uM (Figure 6-4).
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Ambuic acid ICso

(0]
(Native Hom)\v/,,, S 0.94 + 0.13 uM
compound) S o
OH OH
JWR297 o Jo 8 1Cs0
(Cyclohexyl | T 7o 1 5.06 + 3.52 uM
ketal ’ 3) @!
analogue) l
JWR229 i 0 ICs0
(Cyclopropyl \-F’ N A 6.69 + 0.14 uM
analogue) o N
LB276 O |C5o
XOW 0.99 + 0.46 UM
o 0
O OTBDMS
LB251 ICs0

Not calculated

LB253 ICso
Not calculated
LB286 ICso

Not calculated

Figure 6-4. Chemical structures of ambuic acid and analogues tested.
Analogues were synthesised and ICso determined by Dr. Leonardo
Baldessare and Dr. James Reekes (186).
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To further elucidate the mechanism of action of these compounds, their
effect on AgrB1D1 complex formation was determined and compared with
ambuic acid. This was to confirm whether the compounds also act by
preventing AgrBD complex formation. Compounds were incubated with
membrane fractions of E. coli C41 (DE3) pCDFDuet-1 agrB1 and T7-AgrD1.
Compounds and T7-AgrD1 were added simultaneously. Detection of the
AgrB1D1 complex was performed by Western blot and AlIP-1 production

was determined using S. aureus ROJ143.

As shown in Figure 6-5 (a), ambuic acid (Lane 2), LB276 (Lane 5) and
LB286 (Lane 8) inhibited AgrB1D1 complex formation. As demonstrated
previously, ambuic acid increased AIP-1 production as detected using
S. aureus ROJ143 however both LB276 and LB286 inhibited AIP-1
production (Figure 6-5, b). This demonstrates that LB276 and LB286 inhibit
AIP biosynthesis by preventing AgrB1 recognition of AgrD1. Additionally,
JWR297, LB276 and LB286 appeared to inhibit AgrB dimer formation as
represented by a reduction in the intensity of the band at ~40 kDa (Figure
6-5, a). This implies these compounds have a different mechanism of action
to ambuic acid.

Of note is the lack of inhibition of complex formation by JWR229. This
analogue also has no effect on AIP-1 production. This has replacement of
the electrophilic epoxide centre of ambuic acid with a less reactive
cyclopropyl isostere. It had been hypothesised by Dr Reekes that ambuic
acid requires the epoxide moiety to covalently modify Cys84 to inhibit AgrB
(186). These data suggest that the epoxide moiety is necessary for inhibition
of AgrB by ambuic acid and that the interaction between AgrB and ambuic

acid may be covalent.

The ketal analogue (JWR297) has increased rigidity compared to ambuic
acid which may impact on AgrB inhibition. This appeared to have little effect
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on AgrBD complex formation or AIP-1 production but appeared to reduce
AgrB dimer formation (Figure 6-5).
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Figure 6-5. Effect of ambuic acid analogues on (a) AgrB1D1 complex
formation and (b) AIP-1 production. (a) Western blot against AgrB.
Samples are membrane fractions of induced E. coli C41(DE3) pCDFDuet-1
agrB1 incubated with T7-AgrD1 and 200 uM ambuic acid analogues as
follows; Lane 1: DMSO control, Lane 2: ambuic acid, Lane 3: JWR297, Lane
4: JWR229, Lane 5: LB276, Lane 6: LB251, Lane 7: LB253, Lane 8: LB286.
Samples were added to 2 x Novex Tris-Glycine SDS sample buffer and
heated to 55°C for 5 min before running on a 14 % Tris-Glycine gel. The gel
was transferred to PVDF and probed with AgrB nanobody 2ABE10. (b)
Samples were added to S. aureus ROJ143 as described previously and
ODsoo and bioluminescence read in a Tecan plate reader after 3.5 h
incubation at 37°C. Data represent three technical repeats with error bars

showing standard deviation.
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To confirm the inhibition of AgrB1 dimer formation in the absence of AgrD,
the ambuic acid analogues were tested with membrane fractions of induced
E. coli C41(DE3) pCDFDuet-1 agrB1. As shown in Figure 6-6, dimer
formation was inhibited with JWR297 (Lane 3), LB276 (Lane 5) and LB286

(Lane 8) as observed previously.

1 2 3 4 5 6 7 8

26 N

Figure 6-6. Effect of ambuic acid analogues on AgrB1 dimer formation.
Samples are membrane fractions of induced E. coli C41(DE3) pCDFDuet-1
agrB1 incubated with 200 uM ambuic acid analogues as follows; Lane 1:
DMSO control, Lane 2: ambuic acid, Lane 3: JWR297, Lane 4: JWR229,
Lane 5: LB276, Lane 6: LB251, Lane 7: LB253, Lane 8: LB286. Samples
were added to 2 x Novex Tris-Glycine SDS sample buffer and heated to
55°C for 5 min before running on a 14 % Tris-Glycine gel. The gel was
transferred to PVDF and probed with AgrB nanobody 2ABE10.

