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ABSTRACT

Burkholderia species are a group of environmental Gram-negative bacteria that are
clinically difficult to treat due to a combination of chromosomally encoded resistance
mechanisms, low membrane permeability and a propensity to form biofilms. Burkholderia
pseudomallei is the etiological agent of melioidosis, a tropical disease that infects around
165,000 people annually and results in approximately 89,000 deaths. The current treatment
regime employs a biphasic approach consisting of intravenous meropenem or ceftazidime
followed by a long term course of co-trimoxazole or co-amoxiclav. Despite this, mortality still
occurs in up to 40% of cases. Due to its high aerosol infectivity, the ability to present as an
aggressive disease with non-specific symptoms, and the lack of rapidly scalable treatment, B.
pseudomallei is classified as a biothreat agent by the Centre of Disease Control and the
National Institute for Allergy and Infectious Disease. Hence, there is a need for novel

treatment approaches.

Transcription factor decoys (TFDs) are oligonucleotide-based antimicrobials that
selectively inhibit bacterial transcription factors that are essential for viability and virulence.
12-bis-THA is a lipophilic cation that self-assembles to form particles that bind TFDs with high
affinity and protect them from enzymatic degradation. These particles deliver TFDs to the
cytoplasm of Gram-positive and Gram-negative bacteria through electrostatic and lipophilic
interactions with prokaryote-specific membrane components including cardiolipin and
lipopolysaccharide. This technology is an attractive platform for antimicrobial development
as it acts on novel targets and circumvents traditional antimicrobial resistance mechanisms

whilst sparing the host microbiota.

In this thesis, a multidisciplinary approach was used to examine whether this
platform was suitable for the delivery of TFDs to Burkholderia biofilms. Firstly, antimicrobial
susceptibility testing showed that 12-bis-THA particles alone inhibited the growth of B.
thailandensis. A proteomic and metabolomic study outlined in this thesis showed that 12-
bis-THA induced changes in central metabolism and caused the suppression of bacterial
respiratory complexes. 12-bis-THA is a structural analogue of dequalinium, an antiseptic that
is known to inhibit the same respiratory chains suggesting that these molecules share a
similar mechanism of action. Additionally, Checkerboard assays and time-kill studies showed
that 12-bis-THA particles synergised with trimethoprim and co-trimoxazole, and had an
additive effect with rifampin and tobramycin against B. thailandensis suggesting it may have

utility as an adjuvant.



The capsule produced by B. pseudomallei and its propensity to form biofilms are
considerable challenges for TFD delivery. Confocal microscopy studies showed that 12-bis-
THA particles delivered TFD to the cytoplasm of planktonic cells and the body of the biofilm
however data was inconclusive regarding the location of TFD inside the biofilm. Additionally,
a second TFD version, polymeric TFD particles, that used a rhodamine derived delivery
molecule showed good transfection efficiency against planktonic B. thailandensis strain E555

in the absence of 12-bis-THA particles.

Using a proteomic and literature review approach, four candidates for TFD
development were taken forward. For two candidates, Bcam1349 and GvmR, computational
analysis using Prodoric was performed to identify possible transcription factor binding
sequences. Antimicrobial testing was performed on TFDs in two formats. Firstly, Bcam1349
and TEX TFDs were formulated with 12-bis-THA particles, but no TFD specific activity was
observed. In contrast, GvymR and Zur TFDs had been formulated as polymeric TFD particles

and exhibited MICs of 2.5 pg/mL and 0.16 — 0.32 pg/mL.

This thesis shows that the multi-omic workflow used to study the mechanism of
action of 12-bis-THA particles has considerable utility to investigate the stress response of an
organism and to identify regulatory factors that govern the stress response. Additionally,
this work serves as a proof of principle that TFD technology has great potential for the

development of Burkholderia specific antimicrobial compounds.
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LIST OF FIGURES

Figure 1.1: Estimated global distribution of B. pseudomallei. Green indicates a low
evidence-based consensus whilst red represents high evidence-based consensus for the
presence of B. pseudomallei. Black dots present geo-located records of melioidosis cases.
Evidence was based on 22,338 human and animal recorded cases between 1910-2014. Figure

taken from reference 29.

Figure 1.2: Clinical presentation of melioidosis highlighting route of infection and following
dissemination. The blue boxes represent the initial infection event and the red boxes

demonstrated clinical events. Figure taken from reference 42.

Figure 1.3: Cartoon schematic of intracellular invasion and replication of Burkholderia
pseudomallei in the cytoplasm of host cells. B. pseudomallei can invade both phagocytotic
and non-phagocytotic cells. Initial attachment occurs through the use of flagella and type IV
pilli which is supported by the secretion of BoaA and BoaB. In non-phagocytotic cells, bacteria
stimilate their own internatilsation using the T3SS which expels BsaQ and BopE causing
membrane ingress. Next the bacteria escape the phagosome into the cytoplasm through the
excretion of T3SS-3 effectos including BopA and BipD. Once into the cytoplasm the bacterial
cells replicate bacteria use the T6SS-1 to expel effectors such as BimA and BimC which
sequester host actin to facilitate actin-tail formation and the invasion of neighbouring host

cells. Figure adapted from reference 422.

Figure 1.4: Cartoon schematic showing the mechanism of action of transcription factor
decoys (TFDs). (A) Transcriptional activators bind to a transcription factor binding motif
resulting in the recruitment of RNA polymerase and the induction of transcription. (B) TFDs
sequester the target transcription factor preventing the initiation of transcription and

suppressing downstream gene expression.

Figure 1.5: The formation of loaded 12-bis-THA particles. (A) shows the chemical structure
of 12-bis-THA particles, a bola-amphiphilic molecule that forms unstable, nanosized
aggregates in dilute aqueous solution. (B) TFDs used with 12-bis-THA particles are designed
as hairpin. (C) When mixed, the 12-bis-THA particles bind and encapsulate the TFD, collapsing
the DNA helix structure and forming stable, homogenous particles. Figure adapted from

reference 132.

Figure 2.1: Cartoon schematic of a checkerboard plate to investigate interactions between

antimicrobial compounds.



Figure 3.1: Deaths caused by antimicrobial resistance. Figure taken from the “Antimicrobial
Resistance: Tackling a crisis for the health and wealth of nations”, The Review on

Antimicrobial Resistance Chaired by Jim O’Neill, December 2014.
Figure 3.2: The chemical structures of (A) 12-bis-THA and (B) Dequalinium.

Figure 3.3: Time-kill assay showing the antimicrobial activity of 12-bis-THA particles at MIC
concentration against (A) unencapsulated B. thailandensis strain E264 and (B) capsulated
B. thailandensis strain E555. Data are representative of 3 independent experiments, each

consisting of 3 technical replicates.

Figure 3.4: Time-kill assay showing the antimicrobial activity of 12-bis-THA particles at MIC
concentration against encapsulated B. thailandensis strain E555. Data are representative of

3 independent experiments each consisting of 3 technical replicates.

Figure 3.5: Morphological changes in B. thailandensis strain E264 following exposure to 4
pg/mL of 12-bis-THA particle for 6 h. A and B shows treated colonies grown on LB agar for
24 and 48 h, respectively. C shows the morphology of untreated E264 colonies grown for 48
h.

Figure 3.6: Growth kinetics of small, normal and untreated (WT) B. thailandensis strain
E264 colonies in cation-adjusted Muller Hinton broth. Data are representative of 2

independent replicates consisting of 4 technical replicates

Figure 3.7: CLSM images of (A-F) B. thailandensis strain E264 and (G-L) strain E555 stained
with FM4-64 FX (red) and challenged with 50 pg /mL 12-bis-THA particles (blue) for 120
minutes. (A-C and G-I) The untreated controls show that no autofluorescence was detected
with the laser settings used. (D-F and J-L) Images show that 12-bis-THA particles transfected
both unencapsulated (D-F) and encapsulated (J-L) B. thailandensis strains under the tested
conditions. 12-bis-THA particle fluorescence was capture in the blue channel using the
Hoechst filter (laser settings (Aex 405 NM/Aem 455nm). The bacterial membrane was captured
in the red channel using the FM4-64 FX filter (laser settings (Aex 515 NM/Aem 630nm). Scales
bars are representative of 5 um except for ABC which shows 2 um. Images were captured
using Zen LSM 800 confocal microscope and uniformly edited to increase brightness using
Zen software and Microsoft PowerPoint. The assay is represetantive of three independent

replicates each consisting of at least five fields of view.



Figure 3.8: CLSM images of (A-F) B. thailandensis strain E264 and (G-L) strain E555 stained
with FM4-64 FX (red) and challenged with 50 pg /mL CM2 particles (blue) for 30 minutes.
(A-C and G-I) The untreated controls show that no autofluorescence was detected with the
laser settings used. (D-F and J-L) Images show that 12-bis-THA particles transfected both
unencapsulated (D-F) and encapsulated (J-L) B. thailandensis strains under the tested
conditions. 12-bis-THA particle fluorescence was capture in the blue channel using the
Hoechst filter (laser settings (Aex 405 NM/Aem 455nm). The bacterial membrane was captured
in the red channel using the FM4-64 FX filter (laser settings (Aex 515 nm/Aem 630nm). Scales
bars are representative of 5 um. Images were captured using Zen LSM 800 confocal
microscope and uniformly edited to increase brightness using Zen software and Microsoft
PowerPoint. The assay is represetantive of three independent replicates each consisting of

at least five fields of view.

Figure 3.9: Isoboles showing drug interactions between (AB) Trimethoprim and CM2
particles and (CD) Cotrimoxazole and 12-bis-THA particles against B. thailandensis E264 and
B. thailandensis strain E555. Data show the FIC values along the turbid/non-turbid border of

1 of 3 independent replicates.

Figure 3.10: Isoboles showing drug interactions between (AB) rifampin and 12-bis-THA
particles and (CD) tobramycin and 12-bis-THA particles against B. thailandensis strains E264
and E555. Data show the FIC values along the turbid/non-turbid border of 1 of 3 independent

replicates.

Figure 3.11: Dynamic light scattering (DLS) profiles of 12-bis-THA particles (AB), tobramycin
and 12-bis-THA particle (CD), trimethoprim and 12-bis-THA particles (EF) and rifampin and
12-bis-THA particles (GH) in H20 or 0.1X PBS.

Figure 3.12: Time-kill analysis of (A) rifampin (8 pg/mL) and 12-bis-THA particles (2.6
pg/mL), (B) tobramycin (8 pg/mL) and 12-bis-THA particles (2.6 pg/mL), (C) trimethoprim
(4 pg/mL) and 12-bis-THA particle (1.3 pg/mL), and (D) co-trimoxazole (1 pg/mL) and (0.3
pug/mL)12-bis-THA particles activity against B. thailandensis strain E555. Timepoints were
recorded at 0, 3, 6, and 24 . Data are representative of 3 independent experiments each

consisting of 3 technical replicates.



Figure 4.1: The process of bacterial biofilm formation. (1) Bacteria reversibly attach to a
surface. (2) Once attached, the biofilms form microcolonies that are encapsulated within a
self-produced matrix. At this point the bacteria are irreversibly attached. (3) Bacteria within
the biofilm proliferate and the biofilm matures and grows. (4) Bacteria on the surface are

shed to colonise niches elsewhere. Figure taken from reference 396.

Figure 4.2: Establishing the biofilm growth conditions for the MBEC studies. (A) Photograph
of B. thailandensis strain E555 biofilms grown on the Calgary biofilm device for 72 h. (B)
Biofilm biomass of B. thailandensis strain E555 biofilms in CAMHB (red), LB (blue), or MVBM
(green) that had been quantified using 2% crystal violet. (C) Bacterial density of biofilms
represented as colony-forming units per. The data is representative of 2 independent

replicates and the error bars show standard deviation.

Figure 4.3: Activity of antimicrobials and 12-bis-THA particles against B. thailandensis strain
E555 biofilms. Biofilms were formed using the Calgary biofilm deviced and tested for 24 h
before crystal violet staining and quantification. The values shown are relative to the
untreated control. MBECso values were calculated using Graphpad Prism to perform hill slope
non-linear regression. The data are representative of 2 independent replicates and the error

bars show standard deviation.

Figure 4.4: Activity of synergistic combinations against B. thailandensis E555 biofilms.
Biofilms were formed using the Calgary biofilm and tested for 24 h before crystal violet
staining and quanitifcation. The values shown are relative to the untreated control. MBECsg
values were calculated using Graphpad Prism to performed hill slope non-linear regression.

Data are representative of 2 independent replicates and error bars show standard deviation.

Figure 4.5: Growth kinetics of B. thailandensis strain E555 expressing RFP in MVBM
supplemented with 50 pug/mL of chloramphenicol. Images were recorded at 24, 48, and 72
h using a Zeiss LSM 800 confocal microscope. Biofilm Z-stacks were captured using 1 um slices
and the thickness was quantified by Zeiss Blue software. Images were representative of a

single independent experiment and 5 fields of view per slide. Scale bars show 10 um.

Figure 4.6: Confocal micrographs of B. thailandensis E555 RFP 72 h old biofilms incubated
with 50 ug/mL of 12-bis-THA particles. Biofilms were incubated with 12-bis-THA particles for
15 minutes, 30 minutes, or 60 minutes. Red and blue is representative of bacteria and 12-
bis-THA particles respectively. Images were captured with a Zeiss LSM 800 microscope and

represent 5 fields of view from 3 independent experiments. Scale bars show 10 um.
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Figure 4.7: Confocal micrographs of B. thailandensis strain E555 expressing RFP 72 h old
biofilms incubated with 50 ug/mL of 12-bis-THA particles loaded with fluorescently labelled
TFD. Biofilms were incubated with 12-bis-THA particles loaded with Alexa-488 labelled TFD
15 minutes, 30 minutes, or 60 minutes. Red, blue, and green are representative of bacteria,
12-bis-THA particles, and TFD respectively. Images were captured with a Zeiss LSM 800
microscope and represent 5 fields of view from 3 independent experiments. Scale bars show

10 pm.

Figure 4.8: Confocal micrographs of B. thailandensis strain E555 expressing RFP 72 h old
biofilms incubated with 5 pg/mL of rhodamine green Fur TFD conjugate. Biofilms were
incubated with TFD-Rhodamine conjugates for for 15 minutes, 30 minutes, or 60 minutes.
Red, and green are representative of bacteria and TFD-conjugate, respectively. Images were
captured with a Zeiss LSM 800 microscope and represent 5 fields of view from 1 independent

experiments. Scale bars show 5 um.

Figure 4.9: Physical properties of 12-bis-THA particles in water. Correlograms of (A) 12-bis-
THA particles alone and (B) 12-bis-THA particles loaded with 5 pug/mL of TFD. (C) The size,
polydispersity, derived count rate of 12-bis-THA particles alone or in combination with 5

ug/mL of TFD.

Figure 5.1: The impact of 12-bis-THA on mid-log cultures of B. thailandensis E555. Blue, pink
and red lines represent untreated cultures or those incubated with 0.1X MIC (0.8ug/mL) or
1X MIC (8.0 pug/mL) of 12-bis-THA particles respectively. The time point marked with the
arrow represents the addition of 12-bis-THA particles. Statistical significance was determined

using a two-way ANOVA with a Bonferroni post-hoc test where *P < 0.05 and **P < 0.01

Figure 5.2: Imputation of missing values in the proteomics data set. Data present is plotted
in blue whereas missing values that were computationally generated are plotted in orange.

Imputation of missing values and generation of histograms was performed by Perseus

Figure 5.3: Principal component analysis (PCA) plots of the proteomics data set. Green dots
represent the proteomes of untreated B. thailandensis whereas the pink and red dots
represent the proteomes of bacteria incubated with 0.1X MIC 12-bis-THA particles or 1X MIC

of 12-bis-THA particles respectively. PCA plots were generated using Perseus.

Figure 5.4: Multi-scatter plots of all proteomic data sets showing the correlation between
technical and independent experiments. Numerical values are representative of Spearman's

rank correlation values which were calculated using Perseus.
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Figure 5.5: Volcano plots showing changes in protein abundance in B. thailandensis
following incubation with 12-bis-THA particles. (A) shows the proteome of bacteria treated
with 0.1X MIC of 12-bis-THA particles compared to the untreated control. (B) shows the
proteome of bacteria treated with 1X MIC of 12-bis-THA particles compared to the untreated
control. Data points in green represents a significant increase in protein abundance whereas
data points in red show a significant reduction in protein abundance. Fold change significance

was determined using FDR of 0.01 and an SO value of 1.

Figure 5.6: Principal component analysis of the metabolomic data sets. Blue, red, and green
dots are representative of the metabolomes of untreated bacterial and those treated with
0.1X MIC or 1X MIC of 12-bis-THA particles, respectively. PCA plots were generated using

TopSpin version 3.2.

Figure 5.7: Cytoplasmic abundance of metabolic by-products and intermediates in B.
thailandensis in untreated bacteria or those incubated with 0.1X MIC or 1X MIC of 12-bis-
THA particles. Metabolite concentration was calculated using Chenomx NMR Suite 7.0 and
comparing peak area to a known concentration of TSP. Statistical significance was
determined using a one-way ANOVA followed by a Bonferroni correction. Significance was

denoted using the following markers *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 5.8: Cytoplasmic abundance of osmolytes in B. thailandensis in untreated bacteria
or those incubated with 0.1X MIC or 1X MIC of 12-bis-THA particles. Metabolite
concentration was calculated using Chenomx NMR Suite 7.0 and comparing peak area to a
known concentration of TSP. Statistical significance was determined using a one-way ANOVA
followed by a Bonferroni correction. Significance was denoted using the following markers

*P < 0.05; **P <0.01; ***P < 0.001.

Figure 5.9: Cytoplasmic abundance of nucleotides and nucleotide derivatives in B.
thailandensis in untreated bacteria or those incubated with 0.1X MIC or 1X MIC of 12-bis-
THA particles. Metabolite concentration was calculated using Chenomx NMR Suite 7.0 and
comparing peak area to a known concentration of TSP. Statistical significance was
determined using a one-way ANOVA followed by a Bonferroni correction. Significance was

denoted using the following markers *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 5.10: Cytoplasmic abundance of amino acids in B. thailandensis in untreated bacteria
or those incubated with 0.1X MIC or 1X MIC of 12-bis-THA particles. Metabolite

concentration was calculated using Chenomx NMR Suite 7.0 and comparing peak area to a
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known concentration of TSP. Statistical significance was determined using a one-way ANOVA
followed by a Bonferroni correction. Significance was denoted using the following markers

*P < 0.05; **P < 0.01; ***P < 0.001.

Figure 5.11: Cytoplasmic abundance of amino acids in B. thailandensis in untreated bacteria
or those incubated with 0.1X MIC or 1X MIC of 12-bis-THA particles. Metabolite
concentration was calculated using Chenomx NMR Suite 7.0 and comparing peak area to a
known concentration of TSP. Statistical significance was determined using a one-way ANOVA
followed by a Bonferroni correction. Significance was denoted using the following markers

*P < 0.05; **P < 0.01; ***P < 0.001.

Figure 5.12: The stress response of B. thailandensis to 12-bis-THA particles. (A) A cartoon
schematic showing central metabolism under normal physiological conditions. (B) A cartoon
schematic showing the down regulation of electron transport chain, glyoxylate shunt and

glycolysis, and the upregulation of beta-oxidation in response to 12-bis-THA particles.

Figure 6.1: Volcano plots showing changes in transcription factor abundance in B.
thailandensis strain E555 following incubation with 12-bis-THA particles. (A) shows the
transcription factor proteome of bacteria treated with 0.1X MIC of 12-bis-THA particles
compared to the untreated control. (B) shows the transcription factor proteome of bacteria
treated with 1X MIC of 12-bis-THA particles when compared to the untreated control. Data
points in green represents a significant increase in protein abundance whereas data points
in red show a significant reduction in protein abundance. Fold change significance was

determined using FDR of 0.01 and an SO value of 1.