6.5 Purification of recombinant AgrB1
Evidence has been provided for AgrBD complex formation in E. coli
membranes which is essential for the maturation of AgrD to form AIP. All
work up until this point to probe the AgrBD complex has been performed in
an E. coli agrB expression system. To determine which proteins are
necessary for AIP-1 maturation and to probe the AgrB1D1 complex in more
detail we investigated the interaction by reconstituting the agr QS system

with purified components.
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AgrB1 was purified from E. coli C41 (DE3) pCold agrB1 via the His tag at
the N-terminus using a Talon cobalt IMAC column. This expression
construct was made by Dr. Philip Bardelang. After induction in E. coli the
membrane and cytosolic fractions were tested for AgrB presence by
Western blot with nanobody 2ABE10. As shown in Figure 6-7, AgrB is
present in the membrane and cytosolic fractions. Interestingly no AgrB dimer
was detected in the cytosol although larger aggregates are present. This
indicates that AgrB may not form dimers in the cytosol. AgrB was purified

from the membrane fraction.
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Figure 6-7. Western blot of E. coli C41 (DE3) after induction of AgrB1
expression from pCold agrB1 before purification. After induction of
protein expression membrane and cytosolic fractions were separated by
ultracentrifugation. Samples were added to 2 x Novex Tris-Glycine SDS
sample buffer and heated to 55°C for 5 min before running on a 14 % Tris-
Glycine gel. The gel was transferred to PVDF and probed with AgrB
nanobody 2ABE10.
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Elution of AgrB1 was performed over three columns with two elutions per
column (Figure 6-8). After purification the elution fractions were spin
concentrated and desalted with EDTA to prevent aggregation of the purified
protein via the His tag. Two desalting columns were used, and the protein
eluted in four fractions (Figure 6-9). Monomeric AgrB1 is present at ~26kDa
(blue arrow) however a greater proportion is in the dimeric state as shown
at ~36 kDa (lowest red arrow). Multimers of AgrB1 are observed up the gel
(red arrows). Smaller bands are also present, these are likely to be
breakdown products of AgrB caused by the running of the denaturing gel or
small contaminants which are difficult to remove as AgrB has been purified
from the membrane. Elution fractions after desalting were pooled and spin
concentrated, and the concentration was determined using a NanoDrop

spectrophotometer. AgrB1 at 50.8 uM was stored at -80 °C prior to use.

Column 1 Column2 Column3
soluble FT E1 E2 E1 E2 E1 E2

Figure 6-8. Coomassie stained gel showing AgrB1 purification.
Samples were run on a 14% Tris-Glycine gel and stained with Coomassie
blue. Soluble: soluble fraction, FT: flow through from column 1, E1: Elution
1, E2: Elution 2. Two elutions were collected and run from each of three
columns. The blue arrow indicates monomeric AgrB1 and red arrows

indicate AgrB1 higher order structures.
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Figure 6-9. Coomassie stained gel of AgrB1 purification after desalting.
Two desalting columns were used. E1-4 represents elution fractions 1-4
collected from each column. The blue arrow indicates monomeric AgrB1 and

red arrows indicate AgrB1 higher order structures.

6.6 Incubation of purified AgrB1 with T7-AgrD1
To determine AgrB1D1 complex formation with purified AgrB1, a reaction
was set up with AgrB1, T7-AgrD1 and synthetic lipid DOPG. It has been
shown that lipid is essential for the peptidase activity of AgrB1 and Dr Steele
demonstrated that addition of DOPG facilitated the most efficient cleavage
of AgrD1 by AgrB1 (68). Samples were incubated at 37°C for 2 h to allow
the complex to form, samples were then added to 2 x Novex Tris-Glycine
SDS sample buffer and heated to 55°C for 5 min before running on a 14 %
Tris-Glycine gel. As marked with an arrow in Figure 6-10, a Coomassie blue
stained band migrating at the expected mass for an AgrB1D1 complex was
observed. This band was excised and sent to the University of York for mass

spectrometry analysis by MALDI-MS and MS/MS. The presence of AgrB
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peptide fragments were confirmed but not the presence of T7-AgrD1. This
is a small peptide at a low concentration and is so the lack of detection by
mass spectrometry does not mean that it was not present.
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Figure 6-10. Coomassie stained gel of purified AgrB1 incubated with
T7-AgrD1. Lane 1: AgrB1, Lane 2: AgrB1 + T7-AgrD1. Samples were added
to 2 x Novex Tris-Glycine SDS sample buffer and heated to 55°C for 5 min
before running on a 14 % Tris-Glycine gel and visualisation by Coomassie
blue staining. Red arrow indicates the AgrBD complex.

To confirm that the band observed on the Coomassie stained gel was the
AgrBD complex, a Western blot was performed against AgrB and against
the T7 tag at the N-terminus of AgrD. As shown in Figure 6-11 (a), AgrB1
was detected as a monomer and dimer and when incubated with T7-AgrD1.
A third band (lane 3) was detected at ~30 kDa indicating the AgrBD complex,
this is marked with a red arrow. The presence of AgrD in this complex was
confirmed with the T7 Western Figure 6-11 (b) which shows a band in lane
3 containing the N-terminus of AgrD at ~30 kDa, this is also marked with a
red arrow. There was no band in lane 2 with T7-AgrD run alone indicating

197



this is not an aggregate. The linear peptide (6.7kDa) and aggregates of AgrD
can be detected at the bottom of the blot (Figure 6-11, b).

woa 1 2 3 1 2 3
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Figure 6-11. Western blot of purified AgrB1 incubated with T7-AgrD1.
Blot against (a) AgrB, (b) T7 tag. Lane 1: AgrB1, Lane 2: T7-AgrD1, Lane 3:
AgrB1 + T7-AgrD1. Samples were added to 2 x Novex Tris-Glycine SDS
sample buffer and heated to 55°C for 5 min before running on a 14 % Tris-
Glycine gel. The gel was transferred to PVDF and probed with AgrB
nanobody 2ABE10 or T7 antibody conjugated to HRP. Red arrows indicate
the AgrBD complex.

Interestingly, when these reactions were tested for AlP-1 production, no
AIP-1 was detected above the background level (Figure 6-12). This shows
that AgrB1 is not sufficient alone to process AgrD1 to mature AlP-1. There
must be proteases in the E. coli membrane which can perform the later
stages of AgrD processing to form mature AlP-1.
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Figure 6-12. AIP-1 production from purified AgrB1 incubated with T7-
AgrD1. Reactions were added to S. aureus ROJ143 as described previously
and ODeoo and bioluminescence read in a Tecan plate reader after 3.25 h
incubation at 37°C. Data represent three technical repeats with error bars

showing standard deviation.