Figure 6.2: Amino acid sequence alignment of FNR in E. coli strain K12 with homologues in
B. pseudomallei strain K96243 and B. thailandensis strain E264. Residues highlighted in red
represent amino acids which are essential for the function of FNR in E. coli through the

formation of an Fe-S cluster.

Figure 6.3: Identification of LysR type transcriptional regulator binding motif patterns in
the 500 base pair region preceding GvmR in B. pseudomallei. The nucleotide sequence was
taken from the Burkholderia genome browse and interrogated using Prodoric virtual

footprint.
Figure 6.4: Prodoric analysis of the intergenic region preceding BTH_11883 (TseM).

Figure 6.5: Confocal microscopy of TFD delivery to encapsulated B. thailandensis strain

E555 using 12-bis-THA particles. Bacterial cells grown to mid-log phase were incubated with
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50 pg/mL of 12-bis-THA loaded with 5 pg/mL of alexa-488 labelled FUR TFD for 1.5 h. Red,
green and blue show the bacteria, TFD and 12-bis-THA particles respectively. Images were
captured with a Zeiss LSM 800 microscope and represent 5 fields of view from 3 independent

experiments. Scale bars show 5 um

Figure 6.6: Activity of TFD loaded 12-bis-THA particles against B. thailandensis strain E555
biofilms. Biofilms were formed using the Calgary biofilm and tested for 24 h in the present
of TFD before crystal violet staining and quantification. The values shown are relative to the
untreated control. Data are representative of 2 independent replicates and error bars show

standard deviation.

Figure 6.7: Investigation of the minimum biofilm inhibitory concentration (MBIC) for BFNR
or TEX targeting TFD in B. thailandensis. Empty 12-bis-THA particles or those loaded with
TFD were incubated with planktonic bacteria within the Calgary biofilm device and incubated
at 37°Cfor 24 h before using crystal violet staining to quantify the biofilm biomass. The values
shown are relative to the untreated control. Data are representative of two independent

experiments and error bars show the standard deviation.

Figure 6.8: TFD polymeric particle delivery to B. thailandensis strain E555. Bacterial cells
grown to mid-log phase were incubated with 5 pg/mL of TAMRA labelled TFD polymeric
particles for 1.5 h. Red and green show the bacteria and TFD respectively. Images were
captured with a Zeiss LSM 800 microscope and represent 5 fields of view from 3 independent

experiments. Scale bars show 5 um.

Figure 10.1: Physical characterisation of rifampin suspending in water at 300 pug/mL using
dynamic light scatter. (A) is a correlogram showing the correlation coefficient of rifampin
suggesting it forms unstable, polydispersed particles. (B) shows the predicted size of the

populations present.

Figure 10.2: Isoboles showing compounds that did not interact with 12-bis-THA particles in
the checkerboard assay. A and B show interactions between 12-bis-THA particles and
meropenem, C and D show interactions between 12-bis-THA particles and ciprofloxacin, and
E and F show interactions between 12-bis-THA particles and ceftazidime. Data representative

of 1/3 independent replicates.
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CHAPTER 1 - GENERAL INTRODUCTION




1.1 BURKHOLDERIA CEPACIA COMPLEX

The Burkholderia genus is comprised of over 80 species that occupy a diverse range
of environmental niches (1,2) . The majority of these species are non-pathogenic, soil-
dwelling saprophytes however several are successful human pathogens that induce severe

disease.

The Burkholderia cepacia complex (BCC) is a group of 24 phenotypically similar but
genetically distinct Burkholderia species that are opportunistic pathogens (3)(397) with
another two awaiting classification (398, 399). BCC species rarely cause infections in
immunocompetent individuals as bacterial cells are cleared by functional airway mucociliary
activity (3). In contrast, these species cause opportunistic infections in those with cystic
fibrosis (CF) or chronic granulomatosis (4-6). Infections have also been observed in
individuals with compromised immune systems such as those with cancer or human
immunodeficiency virus, or those undergoing chemotherapy (7-9). The most common risk
factors associated with BCC infections are the use of venous and urinary catheters,
endotracheal tubes for those on mechanical ventilation, hemodialysis, and long

hospitalization periods in intensive care units (10).

CF is an autosomal recessive disorder caused by mutations in the gene encoding for
the cystic fibrosis transmembrane conductance regulator (CFTR) (11). It affects
approximately 1 in 2500 - 3500 newborns and is predominantly found in those of European
descent (12). The CFTR is a chloride ion channel that is present on the apical surface of
epithelial cells (13). The malfunction of the CFTR results in the secretion and accumulation of
highly viscous fluids within multiple organ systems and is characterised by chronic lung
malfunction, pancreatic insufficiency, and high levels of chloride in sweat. Pulmonary disease
is a major cause of morbidity and mortality in individuals with CF (14). This is characterised
by structural airway changes that give rise to increased dilation (bronchiectasis), mucoid
impaction, a partial or complete collapse of the lung (atelectasis), fibrosis and vascular
changes (15). This causes a decline in lung function that limits the effective clearance of thick,
sticky mucus containing microbial pathogens that have entered the respiratory tract resulting

in chronic bacterial infection and airway inflammation.

The microbiota of the CF airways is complex and differs throughout the lifespan of a
patient. During the first decade of life, the pathogens Staphylococcus aureus and

Haemophilus influenzae are routinely cultured from the sputum of individuals with CF (16).



After the age of 20, Pseudomonas aeruginosa is commonly identified as the main
cause of respiratory infection in patients with CF. P. ageruginosa is a clinically important
pathogen that is associated with ventilator associate pneumonia, catheter associated
infection, central-line associated infections, burns, wound infections, and surgery related
infections (400). Chronic P. aeruginosa lung infections common in CF individuals as this
bacterium displays a propensity to form biofilms (401, 402) and gain resistance mechanisms

to multiple antimicrobials making therapeutic eradication challenging.

Stenotrophpmonas maltophilia is a well-known respiratory pathogen that can be
isolated from the respiratory tracts of 8.14% - 13.8% of individuals with CF (403, 404).
Isolation of S. maltophilia is positively correlated with the use of intravenous antimicrobials
and oral quinolone use (405 — 407). This is consistent with findings by Denton showed that
the isolation of S. maltophilia was positively associated with the use of anti-pseudomonal

therapeutics (408).

The incidence of infections caused by nontuberculous Mycobacteria, specifically the
Mycobacterium avium complex and the Mycobacterium abscessus complex, in CF patients
has risen from 3.3% to 22.6% over the last two decades and has resulted in an increase in
both morbidity and mortality (409 — 411). Such poor prognosis is likely associated with
accelerated lung function decline which is exacerbated by the requirement for long term
therapeutic intervention that only results in a successful outcome in 30% of patients (412,

413).

Achromobacter species, including Achromobacter xylosoxidans, are emerging CF
pathogens. These bacteria are environmental opportunistic pathogens that are associated
with infections in the elderly (414, 415). The prevalence of these species in CF infections is
unclear but these bacteria are isolate from up to 17% of individuals with CF (414, 416 — 418).
Additionally, Achromobacter species are associate with temporary pulmonary exacerbation

but not with long-term prognosis (419).

Though the BCC species infect relatively few patients, it represents a major clinical
challenge and it is difficult to predict patient outcomes. Patients infected with these species
can experience asymptomatic carriage to ‘cepacia syndrome’ which manifests as necrotizing
pneumonia, worsening respiratory failure, and bacteremia (17). Despite consisting of
approximately 24 different bacterial species, Burkholderia cenocepacia and Burkholderia
multivorans are the most prevalent species identified in the CF community. Although it is not

a member of the BCC, Burkholderia gladioli accounts for 15% of CF infections caused by

3



Burkholderia species (18). This is higher than other members of the BCC species including
Burkholderia vietnamiensis (5%), Burkholderia dolosa (3%) and Burkholderia cepacia (3%)

(19).

1.2 BURKHOLDERIA MALLEI

Burkholderia mallei is a highly pathogenic member of the Burkholderia genus. It is a
Gram-negative, aerobic, non-motile bacillus and is a host-adapted pathogen that is unable to
persist in the wider environment. It is believed to share a common progenitor with
Burkholderia pseudomallei and is considered a divergent clone that has adapted to become
an obligate pathogen by in-host evolution (20,21). It is the causative agent of glanders which
is an infectious disease common in equine species such as horses, donkeys and mules.
Glanders has been eradicated in Western Europe, the USA and Canada through the adoption
of a stringent test and slaughter policy (22). However, it is still endemic to the Middle East,
Asia, Africa, and South America (22). Infections in humans and are best described in the
context of an accidental laboratory exposure (23-25). In these cases, glanders typically
manifested as tachycardia, lymphedema, splenic and hepatic abscesses, pneumonia and
bacteraemia. Though mortality was not observed in these cases, all patients required a long

term course of antimicrobials to clear the disease (23,25).

1.3 BURKHOLDERIA PSEUDOMALLEI

1.3.1 Epidemiology

B. pseudomallei, the etiological agent of melioidosis, was first identified by Alfred
Whitmore and C.S. Krishnaswami during autopsies performed on deceased opium addicts in
Rangoon, Burma in 1911 (26). B. pseudomallei is a Gram-negative, facultative intracellular
bacterium that can survive in low nutrient environments (27). It is saprophyte that is
routinely cultured from rice paddies, stagnant waters and moist soil in the tropics and sub-
tropics where it is endemic. The global distribution of B. pseudomallei is not well understood
and subsequently, the rate of infection is poorly characterised. Poor diagnosis due to diverse
clinical presentation and inadequate diagnostic tools have limited epidemiological analysis
which has resulted in poor disease awareness even in areas where melioidosis is endemic
(28). B. pseudomallei is especially prevalent in South-East Asia and Northern Australia
although sporadic cases are recorded throughout Asia, Africa and South America. Studies by
Limmathurotsakul et al present a new epidemiological model to predict the global

distribution of melioidosis(29). Figure 1.1 was modelled using an evidence-based consensus
4



and geo-locating reported cases, and has estimated there to be 165,000 human melioidosis

cases each year, of which 89,000 cases result in mortality.

Evidence consensus
- Complete (presence)
B Good
| Moderate

Pear

Indatarminate

Poar
P voderate
B Good
B complete (absence) "y

®  Mefoidosis occurrences

Figure 1.1: Estimated global distribution of B. pseudomallei. Green indicates a low evidence-
based consensus whilst red represents high evidence-based consensus for the presence of B.
pseudomallei. Black dots present geo-located records of melioidosis cases. Evidence was based
on 22,338 human and animal recorded cases between 1910-2014. Figure taken from reference
29.

1.3.2 Routes of infection

Melioidosis develops following the inhalation, ingestion, or subcutaneous
inoculation of B. pseudomallei. In South-East Asia and Northern Australia, the monsoon
season has been closely associated with an increase in melioidosis cases by 75-85% possibly
due to extreme weather causing aerosols containing the bacterium (30,31). Similarly, during
the Vietnam war, inhalation of dust containing B. pseudomallei was believed to have infected
American servicemen (32,33). As previously mentioned, B. pseudomallei is known to persist
in low-nutrient environments including water (34). Multiple studies in Northern Australia and
Southern Thailand have shown that B. pseudomallei has been cultured from unchlorinated,
bore drinking water (35-37). Currie et al showed that a B. pseudomallei strain that was
isolated from drinking water was matched to a clinical isolate from a patient, providing
evidence for ingestion as a route of infection (37). In a 20 year prospective study of
melioidosis cases in Northern Australia, Currie et al found that 75% of cases likely occurred
as a result of environmental exposure to B. pseudomallei (38). Of these cases, 22% had

specific exposure events such as sustaining wounds while gardening or playing sports, or
5



chasing feral pigs through tropical savannah swamps. In Northern Thailand, 81% of cases
were observed in rice farmers who had likely come into contact with contaminated water or
soil (39). Because of this, there have been education programs implemented to promote the

use of rubber boots and gloves on rice farms with the aim of preventing infection (40).

1.3.3  Clinical manifestation

Clinical presentation can range from localized subcutaneous infections to sepsis and
death. Bacteremia develops in 40-60% of cases which can develop into sepsis in 20% of these
cases (38,41) . Bacteremia and sepsis allow bacterial cells to disseminate throughout the
body and colonize varying niches including the respiratory, neurological, gastrointestinal and
genitourinary systems (Figure 1.2) (38,42). Melioidosis pneumonia accounts for
approximately 50% of melioidosis cases presenting in the clinic (41,43). It is a diverse illness
that can present as acute, fulminant sepsis with multifocal infiltrates (44) or chronic
respiratory colonization which emulates tuberculosis, both radiologically and by the clinical

presentation (45).

Approximately 85% of melioidosis cases present as the acute form of the disease
which arises from recent exposure incidents (38). Most of these patients present with an
aggressive form of the disease such as sepsis, with or without pneumonia, or localized
lesions. In contrast, approximately 11% of patients present with chronic melioidosis defined
as a symptomatic infection that lasts longer than 2 months (38). These patients generally
present with non-specific symptoms which slows the diagnosis and effective management of

melioidosis.

Typically, the symptoms of melioidosis manifest 1 to 21 days (average of 9 days)
following inoculation, however this is dependent on the route of transmission, host risk
factors and the infecting strain (46). Melioidosis predominantly infects those with pre-
existing co-morbidities. The most common risk factor is diabetes mellitus which was present
in up to 75% of cases in Malaysia (41). Other pre-existing conditions such as a compromised
immune system, chronic kidney disease, chronic lung disease, chronic alcohol use and cancer
have also been associated with melioidosis (38,41). Additionally, individuals with CF have also
been diagnosed with melioidosis which is consistent with the susceptibility of these patients

to infections by BCC species (47,48).
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Figure 1.2: Clinical presentation of melioidosis highlighting
route of infection and following dissemination. The blue
boxes represent the initial infection event and the red boxes
demonstrated clinical events. Figure taken from reference 42.

1.3.4 Molecular pathophysiology

To establish infection, B. pseudomallei first enter cells in the host epithelial layer or
the mucosal surface where the bacterial cells replicate before spreading to neighbouring cells
(Figure 1.3) (49). Attachment to the surface of host cells is driven by the type IV pili, which
are hair-like filaments on the bacterial surface, and the capsular polysaccharide (50). Studies
by Chuaygud et al and Allwood et al have shown that mobility helps bacterial cells navigate
the mucosal lining but its role in surface attachment is still unclear (51,52). B. pseudomallei
encodes multiple secretion systems which support the secretion of bacterial effector
proteins into neighbouring cells or the intracellular milieu and several have been implicated
with a role in cellular invasion. The type 5 secretion system (T5SS) exports the adhesins BoaA
and BoaB which support bacterial attachment but are not essential (53). Similarly, the type 3

secretion system cluster 3 (T3SS-3) exports BopE, which causes actin rearrangement in the

7



host cell membranes facilitating ingress, and BsaQ which have been shown to support
bacterial attachment (54). However, mutants of BoaA, BoaB, BopE, and BsaQ have shown
that they are not essential for bacterial attachment suggesting multiple effectors are

required to act in combination (54,55).

Most Burkholderia species including B. pseudomallei can invade phagocytotic and
non-phagocytotic cells (56,57). Bacterial cells then can cause cell lysis or can invade
neighbouring cells. Upon entering the host cell through phagocytosis, B. pseudomallei must
rapidly escape before fusion with the lysosome which contains an array of enzymes that are
capable of degrading biological molecules (Figure 1.3). The T3SS-3 plays a critical role in this
with multiple studies showing that mutant strains of B. pseudomallei have a reduction in
intracellular survival (58—60). For example, mutations in bipD and bsaZ have been shown to
reduce or prevent the formation of actin tails which are used by B. pseudomallei for
intracellular motility (58). Similarly, BimA (420) and BimC (421) are also required for actin-tail

based intracellular motility.

The formation of multinucleated giant cells has been proposed as a mechanism to
facilitate the cell-to-cell dissemination of B. pseudomallei (61). Additionally, cell fusion likely
enables B. pseudomallei to access more nutrients from the newly fused cells (Figure 1.3).
Both the T3SS-3 and the type 6 secretion system cluster 5 (T6SS-5 but also termed T6SS-1)
are important virulence factors that play a role in the formation of multinucleated giant cells
(61). Mutations in the T3SS-3 effector protein bipB have resulted in a reduction of cell-to-cell
spreading and the formation of multinucleated giant cells (62). Similarly, other studies have
shown that B. pseudomallei strains deficient in components of the T6SS-5 had reduced cell-
to-cell fusion and the ability to form of multinucleated giant cells (63,64). In vivo studies have
shown that mutations in the components of the T3SS-3 or the T6SS-5 resulted in an
attenuation of virulence, suggesting that these pathways are important in the development
of acute melioidosis in humans (61). B. pseudomallei can also induce cellular cytotoxicity
resulting in host cell death. B. pseudomallei stimulates apoptosis in macrophages in response
to the formation of multinucleated giant cells and membrane destabilisation as a result of
actin scavenging (65). In addition, intracellular B. pseudomallei can induce caspase-1

dependent cell lysis in macrophages (66).
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Figure 1.3: Cartoon schematic of intracellular invasion and replication of Burkholderia pseudomallei in
the cytoplasm of host cells. B. pseudomallei can invade both phagocytotic and non-phagocytotic cells.
Initial attachment occurs through the use of flagella and type IV pilli which is supported by the secretion of
BoaA and BoaB. In non-phagocytotic cells, bacteria stimilate their own internatilsation using the T3SS which
expels BsaQ and BopE causing membrane ingress. Next the bacteria escape the phagosome into the
cytoplasm through the excretion of T3SS-3 effectos including BopA and BipD. Once into the cytoplasm the
bacterial cells replicate bacteria use the T65S-1 to expel effectors such as BimA and BimC which sequester
host actin to facilitate actin-tail formation and the invasion of neighbouring host cells. Figure adapted from

reference 422.

1.3.5 Diagnosis

Detection of B. pseudomallei from clinical specimens is the gold standard method for
the diagnosis of melioidosis. Typically, blood, urine and respiratory samples including throat
and rectal swabs may be cultured in suspected cases of systemic melioidosis (67). Wound
swabs and pus/exudate should also be cultured to identify cutaneous melioidosis. Though
bacterial culture is the gold standard, it has a low diagnostic sensitivity (60.2% sensitivity) to
patients with melioidosis (68). A culture-based diagnosis requires experienced laboratory
staff as B. pseudomallei can be misidentified as other species such as Pseudomonas spp, B
cepacia, or Bacillus spp (28). Diagnostic workshops have been implemented in areas where
B. pseudomallei is endemic to educate and train laboratory staff to recognise B. pseudomallei
using culture-based methods (28). B. pseudomallei grows on most routine laboratory agars
but tends to grow much slower than commensal organisms which might outgrow it therefore
selective agar is used to isolate B. pseudomallei from mixed cultures. Ashdown’s media is

used to isolated B. pseudomallei and traditionally contains trypticase soy agar, glycerol,
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crystal violet, neutral red, and gentamicin (69) but can also be supplemented with colistin to
reduce the growth of other Gram-negative species (70). When grown on this media, B.
pseudomallei typically forms dry, flat, purple colonies that have a metallic sheen. B.
pseudomallei is not a part of the human microbiota and identification within clinical

specimens should be regarded as diagnostic of melioidosis.

Misidentification of B. pseudomallei is not uncommon and it is recommended that
multiple methods are used to establish a diagnosis. Clinical proteomics using matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) has been shown to provide accurate
identification of B. pseudomallei (71). 16s ribosomal sequencing (72) and PCR based methods
(73,74) have also been developed however these are not used clinically but are instead used

in research and reference laboratories.

Individuals can be screened for the presence of anti-B. pseudomallei antibodies using
an indirect hemagglutination antibody test (75,76). However, this approach has limited
application as approximately 70% of Thai children produced these antibodies in the absence
of infection which likely occurs through environmental exposure (77). Instead, a method has
been developed that uses a monoclonal antibody to recognise an antigen on the capsular
polysaccharide of B. pseudomallei and B. mallei (78). It has displayed excellent sensitivity

(99.1% sensitivity) and is particularly useful for screening suspect colonies (78).