6.7 Incubation of purified AgrB1 with T7-AgrD1 and ambuic
acid

Ambuic acid was shown previously to reduce AgrB1D1 complex formation
but increase AIP-1 production when AgrB1 was expressed in E. coli
membranes therefore the effect of ambuic acid on purified AgrB1 was
tested. The effect of the ambuic acid analogue LB276 was also tested. This
was selected as, in section 6.4 it was shown that LB276 could inhibit
AgrB1D1 complex formation in E. coli membranes and inhibit AIP-1
production. It was also shown previously to have the lowest ICso of the

analogues tested (Figure 6-4).

Interestingly, as shown in Figure 6-13, the shift in size of AgrB in complex
with AgrD when using the purified protein was larger than the shift in size
when AgrB is in an E. coli membrane. This is demonstrated by the red and

green arrows in Figure 6-13.
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The addition of ambuic acid and LB276 reduced AgrB1D1 complex
formation when AgrB is in an E. coli membrane as expected (Figure 6-13,
lane 5, 7, red arrow). Both compounds also reduced complex formation with
purified AgrB in DOPG (Figure 6-13, lane 6, 8, green arrow). Furthermore,
as observed before, LB276 reduced AgrB dimer formation in both the
membrane bound and purified forms of the protein (Figure 6-13, lane 7, 8,

purple arrow).

wa 1 2 3 4 5 6 7 8

34
wmencm - -
26

| — —
YD WS oo W o B g,

Figure 6-13. Impact of the addition of ambuic acid and LB276 on
complex formation of AgrB in E. coli membrane and purified (*) AgrB
with T7-AgrD. Lane 1: membrane AgrB1, Lane 2: purified AgrB1, Lane 3:
membrane AgrB1 + T7-AgrD1, Lane 4: purified AgrB1 + T7-AgrD1, Lane 5:
membrane AgrB1 + T7-AgrD1 + 200 uM ambuic acid, Lane 6: purified AgrB1
+ T7-AgrD1 200 uM ambuic acid, Lane 7: membrane AgrB1 + T7-AgrD1 +
200 uM LB276, Lane 8: purified AgrB1 + T7-AgrD1 200 uM LB276. Samples
were run on a 14% Tris-Glycine gel and detected by Western blot with
2ABE10 nanobody. The blue arrow indicates AgrB monomer, the red arrow
indicates AgrBD complex with membrane inserted AgrB, the green arrow
indicates AgrBD complex with purified AgrB and the purple arrow indicates
AgrB dimer.

As shown previously, addition of ambuic acid to AgrB1 in E. coli membrane
incubated with T7-AgrD1 increased AIP-1 production as detected with
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S. aureus ROJ143 (Figure 6-14). However, interestingly, there was no
increase in AlIP-1 production with purified AgrB1 incubated with T7-AgrD1
in the presence of ambuic acid. This implies that the increase in AlIP-1
production was due to the effect of ambuic acid on other proteases in the
E. coli membrane which may be facilitating the turnover of AgrD. This
highlights the necessity to investigate AgrBD interaction with purified

proteins.
500
Il AgrB + T7-AgrD1 membrane
400 B AgrB + T7-AgrD1 membrane +
S ambuic acid
w —
8 300 Bl AgrB + T7-AgrD1 membrane + LB276
3 200 Purified AgrB + T7-AgrD1
(14
Purified AgrB + T7-AgrD1 + ambuic
100 acid
0- Purified AgrB + T7-AgrD1 + LB276

Figure 6-14. AIP-1 production from E. coli membrane fractions with
AgrB1 and purified AgrB1 incubated with T7-AgrD1 in the presence
and of ambuic acid. Samples were added to S. aureus ROJ143 as
described previously and ODegoo and bioluminescence read in a Tecan plate
reader after 3.75 h incubation at 37°C. Data represent three technical

repeats with error bars showing standard deviation.

6.8 Purification of MroQ
When testing purified AgrB1 with T7-AgrD1, no mature AlP-1 was produced
(Figure 6-12), indicating another protease is necessary for full processing
of AgrD. MroQ, a putative type |l CAAX peptidase, has been reporterd to be
necessary for maturation of AIP-1in S. aureus (69, 76). MroQ was therefore
expressed and purified as a maltose binding fusion protein following a
previously described technique (69). Purification was performed via the His
tag using an Ni-NTA resin. Three elution fractions were collected and MBP-
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MroQ can be observed on a Coomassie stained gel at ~70 kDa, this is
marked with a red arrow in Figure 6-15.
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Figure 6-15. Coomassie stained gel showing MBP-MroQ purification.
Lane 1: unextracted cell pellet, Lane 2: cytosolic fraction, Lane 3: soluble
fraction, Lane 4: flow through, Lane 5: wash 1, Lane 6: wash 2, Lane 7:
elution 1, Lane 8: elution 2, Lane 9: elution 3. Samples were added to 2 x
Novex Tris-Glycine SDS sample buffer and heated to 55°C for 5 min before
running on a 14 % Tris-Glycine gel and visualisation with Coomassie blue

staining. The red arrow indicates MBP-MroQ.

Size exclusion chromatography was carried out to remove small
contaminants such as proteases which may break down MBP-MroQ. As
shown in Figure 6-16, a peak was observed at 62.10 representing MBP-
MroQ. Fractions 10-17 were collected and run on a 14% Tris-Glycine gel
and stained with Coomassie blue (Figure 6-17). The purity of the MBP-
MroQ purification was confirmed by SEC and contaminating bands
decreased in concentration after SEC as shown in Figure 6-17. The smaller
bands present on the Coomassie gel may be breakdown products caused
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by the running of the denaturing gel. Fractions 11 to 16 were spin
concentrated and the concentration determined using a NanoDrop
spectrophotometer.
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Figure 6-16. Size exclusion chromatography peak from AKTApure.
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Figure 6-17. Coomassie stained gel of MBP-MroQ purification after size
exclusion chromatography. Elution 1 was from purification before SEC.
Fractions 10-17 were collected from the AKTApure.
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6.9 AIP-1 production with purified AgrB1 and MroQ
MroQ was added to purified AgrB1, 2 uM T7-AgrD1 and DOPG to determine
if mature AIP-1 could be synthesised. AgrB1 and T7-AgrD1 were both added
at 2 uM as previously and MroQ was added at 0.2 uM, 2 uM and 10 uM.