1.3.6 Treatment strategies

Early diagnosis and implementation of the appropriate antimicrobial treatment is
essential in melioidosis and has been linked with patient outcomes. Mortality occurs in
approximately 10% of cases where healthcare professionals have access to state-of-the-art
facilities (38). However, these facilities are not available in many locations where B.

pseudomallei is endemic resulting in patient mortality increasing up to 40% (79).

The current treatment regime is composed of a biphasic approach consisting of an
acute phase and an eradication phase (80). During the acute phase, antimicrobials are
delivered intravenously for > 10 days to prevent death from overwhelming sepsis.
Ceftazidime is typically used in uncomplicated cases whereas meropenem is used in
individuals within intensive care, who have neurological involvement or display persistent
bacteremia (80). The treatment length can also be extended up to four weeks for patients
entering intensive care with pneumonia or those with deep-seated abscesses. It can be
further extended to six weeks for those with osteomyelitis, and up to eight weeks for
individuals with arterial infection or central nervous system involvement (81). A recent
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review of the treatment guidelines suggested that the acute phase should be extended to a
minimum of three weeks for patients with concurrent bacteremia and pneumonia involving
only a single lobe and those with bilateral and unilateral multi-lobar pneumonia who do not
have bacteremia (81). Treatment in those with concurrent bacteraemia and bilateral or

unilateral multi-lobar pneumonia should be treated for a minimum of four weeks.

The eradication phase is comprised of oral co-trimoxazole or co-amoxiclav to kill
residual bacteria and reduce the risk of relapse (80). This typically lasts for three months but
maybe extended up to six months in individuals with osteomyelitis, arterial infection, or
neurological involvement (81). In a large, multicentre study, co-trimoxazole was non-inferior
and produced fewer side effects when compared to patients treated with co-trimoxazole and
doxycycline (82). Emerging resistance to co-trimoxazole presents a clinical challenge as up to

18% of clinical isolates show reduced susceptibility (83,84).

1.3.7 Resistance mechanisms

The frequency of resistance of B. pseudomallei to clinically relevant B-lactams is
unclear. A screen of 4,000 clinical isolates performed by Wuthiekanun et al showed that only
0.6% of strains were resistant to ceftazidime (n=8), amoxicillin + clavulanic acid (n=8) or both
antimicrobials (n=13) (85). In contrast, Rao et al performed a screen of 164 clinical isolates
and 21 (11.6%) were resistant to ceftazidime (86). It was proposed that this was due to the
misuse of antimicrobials however this is difficult to determine considering the difference in

samples sizes (4000 compared to 164).

PenA is a class A B-lactamase that is commonly associated with B-lactam resistance
in most B. pseudomallei clinical isolates (87). This can develop due to two reasons. Structural
mutations in or near the B-lactamase site have been shown to result in resistance to
ceftazidime, co-amoxiclav, or both. Alternatively, some clinically isolates that are resistant to
ceftazidime have shown the presence of a point mutation in the promoter region of penA
which may increase its transcription (88). Large genomic rearrangements or deletions have
been associated with resistance to ceftazidime in clinical B. pseudomallei isolates (89). This
was caused by a 71 kb deletion from chromosome two which contained three penicillin-

binding proteins which are known targets of B-lactam antimicrobials.

Efflux pumps are important resistance determinants in B. pseudomallei and other
Burkholderia species. Bacterial efflux pumps are separated into six groups: 1) The major
facilitator (MFS) superfamily; 2) The resistance nodulation cell division (RND) family; 3) The
small multidrug resistance (SMR) family; 4) The multidrug and toxic compound extrusion
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(MATE) family; 5) The ATP-binding cassette (ABC) family; and 6) The proteobacterial
antimicrobial compound efflux (PACE) family (90). RND efflux pumps are clinically important
due to their ability to span both the cellular envelope. By doing so, they act synergistically
with the Gram-negative outer membrane by simultaneously reducing antimicrobial
penetration into the bacterial cell and efficiently expelling compounds that successfully enter

the cytoplasm (91).

B. pseudomallei encodes for ten efflux pumps, seven are located on chromosome
one and three are located on chromosome two (92). Of the ten pumps, three are well
characterised. AmrAB-OprA was the first pump to be identified and is responsible for
expelling aminoglycoside and macrolide antimicrobials from the cytoplasm. Rare, naturally
occurring deletions or regulatory mutations have been identified and are susceptible to
aminoglycosides (93,94). AmrAB are possible homologues of MexXY which is expressed in

some aminoglycoside resistant strains of Pseudomonas aeruginosa (95).

The BpeAB-OprB efflux pump was initially described in B. pseudomallei strain KWH
and confers resistance to low-levels of chloramphenicol, fluoroquinolone, tetracycline,
aminoglycoside and macrolides (96,97). Further characterisation of B. pseudomallei strain
1026b showed that the BpeAB-OprB efflux pump confers resistance to aminoglycosides in
this strain (98). BpeAB-OprB is related to MexAB-OprM in P. aeruginosa however their
functions are different (99). The MexAB-OprM efflux pump is widely expressed and
contributes to antimicrobial resistance against a range of compounds (99). In contrast, it is
not widely expressed in B. pseudomallei and may only play a minor role in the resistance

profile of this bacterium.

BpeEF-OprC was first identified as a chloramphenicol and trimethoprim efflux pump
through its expression in an efflux compromised strain of P. aeruginosa (100). It is not widely
expressed in wild type strains but is expressed in naturally occurring mutants where the
transcriptional activator bpeT is constitutively expressed (101). When expressed, BpeEF-
OprC expels chloramphenicol, fluoroquinolones, tetracyclines, and trimethoprim, and is

responsible for trimethoprim resistance in clinical settings (102).

The Gram-negative membrane acts as a permeability barrier that prevents the
internalisation of compounds that would be toxic to the bacteria. It is an asymmetrical bilayer
made up of an outer membrane that is comprised of lipopolysaccharide (LPS) and the inner
membrane which comprised of glycerophospholipids (103). LPS is made up of three

components, lipid A, the core oligosaccharide, and the o-antigen, and it is the structure of
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LPS that reduces the permeability of the lipid bilayer (103). The acyl chains that anchor the
lipid A into the membrane help stabilise LPS and prevents the passage of hydrophilic
molecules across the membrane. Conversely, the core oligosaccharide and o-antigen are
hydrophilic which helps prevent hydrophobic molecules from crossing the lipid bilayer (104).
B. cepacia has extremely low membrane permeability and demonstrates only 11% of the
permeability of E. coli (105). This likely occurs as B. cepacia produces comparatively fewer
membrane porins than E. coli (105). The structure of LPS can also be modified to confer
resistance to cationic peptides and polymyxins such as colistin. Extreme resistance to
polymyxin class molecules is a common characteristic of Burkholderia species and occurs due
to the inclusion of an AradN group to the lipid A of the LPS. This neutralises the negative

charge of a phosphate by adding a sugar with a positively charged amine group (106).

1.3.8 Burkholderia genomics

B. pseudomallei has a large genome (7.2 Mb) that is GC rich (67.9%) and is comprised of two
chromosomes. The first chromosome is 4.07 Mb and contains genes that are associated with
core functions such as metabolism and growth (423). In contrast, the second chromosome,
which is smaller (3.17 Mb), contains accessory genes that support bacterial adaption and
including iron acquisition, osmotic protection, and secondary metabolism genes (423).
Though the second chromosome contains genes associated with plasmid replication, it has
been classified as a chromosome as it contains genes that are associated with central
metabolism and essential function (423). BCC species also contain two cromosomes but also
have a third replicon which is a megaplasmid named pC3 (formerly chromosome lll). This has
been shown to contribute to stress resistance and virulence in addition to antifungal and
proteolytic activity in a number of strains (424, 425). However, this megaplasmid is not
essential for bacterial viability with approximately 4% of BCC isolates having lost this replicon

(424).

The comparison of clinical and environmental isolates against B. pseudomallei strain
K96243 allowed for the allocation of genes into core and accessory genomes (426). 86% of
the K96243 genome was common across all environmental and core isolate representing the
core genome. Alternatively, 14% of the K96423 genome was found at varying frequencies
across the isolates which represent the accessory genome. Gene order between strains of B.
pseudomallei is remarkably well preserved despite the diversity of genes that can be found
in the accessory genome. New genes are acquired through horizontal gene transfer but are
integrated within specific regions of the genome such as genomic islands (427). These sites

account for around 4% of the B. pseudomallei genome (427).
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Burkholderia thailandensis is closely related to both B. pseudomallei and B. mallei.
Like B. pseudomallei, B. thailandensis can be isolated from contaminated soil and stagnant
water in the tropics and subtropics (109). B. thailandensis also has a large genome (6.7 Mb)
comprised of two chromosome (chromosome 1 - 3.8 Mb and chromosome - 2.9 Mb) (428).
B. thailandensis is genetically distinct as it can assimilate arabinose due to the presence of
the BTH_I11626 — 1633 operon found on chromosome two of B. thailandensis but is absent
from B. pseudomallei (111). Comparative genomics has shown that B. thailandensis has
retained 71% of virulence genes from B. pseudomallei (428). Despite the conservation of

virulence genes, B. thailandensis is avirulent and rarely causes infections in humans.

The genomes of both B. pseudomallei and B. thailandensis contain regions of unusually
high GC content which act as markers for genomic islands. These are an important source of
genomic diversity which allow for the acquisition and integration of new genes into the
genome. In B. pseudomallei, the number of genomic islands varies depending on strain and
sites can vary between strains (429). Similarly, the genome of B. thailandensis also contains
genomic islands which are in similar locations to those in B. pseudomallei (428). The clinical
importance of genomic islands is not full clear but they have the potential to be a source of
virulence and AMR resistance genes. This has been observed in B. thailandeneis strain E555.
Most B. thailandensis strains do not produce a capsular polysaccharide as they usually lacks
the gene cluster BPSL2790 — 2810 which is responsible for the synthesis and trafficking of
CPS. B. thailandensis strain E555 has acquired a genomic island that allows this strain to
produce a capsular polysaccharide that is highly similar to that present in B. pseudomallei
(112,113). This is important as the capsule in B. pseudomallei is a conserved virulence factor
that provides protection from host immunity by lowering the efficiency of the membrane

attack complex (430).