Reactions were incubated at 37°C for 2 h.

As shown in Figure 6-18 (a), AlIP-1 was produced on addition of MroQ. An
equimolar concentration of AgrB1, T7-AgrD1 and MroQ produced the most
AIP-1. Additionally, AgrB1D1 complex formation decreased with increasing
concentration of MroQ (Figure 6-18, a). This is due to the turnover of AgrD1
and release from AgrB1 facilitated by MroQ which leads to a reduction in

AgrB1D1 complex.

1 2 3 4
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B AgrB1 kDa
200 B AgrB1 + T7-AgrD1 34 - - ‘ -
3 150 Bl AgrB1 + T7-AgrD1
] +0.2 uM MroQ
3 100- B AgB1+T7-AgD1 26 S s
x +2 uM MroQ
50 AgrB1 + T7-AgrD1 - - -‘
() 0 +10 uM MroQ (b)

Figure 6-18. AIP-1 production and AgrB1D1 complex formation with
purified AgrB1 and T7-AgrD1 with increasing concentrations of MroQ.
(a) Samples were added to S. aureus ROJ143 as described previously and
ODsoo and bioluminescence read in a Tecan plate reader after 4 h incubation
at 37°C. Data represent three technical repeats with error bars showing
standard deviation. (b) Western blot against AgrB. Samples were purified
AgrB1 incubated with T7-AgrD1 and MroQ at increasing concentrations as
follows; Lane 1, 0 uM, Lane 2, 0.2 uM, Lane 3, 2uM, Lane 4, 10 uM. Samples
were added to 2 x Novex Tris-Glycine SDS sample buffer and heated to
55°C for 5 min before running on a 14 % Tris-Glycine gel. The gel was
transferred to PVDF and probed with AgrB nanobody 2ABE10.
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N-acetyl-S-farnesyl-L-cysteine (AFC), the minimal analogue of farnesylated
peptides, is a CAAX protease inhibitor, shown to inhibit CAAX proteases
such as Rce1, a prenyl endopeptidase first identified in Saccharomyces
cerevisiae (187). As MroQ is a putative CAAX protease, AFC was added to
determine if CAAX protease activity is essential for processing of AgrD1. In
the presence of AFC, AIP-1 production was measured using LC-MS and
bioreporter S. aureus ROJ143. As shown in Figure 6-19 (b), AIP-1
production was slightly lower with the addition of 20 or 100 uM AFC as
detected using S. aureus ROJ143. However, no difference in AIP-1
production was observed in the presence or absence of AFC when detected
using LC-MS Figure 6-19 (a). Additionally, as shown in Figure 6-20, there
was no difference in AgrBD complex formation in the presence of AFC. If
MroQ was inhibited by AFC, an increase in the presence of AgrBD
intermediate would be expected to be detected as less AgrD would be
turned over to form mature AIP-1 when MroQ is inhibited. This implies that
either the CAAX protease activity is not required for MroQ driven proteolysis

or that AFC is ineffective against MroQ.
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Figure 6-19. AIP-1 production from purified AgrB1 with T7-AgrD1 and
MroQ in the presence of AFC characterized using (a) LC-MS and (b)
S. aureus ROJ143. LC-MS arbitrary units represent relative AlP-1
concentration compared to an AIP-1 control. Samples were added to S.
aureus ROJ143 as described previously and ODsoo and bioluminescence
read in a Tecan plate reader after 3.5 h incubation at 37°C. Data represent
three technical repeats and two biological repeats with error bars showing

standard deviation. The experiment was repeated twice.

205



kDa 1 2 3 4 S}

43
b R T —
34

26 S - o — c—

Figure 6-20. AgrBD complex formation with purified AgrB1, T7-AgrD1
and 2 pM MroQ in the presence of AFC. Samples are purified AgrB1
incubated with T7-AgrD1, MroQ and AFC as follows; Lane 1: AgrB1, Lane
2: AgrB1 + T7-AgrD1, Lane 3: AgrB1 + T7-AgrD1 + MroQ, Lane 4: AgrB1 +
T7-AgrD1 + MroQ + 20 uM AFC, Lane 5: AgrB1 + T7-AgrD1 + MroQ + 100
uM AFC. Samples were added to 2 x Novex Tris-Glycine SDS sample buffer
and heated to 55°C for 5 min before running on a 14 % Tris-Glycine gel. The
gel was transferred to PVDF and probed with AgrB nanobody 2ABE10.

6.10 Analysis of the processing of T7-AgrD1 by AgrB1 and
MroQ
To establish the processing of T7-AgrD1 by AgrB1 and MroQ, samples were
run on a 16% Tricine gel and transferred to PVDF before Western blot with
T7 antibody. The T7 tag is at the N-terminus of AgrD so this will give insight
into the cleavage of AgrD.

As shown in Figure 6-21, a band was detected at ~25 kDa in Lane 3, this is
indicated by a red arrow. This represents the AgrB1D1 complex which is
detected when T7-AgrD1 is incubated with purified AgrB1. This band was
lost in the presence of MroQ which confirms the loss of visualisation of the
AgrB1D1 complex on the AgrB nanobody Western (Figure 6-20).
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Figure 6-21. Processing of T7-AgrD1 by AgrB1 and MroQ. Samples are
purified AgrB1 incubated with T7-AgrD1, MroQ and AFC as follows; Lane 1:
AgrB1, Lane 2: T7-AgrD1, Lane 3: AgrB1 + T7-AgrD1, Lane 4: AgrB1 + T7-
AgrD1 + MroQ, Lane 5: AgrB1 + T7-AgrD1 + MroQ + 20 uM AFC, Lane 6:
AgrB1 + T7-AgrD1 + MroQ + 100 uM AFC, Lane 7: MroQ + T7-AgrD1.
Samples were added to 2 x Novex Tricine SDS sample buffer and heated to
55°C for 5 min before running on a 16 % Tricine gel. The gel was transferred
to PVDF and probed with T7 antibody linked to HRP. The red arrow indicates
AgrB1D1 complex, the blue arrow indicated T7-AgrD1 aggregate, the yellow
arrow represents T7-AgrD1 and the purple arrow represents C-terminally
cleaved T7-AgrD1.

Cleavage of T7-AgrD1 by AgrB1 can be observed in Lane 3 of Figure 6-21,
this is represented by two bands ~4.6 kDa, marked with a yellow arrow and
purple arrow. The upper band represents unprocessed T7-AgrD1 and the
lower band represents C-terminally cleaved T7-AgrD1. This demonstrates
that AgrB1 is performing C-terminal cleavage of T7-AgrD1. The
concentration of the AgrD cleavage product decreases in the presence of
MroQ. This is due to the turnover of this intermediate by MroQ to form

207



mature AIP as detected with bioreporter S. aureus ROJ143 (Figure 6-19).
No cleavage is observed in the absence of AgrB (Lane 7), this represents
the inability of MroQ to cleave full length AgrD1. The bands observed at
~12 kDa, indicated with a blue arrow in lane 3, represent aggregates of T7-
AgrD1.

6.11 AIP-1 production from MroQ with N-terminal AgrD1
In the previous chapter, in section 5.9 it was shown that AgrB1 was unable
to recognise and process synthetic AgrD1 which is lacking the C-terminus.
The role of AgrB is to recognise and cleave the AgrD1 C-terminus and in
this chapter, it has been demonstrated that MroQ is necessary and sufficient
for further processing of AgrD1 to form mature AIP-1 in a cell free protein
system. In section 6.10 it was also shown that MroQ was unable to cleave
full length AgrD1. Therefore, we hypothesise that AgrD1 lacking the C-

terminus is the substrate for MroQ.

MroQ was incubated with linear alpha-AgrD1 which lacks the C-terminus
and samples were tested for AIP-1 production using S. aureus ROJ143 and
LC-MS. As shown in Figure 6-22, AlIP-1 was detected by bioreporter and
LC-MS when AgrD1 lacking the C-terminus (alfa-AgrD1) was incubated with
MroQ. This shows MroQ was able to cleave the N-terminus of truncated
AgrD. However, the alfa-AgrD peptide is linear, with no thiolactone ring.
Therefore, it is surprising that AIP-1 was able to activate the bioreporter
(Figure 6-22, a) as the thiolactone ring is essential for AIP activity. It is also
surprising that AIP-1 was detectable by LC-MS (Figure 6-22, b).

MroQ was expected to cleave the N-terminus however the peptide will still
be linear, not containing the thiolactone which is present in AIP-1. When the
peptide was acquired from Peptide Synthetics, the company had attempted
to form the thiolactone ring but were unsuccessful. The reason for the
detection of AIP-1 could be that part of the peptide had formed the
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thiolactone ring meaning that on cleavage of the N-terminus by MroQ, AlP-
1 was produced. Additionally, MroQ may facilitate thiolactone ring formation.
This data shows that MroQ was able to cleave the N-terminus of the

truncated peptide but not the full-length peptide.

A higher level of AIP-1 was detected using the bioreporter when AgrB was
present (Figure 6-22, a). This is because AgrB was able to form the
thiolactone in the linear peptide before N-terminal cleavage and release of
mature AIP-1. No bioreporter activation was observed with the alfa-AgrD
peptide on its own showing that N-terminal cleavage by MroQ is essential
for AIP formation. Additionally, no bioreporter activation was observed with
AgrB and truncated AgrD showing that AgrB is unable to perform N-terminal

cleavage.
500 25000
0 W Agrt + alfa-AgrD1 200007 Hl AgrB1+T7-AgrD1
o
o 300 Bl MroQ + alfe-AgrD1 _ 15000 B AgrB1 + alfa-AgrD1
Q Hl AgrB1+MroQ + alfa-AgrD1 g
3 2004 T7-AgD1 100004 Bl MroQ + T7-AgrD1
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Figure 6-22. AIP-1 production from purified MroQ and AgrB1 with alfa-
AgrD1 characterized using (a) S. aureus ROJ143 and (b) LC-MSLC-MS
arbitrary units represent relative AlIP-1 concentration compared to an AlP-1
control. Samples were added to S. aureus ROJ143 as described previously
and ODeoo and bioluminescence read in a Tecan plate reader after 3.5 h
incubation at 37°C. Data represent three technical repeats and two
biological repeats with error bars showing standard deviation. The

experiment was repeated twice.

6.12 Discussion and conclusions
Ambuic acid is a known AgrB inhibitor however the mechanism of action is
unknown (107, 113). It was noted in section 6.3 that ambuic acid can inhibit
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AgrBD intermediate formation in vitro in E. coli membranes. It was also
noted that, addition of up to 200 uM ambuic acid to E. coli membranes with
AgrB1 and T7-AgrD1 increased mature AIP-1 production. In section 6.7 we
showed that this phenomenon was not observed with purified AgrB1
incubated with T7-AgrD1 in synthetic lipid in the presence of ambuic acid.
This shows that this was an unanticipated side effect due to using E. coli as
an expression host and may be due to interaction of ambuic acid with other
proteases in the E. coli membrane. This could be investigated further by
testing the effect of ambuic acid on AIP-1 production with the AgrB triple
lysine mutant created in section 5.15. This mutant showed no decrease in
AgrBD complex formation but did show reduced AIP production. We
hypothesise that this mutant retains AgrB catalytic activity, but AIP
production is prevented due to inhibition of AIP processing after cleavage
by AgrB. If addition of ambuic acid to this mutant increased AIP production,
it may demonstrate that ambuic acid is affecting AgrD processing by
interaction with another protease.