1.3.9 Biothreat pathogen

B. pseudomallei is classified as a biothreat agent due to its high aerosol infectivity,
the ease with which it can be isolated from the environment, and its ability to cause severe
disease with non-specific symptoms. It is classified as a category B biothreat agent by the
National Institute of Allergy and Infectious Diseases (107). This rank also includes B. mallei
and is reserved for species that are moderately easy to disseminate, result in moderate
morbidity rates and low mortality rates, and require specific enhancements for diagnostic
capacity and enhanced disease surveillance (107). Similarly, it is ranked as a tier 1 select agent
by the Centre for Disease Control, and the United States Department of Agriculture as it is

capable of causing severe disease in humans (108). Because of this, there is considerable
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interest in developing novel therapeutic approaches that are more scalable than the
traditional biphasic therapeutic regime. However, as B. pseudomallei is a Containment Level
3 pathogen it requires extended containment facilities which can slow the screening of novel
compounds. One approach is to use a surrogate organism to identify lead compounds which

can then be tested in the target organism at a later date.

1.3.10 B. thailandensis as a surrogate organism

As previously mentioned, B. thailandensis closely related to B. pseudomallei (431) .
Despite sharing a high degree of genomic similarity, B. thailandensis is considerably less
virulent in in vivo models as B. pseudomallei has a lethal dose 50 (LDso) of <10 organisms
whereas B. thailandensis has an LDso of 10° bacteria (432, 433). Infections caused by B.
thailandensis have been recorded however are exceedingly rare compared to cases of
melioidosis (434 — 437). Despite being less virulent, B. thailandensis shares important
virulence factors including the T3SS and the T6SS which are both important for cellular
invasion. Due to the conservation of these systems, B. thailandensis is a well-established
surrogate model for B. pseudomallei to study the molecular basis of cellular invasion and

survival (438 — 440).

Though B. thailandensis has comparably lower virulence, it still primers the host
immune system and can provide cross-protection from B. pseudomallei infections either
using live B. thailandensis cells (441) or using B. thailandensis-derived products such as outer
membrane vesicles (442) or heat killed cells (443). This suggests that B. thailandensis is a
surrogate organism for studying the host-immune response to B. pseudomallei and that B.

thailandensis may have the potential for the development of a melioidosis vaccine.

B. thailandensis produces many of the same antimicrobial resistance mechanisms
such as efflux pumps and LPS modification that are observed in both B. pseudomallei and
BCC species (444). For this reason, B. thailandensis displays similar minimum inhibitory
concentrations to those observed in B. pseudomallei (114). This indicates that B.
thailandensis is a useful surrogate organism to investigate the activity of novel antimicrobial
molecules (115). Therefore, in this thesis, we use B. thailandensis strains E264 and E555 to

investigate the activity of novel antimicrobial compounds.

1.4 TRANSCRIPTION FACTOR DECOYS (TFDs)

Transcription factors are regulatory proteins that control gene expression by binding

to a specific nucleotide sequence called a transcription factor binding site (TFBS) which is in

15



the promoter of a target gene. This can occur independently or in combination with other
transcription factors and/or nucleoid associated proteins to promote (by transcriptional
activators) or block (by transcriptional repressors) recruitment of RNA polymerase.
Numerous approaches have been performed to identify TFBS such as DNA footprinting (116),
protein-nucleic acid pull-downs, Chromatin Immunoprecipitation (ChlIP assays) (117), the use
of reporter strains (118), and mutational studies (119). Alternatively, computational tools
such as the prokaryotic database of gene regulation (Prodoric) have been used to predict
TFBS in promoter regions by identifying nucleotide sequences that are similar to
characterised binding motifs (120). Transcription factor binding sequences are generally
direct or inverted repeats of five to seven nucleotide motifs that are separated by a short
spacer sequence. This is indicative of transcription factors binding as a dimer in the same or

opposing orientation (121).

Under normal conditions, a transcriptional activator will bind to a transcription factor
binding motif upstream of a target gene. The DNA-bound transcription factor then recruits
RNA polymerase initiating transcription (Figure 1.4A). Transcription factor decoys (TFDs) are
nucleic acid-based therapeutics that contain the binding sequence of a transcription factor,
resulting in the competitive inhibition of the TFD target. By doing so, this prevents the
transcription factor from binding its cognate genomic target resulting in the suppression of

downstream gene expression (Figure 1.4B) (121).
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Figure 1.4: Cartoon schematic showing the mechanism of action of transcription
factor decoys (TFDs). (A) Transcriptional activators bind to a transcription factor
binding motif resulting in the recruitment of RNA polymerase and the induction
of transcription. (B) TFDs sequester the target transcription factor preventing the
initiation of transcription and suppressing downstream gene expression.
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TFDs have distinct advantages over other nucleic-acid based therapeutics such as
short interfering RNAs (siRNA) and locked nucleic acids (LNAs) which work by preventing the
translation of mRNA transcripts. TFDs control gene expression by competitively inhibiting a
transcription factor which prevents it from binding to its genomic target and flooding the
bacterial cell with numerous mRNA copies (122). Alternatively, antisense-based therapeutics
inhibits gene expression on a post-transcriptional level by targeting mRNA and either
stimulating its enzymatic degradation or by binding mRNA (123) and sterically preventing its
translation (124). mRNA transcripts are numerous within the cytoplasm and require
micromolar concentrations of antisense therapeutics to inhibit bacterial growth (125,126).
In contrast, transcription factors are present in relatively lower copy numbers meaning that
fewer TFDs are required to elicit antimicrobial activity (127). Another challenge for antisense-
based strategies is the identification of a nucleotide sequence that allows for efficient oligo-
MRNA binding as mRNA transcripts often have complex secondary structures (128). Instead,
TFDs can be quickly synthesized and tested once a transcription factor binding sequence has

been identified.

Resistance to TFDs is considered unlikely but may occur following certain
independent events. Previous candidates for TFD development were based on the
essentiality of the TFD target meaning that deletion of this gene would result in bacterial
death. Mutations to a transcription factor that reduces its ability to recognize its binding
sequence would reduce its affinity for the TFD. However, this would also result in a reduced
affinity to its genomic target which would reduce gene expression. Similarly, mutations
within the TFBS would prevent the binding of its own transcription factor consequently
resulting in the suppressed expression of downstream genes. To effectively become resistant
to a TFD, a bacterium would have to develop complementary mutations in both the

transcription factor and its binding site.

Multiple challenges must be considered when developing antimicrobial TFDs. Firstly,
there is inherent redundancy in bacterial regulatory networks which could affect TFD activity
if the inhibition of the target transcription factor could be compensated by the activation of
a second transcription factor. Another challenge is the identification of new transcription
factors for TFD development that have a known phenotype and transcription factor binding
motifs. Previously, the McArthur group has utilized a combined approach to identify
candidates for TFD development. Proteomic studies have been performed to identify
transcription factors that were induced in response to stress (data not shown). By inhibiting

these transcription factors, it has led to the sensitization of the bacteria under certain
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conditions. This approach is best used in organisms such as E. coli (129) or P. aeruginosa (130)
as considerable work has been performed to understand the molecular function of
regulatory factors and their respective bind domains in these species. Alternatively,
candidates have been identified by reviewing the literature. Candidates identified this way
typically have a known phenotype and transcription factor binding motif which allows for the

quick development and testing of TFDs against these targets.

1.5 TFD DELIVERY AGENTS
The considerable challenge to oligonucleotide therapeutics is the delivery of high

molecular weight, polyanionic TFD through the negatively charged bacterial envelope. The
ideal transfection agent for TFDs should have three main properties: (1) the ability to
efficiently bind TFDs; (2) the ability to selectively target bacteria without causing bacterial
and cellular lysis; and (3) the ability to protect TFDs from degradation in biological fluids.
Cationic cell-penetrating peptides can be used for nucleic acid delivery but this approach
requires chemically modified nucleotides that are neutrally charged to prevent precipitation
(131). This highlights the need for a delivery system that does not require the need for

nucleotide modification.

An alternative to this approach is to use bola-amphiphilic lipids such as 12,12'-
(dodecane-1,12-diyl)bis(9-amino-1,2,3,4tetrahydroacridinium) hereafter termed 12-bis-THA
(132). It is a structural analogue of the antiseptic dequalinium and is comprised of two
hydrophilic tetrahydroacridinium molecules containing a delocalized cationic charge that are
connected by a lipophilic alkane linker (Figure 1.5A). 12-bis-THA spontaneously self-
assembles in dilute aqueous solution to form unstable nanosized aggregates called 12-bis-
THA particles. These particles rapidly bind TFDs (Figure 1.5B) through a combination of
intercalation and electrostatic interactions to form loaded 12-bis-THA particles that are
colloidally stable in dilute aqueous solution (Figure 1.5C). When loaded onto 12-bis-THA
particles, TFDs are condensed and lose their § canonical structure which provides protection

from enzymatic degradation in biological fluids (132).
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Figure 1.5: The formation of loaded 12-bis-THA particles. (A) shows the chemical
structure of 12-bis-THA particles, a bola-amphiphilic molecule that forms unstable,
nanosized aggregates in dilute aqueous solution. (B) TFDs used with 12-bis-THA particles
are designed as hairpin. (C) When mixed, the 12-bis-THA particles bind and encapsulate
the TFD, collapsing the DNA helix structure and forming stable, homogenous particles.
Figure adapted from reference 132.