Ambuic acid analogues were synthesised by Dr James Reekes and Dr
Leonardo Baldessare. These were synthesised both to try and increase
potency and to elucidate the mechanism of action of ambuic acid. Ambuic
acid has an epoxy moiety which is shared with other known cysteine
protease inhibitors. A proposed mechanism of action of ambuic acid is the
covalent interaction of the epoxide electrophilic centre with AgrB, irreversibly
alkylating the active cysteine residue, resulting in loss of activity (186).
JWR229 has replacement of the epoxide centre with a cyclopropyl ring. The
lack of inhibition of AgrBD intermediate formation and AIP biosynthesis in
this model with this analogue suggests that the covalent interaction is
necessary for inhibition of AgrB. It was shown previously that JWR229
reduced AIP formation in S. aureus cells (186). The disparity in these results
could be due to the differences analysing these compounds in S. aureus
cells and in E. coli membranes. Analysis in a system employing the purified

210



proteins will give better insights into the interactions of ambuic acid
analogues and AgrB. This was not performed here due to limitations on the
quantity of analogue compounds available.

The mechanism of action of each of the compounds appears to be different
which gives interesting insights into the moieties required for inhibition of
AgrBD interactions. Of interest is the inhibition of AgrB dimerization in E. coli
membrane fractions by LB276 and LB286. Inhibition of dimerization of
purified AgrB was also observed with LB276. This implies that these
analogues have a different mechanism of action to ambuic acid. AgrB
oligomerisation is thought to be necessary for AgrD processing and, as
outlined in Chapter 4, protein modelling work indicates that two copies of
AgrB are necessary for the correct positioning of AgrD for cleavage (72)..
Therefore, inhibition of oligomerisation of AgrB by these compounds may
prevent the correct positioning of AgrD for cleavage meaning that production

of mature AIP is inhibited

To investigate Agr protein interactions without interfering proteases present
in E. coli membranes, AgrB1 was purified. Purified AgrB1 was shown to be
able to form a complex with T7-AgrD1 in the presence of DOPG lipid, and
to be able to cleave the AgrD1 C-terminus, however mature AIP-1 was not
formed. This is consistent with the knowledge that another protease
performs N-terminal cleavage of AgrD to form mature AIP. Originally it was
hypothesised that SpsB performs N-terminal cleavage of AgrD outside the
cell releasing mature AIP (73). Recent studies have, however argued
against a major role for SpsB in N-terminal cleavage instead putting forward
a different protease, MroQ, for this role (69). Indeed, here it was
demonstrated that incubation of purified AgrB1, T7-AgrD1 and MroQ in the
presence of synthetic lipid was sufficient for mature AIP-1 production
(section 6.9). Moreover, the addition of MroQ to this reaction caused a
reduction in AgrB1D1 complex formation detected by Western blot. This
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demonstrated the ability of MroQ to facilitate the release of AgrD1 from
AgrB1 and to catalyse N-terminal cleavage and links the release of AgrD1
from AgrB1 to the cleavage of the N-terminus (Figure 6-23). This confirms
what was reported by Zhao et al who showed that MroQ was able to cleave
the AgrD thiolactone, recognising the AgrD linker motif to release mature
AIP (69).

MroQ is a putative CAAX protease however addition of AFC, a CAAX
protease inhibitor did not have any apparent effect on MroQ proteolysis.
AFC could be ineffective against MroQ however this could also imply that
MroQ has a different mechanism of action for cleavage of the N-terminus of
AgrD. This corresponds with what Cosgriff et al. suggested. They noted that
conserved active site residues in MroQ are important for it’s activity, which
is not observed in other CAAX proteases. They hypothesised that MroQ may
act differently to other CAAX proteases and may act more similarly to

proteases which perform intramembrane proteolysis (74).

=S

Figure 6-23. Schematic of processing of AgrD by AgrB and MroQ. 1:
AgrD associates with AgrB in the membrane and the N-terminus inserts to
the membrane. 2: AgrB cleaves AgrD C-terminus and the thiolactone ring is
formed giving the enzyme bound intermediate. 3: MroQ catalyses cleavage
of the N-terminus and release of AgrD from AgrB. 4: AgrD N-terminus and
AIP leave the cell. Step 4 may occur before or in tandem with step 3.

Overall, this outlines clear steps in the AgrD processing pathway of C-
terminal cleavage followed by thiolactone ring formation and the formation
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of the AgrBD intermediate. The presence of MroQ then facilitates removal
of AgrD from AgrB and N-terminal cleavage releasing mature AIP. This is
outlined in Figure 6-23. Here this has been performed in a cell free model
therefore no insight is given into the export of AIP from the cell however one
theory is that an AgrB-MroQ complex processes AgrD within the membrane
before it's passive diffusion outside the cell (76). More work must be done
to characterise the interaction between AgrB and MroQ to confirm this

hypothesis.
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7. Summary and Future Directions

S. aureus is able to cause infection due to the production of a range of tightly
controlled virulence factors. Due to the emergence and clinical significance
of antibiotic resistant strains of S. aureus alternative therapies are being
investigated (33). One method is through the attenuation of the virulence of
the bacterium through interfering with virulence factor production controlled
by agr quorum sensing. Attenuation of the virulence of the bacteria will not
inhibit growth or kill the bacteria therefore will provide less selective pressure
for resistance to emerge (15, 46). To be able to design inhibitors and screen
for these it is important to have reporters to monitor agr activation and
inhibition. Additionally, it is important to have a good understanding of the
mechanisms behind the agr quorum sensing system. In this thesis, the
development of reporters for agr QS has been demonstrated as well as an
investigation into the production of the signalling molecule, AIP.

7.1 Development of agr QS reporters
In this study, it was shown that Gaussia luciferase, a naturally secreted
luciferase from Gaussia princeps, can be expressed in S. aureus and used
as a secreted bioreporter for agr QS. It was also shown that NanoLuc, from
Oplophorus gracilirostris, can be expressed in S. aureus and used as a
reporter for agr QS. This is the first report of either of these luciferases being

used in S. aureus.

It was demonstrated here that GLuc can be used to quantitatively report on
temporal agr activation as well as agr inhibition. As the GLuc signal has
been reported previously not to accumulate over time in vivo we propose
that this could be useful as a reporter for agr activation and inhibition in
animal models of infection (143). Bacterial luciferases are often used to
screen for agr system inhibitors in vitro and in vivo (109, 162). It has,
however, been demonstrated that agr inhibitors can interfere with the lux

signal giving false results (152, 163). The GLuc reporter has been shown
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here to be useful for monitoring agr activation therefore we recommend this
as an alternative reporter or counter screen for agr inhibitors enabling the

removal of false positive or negative results.

The agrP3-GLuc reporter represented an excellent candidate for trialling in
mouse models of infection. It is secreted efficiently from the S. aureus cell
and has been demonstrated previously to be useful as an ex vivo reporter
in mouse models (137, 143, 146, 172). This reporter would give real-time
information on agr activation and inhibition which is essential in the design
of inhibitors. Developing this reporter for use in S. aureus would inform on
the timing of agr activation with respect to the infection stage and when or if

inhibition of agr QS is appropriate as a therapy.

NanoLuc was also developed as a reporter for agr quorum sensing. This
has a number of advantages over GLuc as outlined in the introduction
however was not secreted as efficiently. The purpose of this work was to
develop secreted reporters for agr activation to use as ex vivo reporters for
in vivo processes. It is also useful, however, to develop intracellular
luciferases, these are useful for in vivo imaging which can be used to localise
infection (148). We have established that NanoLuc is expressed and
functional in S. aureus in response to agr activation. It could, therefore, be
beneficial to develop NanoLuc as an intracellular reporter for agr activation.
NanoLuc has been shown previously to be wuseful for in vivo
bioluminescence-based imaging therefore has the potential to be used in
this way as a reporter for agr activation (149). This would give information
on the spatial localisation of agr activation and inhibition within an infection
site which could be used alongside temporal activation information from the

secreted GLuc reporter.

Overall, the use of two novel bioluminescent reporters for monitoring agr QS
in vitro has been demonstrated. These could both be developed further for
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in vivo studies. This will give valuable insights into the timing of agr activation
and whether agr QS inhibitors could be used as therapies against S. aureus

infections.

7.2 AgrB oligomerization and AgrBD interactions
In this thesis, in chapter 4 evidence was provided for AgrB1 multimerization.
This was demonstrated through protein modelling data from Dr. Boyan
Bonev and through the use of novel bioluminescence-based techniques in
E. coliand S. aureus cells. This confirmed what reported by Thoendel et al.
(72) and Wang et al. (68) in vitro. The function this dimer has in AgrD1
processing, however, is still to be elucidated. Thoendel et al. predicted that
an oligomer of AgrB forms a pore which is used for export of AIP from the
cell (72). Protein modelling data from Dr Bonev also demonstrated the
formation of a water channel across the membrane within an AgrB dimer in
the presence of an AgrD propeptide. This implies that the AgrB1 oligomer
could potentially have functionality in the transfer of AgrD across the

membrane.

AgrB oligomerization can be observed on SDS-PAGE gels and on Western
blots against AgrB, for example in Figure 6-10 and Figure 6-11. These AgrB
aggregates on an SDS gel may have been thought to be an artefact of the
running of the gel. Proof of AgrB oligomerization in live cells, however,
suggests these are not. Further work is required to determine how many
monomers of AgrB aggregate in live cells in membranes and whether this
oligomerization is essential for the processing of AgrD.

In this work, AgrBD complex formation has been shown to be an essential
step in AIP production. Complex formation is usually displayed in the
monomer at ~26 kDa however it is also observed in the dimer. Protein
modelling data suggests that one monomer of AgrB in a dimer is responsible
for pro-peptide insertion and docking of AgrD in the correct orientation for

216



catalytic processing by another AgrB monomer. The AgrBD intermediate
observed at the size of a monomer could represent AgrD in complex with
the catalytic monomer of AgrB as the monomer responsible for orienting the
peptide has been removed due to the reducing nature of the gel. This
supports the hypothesis that the function of the AgrB dimer could be to
correctly position AgrD for processing.

In Chapter 5 section 5.15, site specific mutations were made in AgrB to
identify residues which are essential for AgrBD complex formation. This
work could be taken forward with site specific mutants used in the NanoBiT
assay. This could be used to support protein modelling work to identify
amino acids which are essential for both AgrB oligomerization and AgrBD
complex formation. For example, mutation of lysines 129-131 in the
NanoBiT assays would inform if these residues are essential for dimerization
or for the interaction of AgrB with the AgrD C-terminus.

The AgrBD intermediate has been shown to be very stable in this work and
previously by Thoendel et al. (67). This could be exploited for crystallization
of AgrB as currently there is no structure available. Crystallization of
membrane proteins can be difficult due to the extraction of the protein from
it's native phospholipid environment and placement in detergents which is
essential for crystallization (188). Having the protein in complex with a
peptide partner may stabilise its structure and therefore assist in
crystallization attempts. Elucidation of the structure of AgrB or AgrD would
give further insights into the mechanisms of AIP processing and would
enable the design of inhibitors through analysis of structural relationships.