12-bis-THA particles can overcome the permeability barrier of the bacterial
membrane and deliver TFD to a wide range of Gram-positive and Gram-negative bacterial
species including those producing a polysaccharide capsule (132,133). The bacterial

envelope is comprised of three main lipids: phosphatidylethanolamine, phosphatidylglycerol,
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and cardiolipin (134). Phosphatidylethanolamine is zwitterionic and accounts for
approximately 80% of the lipids in the E. coli membrane whereas cardiolipin and
phosphatidylglycerol are anionic and account for approximately 15% and 8% respectively
(135). Though these lipids are present in the membrane of B. cenocepacia their concentration
is unknown (136). Biophysical studies showed that interactions between 12-bis-THA particles
and cardiolipin drives TFD transfection in artificial membranes in the absence of ATP or
protein machinery (132). Similar studies have shown that interactions with LPS drives TFD
transfection under the same conditions (137). Further studies by Montis et al showed that
12-bis-THA particles interacted with LPS in two ways; through electrostatic interactions
between the positively charged 12-bis-THA headgroup and the negatively charged
phosphates on the GIcN-A of the lipid A, and through the integration of the alkane linker
within the artificial membrane (137). The lipophilic interaction of the 12-bis-THA linker likely
accounts for the formation of transient pores in artificial membranes which was observed by
Di Blasio et al (138). This suggests that 12-bis-THA particles utilise both lipophilic and

electrostatic interactions to release TFD into the bacterial cytoplasm.

As 12-bis-THA is derived from the antiseptic dequalinium, it has its own antimicrobial
activity that is independent of the TFD component. It is well tolerated when delivered
topically however demonstrates an unfavourable toxicity profile when delivered systemically
(139). To counter this, alternative TFD delivery systems have been developed. Rhodamine is
a fluorescent label that exploits proton motive force (PMF) to accumulate within the
mitochondria of eukaryotic cells (140,141). In the context of drug delivery, Santos et al
showed that rhodamine efficiently delivers active pDNA to the mitochondria of eukaryotic
cells (142). The TFD-rhodamine conjugate was developed by attaching a rhodamine molecule
to the 3’ end of a synthetic, hairpin TFD. Studies by the McArthur group have shown that
TFD-conjugates can transfect both Gram-positive and Gram-negative species including

clinical isolates of P. aeruginosa.

Recently, this technology has been further developed using an approach described
by Yuan et al (143). Cyclised DNA containing the transcription factor binding motif of a target
transcription factor was amplified using rolling circle amplification. Doing so produces a large
net of DNA strands containing the TFD sequences. Rhodamine derived, 5-
Carboxytetramethylrhodamine (TAMRA) modified nucleotides were incorporated into the
TFD nets which are then condensed through the addition of cationic magnesium
pyrophosphate to form polymeric TFD particles. The resultant polyplexes have a

hydrodynamic radius of approximately 100 nm and it is estimated that this will represent
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many thousands of copies per particle. The MIC value is calculated based on the
concentration of the DNA and the molecular weight of the cassette containing the double
stranded TFBS used in the amplification procedure. Preliminary studies performed by
Professor McArthur have shown that polymeric TFD particles can be engineered to induce
bactericidal antimicrobial activity at nanomolar concentrations (data not shown). However,
further studies are required to determine whether this platform is suitable for delivery

against encapsulated Gram-negative species including B. pseudomallei.

1.6 PROJECT AIMS

Burkholderia species are clinically difficult to treat due to a combination of
chromosomally encoded resistance mechanisms, low membrane permeability that limits
antimicrobial penetration, and the propensity to form biofilms. This project aims to

investigate if TFD technology is a suitable platform to counter Burkholderia infections by:

1. Investigating if 12-bis-THA particles can transfect capsulated and

unencapsulated Burkholderia species
2. Investigating if 12-bis-THA particles can penetrate B. thailandensis biofilms

3. Identifying transcription factors for TFD development using a proteomic and

literature review approach

4. Designing TFDs that inhibit the growth of B. thailandensis
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CHAPTER 2 - MATERIALS AND METHODS
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2.1 CULTURING BACTERIA

2.1.1 Culture media

All microbiology culture media was prepared using ultrapure water and autoclaved

at 121°C for 20 minutes unless stated otherwise. All materials were purchased from Sigma-

Aldrich unless stated otherwise.

e Luria-Bertani (LB) (Miller) — Tryptone (10 g/L), NaCl (10 g/L), Yeast Extract (5 g/L)

e 2X Cation-adjusted Mueller Hinton broth (2X CAMHB) (Fisher Scientific) — Caesin

acid hydrolysate (35 g/L), beef extract (6 g/L), starch (3 g/L), magnesium (25 mg/L),

calcium (50 g/L)

e Modified Vogel and Bonner’s medium (MVBM) (144) — MgS04 (0.2 g/L), citric acid

(2 g/L), NaNH4HPO, (3.5 g/L), and K2HPO4 (10 g/L) were dissolved in order into 919

mL of ultrapure water and autoclaved at 121°C for 20 minutes. 1 mL of CaCl, (from a

36 g/100mL stock) and 80 mL of D-gluconate (25% w/v) that had been filter sterilised

were added. The final pH was adjusted to 7.2.

2.1.2 Bacterial strains and growth conditions
The bacterial strains used in this thesis are listed in Table 2.1. B. thailandensis strain

E264 and strain E555 were provided by the Defense Science and Technology Laboratory

(DSTL), Porton Down. A B. thailandensis strain E555 that expressed red fluorescent protein

(RFP) was provided by Professor Rick Titball from the University of Exeter.

Table 2.1: List of organisms and growth conditions used in this thesis.

Strain name

Growth Conditions

Medium

B. thailandensis strain E264

37 °C, aerobic, 200 rpm

LB (Miller) or CAMHB

B. thailandensis strain E555

37 °C, aerobic, 200 rpm

LB (Miller), MVBM or
CAMHB

B. thailandensis strain E555

expressing RFP

37 °C, aerobic, 200 rpm

MVBM supplemented with

50 pg / mL chloramphenicol
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Stocks of the B. thailandensis strains were prepared by growing cultures to mid-log
phase (0.3 — 0.4 optical density 600 nm) and stored in 50% glycerol and at -80°C. Cell densities
were measured using a UV-Vis spectrophotometer (FLUOstar Omega Microplate Reader) at

a wavelength of 600 nm.

2.2 PREPARATION OF ANTIMICROBIAL COMPOUNDS

2.2.1  Stocks of small-molecule antimicrobials.
Table 2.2 provides a list of the antimicrobial compounds used in this thesis including

the solvent used, the final concentration of stock solutions and the supplier. All compounds

except for 12-bis-THA were stored at -20 °C and were discarded after two freeze-thaw cycles.

Table 2.25: A list of antimicrobials used in this thesis.

Compound Solvent Stock concentration Supplier
Meropenem Ultrapure water 1 mg/mL Alfa Aesar
Ceftazidime 1 X phosphate- 1 mg/mL Alfa Aesar

buffered saline

Co-trimoxazole 100% DMSO 10:50 mg/mL Alfa Aesar
(trimethoprim and

sulfamethoxazole)

Doxycycline Ultrapure water 1 mg/mL Alfa Aesar
Ciprofloxacin Ultrapure water 1 mg/mL Alfa Aesar
Tobramycin Ultrapure water 5 mg/mL Sigma-Aldrich
Polymyxin B Ultrapure water 5 mg/mL Alfa Aesar

2.2.2  Preparation of hairpin and ssRNA TFDs
Hairpin and single-strand RNA TFDs were provided as lyophilised powders by

Integrated DNA Technologies (IDT). TFDs were suspended in ultrapure water to a final
concentration of 1 mg/mL before being separated into 10 pL aliquots and stored at -20 °C.
TFDs in the hairpin format were heated to 95 °C for 30 seconds and were then left to anneal

at room temperature for 1 h to allow for the TFD to fold.

The concentration of TFD oligonucleotides was confirmed using a Nanodrop 2000
(Thermo Scientific). The Nanodrop sampler was cleaned by transferring 2 uL of ultrapure
water to the pedestal and closing the lid for 30 seconds. The pedestal was then wiped with a
clean tissue and 2 pL of TFD was analysed using the nucleic acid option which measures
absorbance at 260 nm. TFD quality was established by a 260/280 ratio of >1.7.
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2.2.3  Polyacrylamide gel electrophoresis
Polyacrylamide gel electrophoresis (PAGE) was performed to investigate if TFDs had

folded into the correct format. Firstly, 5X Tris-Borate-EDTA (TBE) was prepared by mixing tris
base (5.4 g), boric acid (27.5 g), 0.5M Ethylenediaminetetraacetic acid —pH 8.0 (20 mL) in 1 L
of ultrapure water. A 1X TBE working stock was prepared by transferring 20 mL of the 5X

stock to 1 L of ultrapure water.

Next, 20% PAGE gels were prepared by using the recipe shown in Table 2.3. The gel
solution was then added to the casting system and the comb was added. Gels were left at
room temperature for 1 h to polymerise. Excess set gels were wrapped in a paper towel

soaked in ultrapure water, then clingfilm, and stored at 4 °C.

Table 2.3: Recipe for 20% polyacrylamide gels

Gel% 40% Ultrapure 5x TBE Ammonium TEMED
Acrylamide water (mL) persulfate (pL)
(mL) (mL) (10% w/v)
(uL)
20 6 3.6 2.4 200 10

Gels were run using a Mini-ProTEAN Tetra Vertical Electrophoresis Cell (Biorad). An
aliquot of 1 ug of TFD was mixed with SDS free 6X loading buffer (New England Biolabs) to a
final volume of 10 pL which was loaded onto the gel. An aliquot of 4 uL of O’'Range 5 base
pair ladder (ThermoFisher) and low molecular weight ladder (New England Biolabs) were also
added to wells of the 20% PAGE gel. Gels were run in 1X TBE buffer at 110V for 90 minutes.
They were then stained in 1X TBE buffer containing 10 pug/mL of Sybr safe (Biorad). Gels were

imaged using a ChemicDoc-It? UVP gel imaging station.
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2.3 ANTIMICROBIAL SUSCEPTIBILITY TESTING

2.3.1 Preparation of TFD loaded 12-bis-THA particles

Nanoparticles were formed using the bola-amphiphilic lipid 12-bis-THA which had
been synthesized by Concept Life Sciences limited. To form the nanoparticles, 12-bis-THA
was dissolved in ultrapure water to a final concentration of 1 mg/mL. The solution was then
vortex for 30 seconds and then sonicated in a water bath at 40°C until clear. 12-bis-THA
particles were stored at 4°C for up to one week. To form loaded 12-bis-THA particles, 12-bis-
THA particles were mixed in a 10:1 ratio with hairpin or ssSRNA. This was performed by mixing
100 pg/mL of 12-bis-THA particles with 10 pL of TFD stock (1 mg/mL). The solution was then
vortexed for 30 seconds resulting in the spontaneous formation of loaded 12-bis-THA

particles. New batches of loaded 12-bis-THA particles before every experiment.