The formation and detection of an AgrBD intermediate was probed in the
presence of ambuic acid and a number of analogues. Of interest was the
activity of LB276 and LB286. These both appeared to inhibit AgrB
dimerization as well as AgrBD interactions. This hints that the mechanism

217



of action of these compounds could be to prevent AgrB dimerization which
prevents association of AgrD. This would corroborate the protein modelling
data which suggests that two monomers of AgrB are essential for the correct
docking of AgrD to AgrB. To test this hypothesis these compounds should
be tested for inhibition of AgrB dimerization in the NanoBRET or NanoBiT
assays developed in Chapter 4.

In this work it has been shown that MroQ can perform N-terminal cleavage
of AgrD1, releasing it from AgrB1 and producing mature AIP-1. This
provides evidence for a role of MroQ in the maturation of AIP-1. Interestingly,
it has been reported previously that MroQ is essential for the production of
AIP-1 and AIP-2 but not AIP-3 (69, 76). MroQ is conserved in all sequence
variants, therefore it is thought that the differences in the linker region
between the AgrD N-terminus and AIP region are what dictates the agr
group cleavage specificity (69, 76). AgrD3 has a positively charged arginine
in this region which is in the place of isoleucine or valine in other groups.
This is thought to be essential for recognition and cleavage by MroQ
although the mechanism of action of MroQ is unknown (69). There must be
another, as yet unidentified protease which is responsible for the cleavage
of the N-terminus of AgrD3. Zhao et al. (69) hypothesised that AgrD3 may
interact with the membrane differently from the other subgroups which may
lead to processing via a different pathway. We have shown, however, that
AgrD3 is able to interact with AgrB1 at the membrane and be processed to
form AIP-3. This indicates that it is able to interact with the membrane in a
similar way to AgrD1. More work must be done here to identify other
proteases involved in the processing of AgrD3.

Finally, the mechanism of transport of AIP and N-terminal AgrD across the
membrane is still unknown. It has been hypothesised by Zhao et al. (69)
that the AgrD substrate may enter the MroQ active size from the extracellular
side meaning cleavage releases AIP directly outside the cell. This means
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that AgrD with the N-terminus must be transported across the cell prior to
cleavage. Another proposed mechanism of transport involves cleavage of
AgrD inside the cell and active or passive transport of mature AIP and N-
terminal AgrD across the membrane. Further work must be done to identify
the interactions between AgrB, MroQ and AgrD. This could include direct
binding assays such as thermal shift assays or development of further in
vivo assays such as NanoBiT to identify interactions between AgrB and
MroQ. This will give insights into the transport of AIP across the membrane
and the mechanism of action of MroQ. Knowledge and understanding of
how these proteins interact and function will aid in the design of alternative
therapies to use against S. aureus infections.

7.3 Development of screening pathway for AgrB inhibitors

As outlined in this thesis, the inhibition of agr QS is a potential antivirulence
strategy to control S. aureus infections. Inhibition of the biosynthesis of AIP
through targeting AgrB is one way in which the agr system can be controlled
and design of AIP biosynthesis inhibitors is facilitated by research into the
processing of AgrD. Currently the only known AgrB inhibitor is the natural
product ambuic acid however the methods described in this thesis could be
developed further for the screening of AgrB inhibitors. A flow diagram
outlining a proposed screening pathway is shown in Figure 7-1.

219



Screen agr inhibitors with
agrP3-lux reporter

Counter screen hit agr
inhibitors with agrP3-GLuc
reporter

Use NanoBiT to confirm
inhibition of AgrB with hit
compounds

Use AgrB western blot
assay to begin MoA study
with lead hit compounds

Use protein modelling to

determine hit compound

interaction with AgrB and
AgrD

Optimisation of hits

Screening of hit
compounds in vivo with
appropriate bioluminescent
reporter

Figure 7-1. Flow chart demonstrating screening pathway for AgrB
inhibitors using methods developed in this thesis.

220



Potential AgrB inhibitor compounds could be initially screened using cell-
based assays with an agrP3-lux based reporter. This has been used
previously and would identify compounds which inhibit agr signalling in
S. aureus cells. Hit compounds would then be used in an orthogonal screen
using the agrP3-GLuc reporter, the development and validation of which is
described in Chapter 3 of this thesis. This would remove any false positive
results and would validate hits which inhibit agr QS in S. aureus.

The NanoBIiT assay described in Chapter 4 of this thesis could then be used
to screen hit compounds. This would determine if the compounds inhibit the
interaction between AgrB and AgrD or if they interfere with AgrB
oligomerisation. This will begin the elucidation of the mechanism of action

of the compounds.

Hit compounds which are shown to inhibit AgrBD interactions can then be
tested for the ability to inhibit AgrB recognition of AgrD using Western blot
against AgrB as detailed in Chapter 5. This will inform on whether the
compounds inhibit recognition of AgrD or whether they act at a later stage
in the AIP processing pathway, giving further insight into the mechanism of

action.

Protein modelling could also be used to simulate the docking of the
compound to the AgrBD complex. This would inform on the mechanism of
action of the compound. If crystallization of AgrB was successful, this would
be useful in modelling to give more accurate predictions of the molecular
dynamics. Information from protein modelling can then give insights into

optimisation of the hit inhibitor compounds.
Finally, once hit compounds have been optimised, lead hit compounds could

be used in in vivo studies using murine models of S. aureus infection with

bioluminescent reporter strains. The agrP3-GLuc reporter strain can be
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used as a secreted reporter to monitor real time inhibition of agr QS. As well
as this an agrP3-lux reporter or the agrP3-NanoLuc reporter described in
Chapter 3 can be used as an intracellular reporter for imaging of the infection
site. This will give information on the real time and spatial inhibition of agr
and will help determine if the compounds could have potential use clinically.

Overall, this outlines a potential screening pathway which could be used to
identify inhibitors of the biosynthesis of AIP through inhibition of AgrB
processing of AgrD. These could have applications as alternative therapies

against S. aureus infections.
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