2.3.2 Dynamic light scattering

Empty and loaded 12-bis-THA particles were prepared as described in section 2.3.1.
Additionally, combinations of antimicrobials and 12-bis-THA particles were analysed by
diluting these compounds into ultrapure water to a final concentration of 300 pg/mL and 100
ug/mL, respectively. All compounds were vortexed for 30 seconds before analysis. Dynamic
Light Scattering analysis (DLS) was carried out using a Malvern Zetasizer Nano. Samples were
equilibrated for 120 seconds at 25°C before analysis. Particle measurements were generated
by performing 3 independent runs consisting of 11 reads, and data was captured in
backscatter mode. The size and polydispersity of samples were determined using distribution
analysis. For size and polydispersity analysis, samples were contained in a semi-micro
cuvette. Zeta-potential measurements were recorded with a Malvern Zetasizer Nano using
laser doppler viscometry and phase analysis light scattering. For zeta-potential analysis,

samples were contained in folded capillary cells.

2.3.3  Minimum inhibitory concentration testing

Compounds were tested to determine their Minimum Inhibitory Concentration (MIC)
against B. thailandensis strains E264 and E555 using the broth microdilution method.
Bacterial colonies were isolated from a streak plate and suspended in 1X PBS to a turbidity
equivalent to a 0.5 McFarland standard. The bacterial suspension was then diluted 1:500 into
2X CAMHB and vortexed to break up bacterial aggregates. 100 puL of bacterial culture was
transferred to the wells of a 96-well plate containing treatments. Treatments were prepared
by serially diluting compounds 2-fold in sterile water in a 96-well plate to produce a final

volume of 100 mL (total 200 pL for treatments and bacterial culture). Plates were incubated
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at 37°C with agitation for 18 h and the MIC was defined as the concentration of a compound

that inhibited the presence of visible growth.

2.3.4 Time Kill studies

An overnight culture was prepared by suspending a single bacterial colony from a
streak plate into 1X CAMHB which was then incubated overnight at 37°C and 180 rpm. The
bacterial culture was diluted to an optical density (O.Dgoo) of 1.0 in 1X PBS and then diluted
1:1000 (1 x 10° colony-forming units per millilitre (CFU/mL)) into prewarmed 1X CAMHB
containing treatments. Bacterial cultures were then incubated for 24 h at 37°C and 200 rpm.
To measure the antimicrobial activity of compounds against B. thailandensis strains E264 and
E555, 20 pl aliquots were taken at 0, 3, 6 and 24 h and serially diluted 10-fold in 180 pL of 1X
PBS. The bacterial inoculum was spot plated into LB agar and incubated at 37°C for 24 h
before counting. Bactericidal activity was defined as a >3 logl10 reduction in CFUs when
compared to the starting inoculum. Antimicrobial synergy was determined using this method
and was defined as a >2 log10 reduction in CFUs 24 h in an antimicrobial combination when

compared to the most effective of the two monotherapies (145).

2.3.,5 Growth kinetics

The growth kinetics of small and normal B. thailandensis colonies was analysed by
isolating colonies with the tip of a p200 pipette and mixing them in 1X PBS to an optical
density equivalent to a 0.5 McFarland standard. The bacterial suspension was diluted 1:500
into 1X CAMHB and vortexed for 30 seconds. An aliquot of 100 pL of the bacterial inoculum
were then transferred to a 96-well plate. The edge of the plate was wrapped in parafilm to
prevent the evaporation of wells. The plate was then placed into a spectrophotometer
(FLUOstar Omega Microplate Reader) set at 37°C and the ODgoo Was recorded every 30

minutes for 16 h.

2.3.6 Checkerboard testing
Synergy testing using the checkerboard method was used to investigate interactions
between 12-bis-THA particles and antimicrobials trimethoprim, co-trimoxazole, ceftazidime,

meropenem, doxycycline, colistin, tobramycin and rifampicin.

The checkerboard assay was performed by diluting 12-bis-THA particles through the
columns and antimicrobials through the rows of separate 96 well plates. The first column was
filled with 200 pl of 12-bis-THA particles which was serially diluted 2-fold in distilled water
and antimicrobials were diluted through the rows of a separate plate in the same fashion. An

aliquot of 50 pl of each compound were transferred to the relevant well of a third plate. Row
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H and column 12 contained a single compound to determine the MIC of the respective
compound as shown in Figure 2.1. B. thailandensis colonies were suspended in PBS to a
turbidity equivalent to 0.5 McFarland and then diluted 1:300 into (2X) LB broth. An aliquot
of 100 pl of the bacterial inoculum were transferred to the wells of the checkerboard plate.

The plates were then incubated for 16-18 h at 37 °C and 160 rpm.

12-bis-THA
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1 2 3 4 5 6 7 8 9 10 1"
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»
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Figure 2.1: Cartoon schematic of a checkerboard plate to investigate interactions between

antimicrobial compounds.

Drug interactions were evaluated by calculating fractional inhibitory concentration
index (FICi) values of wells absent of growth along the turbid/non-turbid. FICi values are
calculated by dividing the MIC of compounds in combination with the MIC of the compound
alone (equation shown below). The FICi scores of both compounds are then added together
to produce the ZFICi value. ZFICi scores of < 0.5 are representative of drug synergy, while
values between 0.5 — 1 indicate an additive or weakly synergistic effect. Scores between 1 —

4 demonstrate indifference while scores > 4 show drug antagonism.

2FICI = MIC4in combination + MICgin combination

MIC4 Alone MICs Alone
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2.3.7 Confocal microscopy — planktonic studies

An overnight culture of either B. thailandensis strains E264 and E555 was diluted 2%
v/v into 1X CAMHB and incubated at 37°C and 200 rpm. Bacterial cultures were grown to
mid-log phase (0.3 — 0.5 OD¢go) and then diluted by transferring 500 pL of bacteria into an
Eppendorf tube containing either 500 pL of 12-bis-THA particles (100 pg/mL) or 500 pL of
PBS. B. thailandensis which were then incubated with 12-bis-THA particles for either 30 or 90
minutes at 37 °C with agitation. Alternatively, mid-log cultures of B. thailandensis strain E555
were incubated with 50 pug/mL of 12-bis-THA particles loaded with 5 ug/mL Alexa-488
labelled TFD or 5 pg/mL of TAMRA-labelled polymeric TFD particles to investigate TFD
transfection. Bacteria were stained for a further 30 minutes using the lipophilic dye FM4-64

FX (Thermo Fisher Scientific, UK) (1 mg/mL stock solution) by transferring 10 uL of dye.

Bacterial cultures were pelleted at 4000 x g for 5 minutes and resuspended in 100 uL
of PBS. Poly-d-lysine slides (Fisher Scientific) were prepared by marking the boundaries using
a PAP pen (ThermoFisher) to confine bacteria to a small area. 100 uL of bacteria were
smeared onto the slide within the boundaries and left to incubate at room temperature in
the dark for 30 minutes. Slides were gently rinsed with 1X PBS to remove the loosely attached
bacteria and left to dry for 5 minutes at 37°C in the dark. Coverslips were mounted using
Fluoromount aqueous mounting media before imaging. Slides were imaged using a Zeiss
LSM800 confocal microscope (Zeiss). 12-bis-THA particles fluorescence was captured using
the Hoechst H3258 emission filter at Aex 405 nm and Aem 455nm and FM4-64 FX was captured
at Aex 515 nm and Aer 630 Nm.

2.4 MULTI-OMIC ANALYSIS

2.4.1 Microbiological growth analysis

An overnight culture of B. thailandensis strain E555 was diluted to an ODggo of 0.05
into 100 mL of LB broth and grown at 37°C and 200 rpm for 16 h. When at an ODegg of 0.5,
the culture was split into three 10 mL aliquots and challenged with ultrapure water
(untreated), 0.1X MIC (0.8 pg/mL) or 1X MIC (8 ug/mL) of 12-bis-THA particles. These were
incubated for 2.5 h following the challenge. Cultures were then centrifuged at 6000 XG and
4°C, and pellets were washed twice with 1X PBS. Following the final wash, the supernatant

was discarded, and the pellet was stored at -80°C.
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2.4.2  Protein extraction and quantification

Bacterial pellets were suspended in 500uL of lysis buffer (8M urea and 25 mM
NaHCOs) and sonicated at 4°C on the high setting of a Bioruptor plus sonicator for 10 cycles
each lasting 30 seconds. The samples were then centrifuged at 16,100 x g for 40 min at room
temperature. Following centrifugation, the supernatant was retained, and the pellet was
discarded. Protein concentration was measured using the Pierce™ BCA Protein Assay Kit
(Thermofisher). Liquid protein extracts were sent to the Bristol proteomics facility on ice for

analysis using tandem mass tagging (TMT).

2.43 TMT Labelling and High pH reversed-phase chromatography*
Aliquots of 25ug of each sample were digested with trypsin (2.5ug trypsin per 100ug
protein; 37°C, overnight), labelled with Tandem Mass Tag (TMT) ten plex reagents according

to the manufacturer’s protocol (Thermo Fisher Scientific) and the labelled samples pooled.

The pooled sample was evaporated to dryness, resuspended in 5% (v/v) formic acid,
and then desalted using a SepPak cartridge according to the manufacturer’s instructions
(Waters, Milford, Massachusetts, USA). The eluate from the SepPak cartridge was again
evaporated to dryness and resuspended in buffer A (20 mM ammonium hydroxide, pH 10)
before fractionation by high pH reversed-phase chromatography using an Ultimate 3000
liqguid chromatography system (Thermo Scientific). In brief, the sample was loaded onto an
XBridge BEH C18 Column (1304, 3.5 um, 2.1 mm X 150 mm, Waters, UK) in buffer A and
peptides eluted with an increasing gradient of buffer B (20 mM ammonium hydroxide in
acetonitrile, pH 10) from 0-95% over 60 min. The resulting fractions were evaporated to
dryness and resuspended in 1% (v/v) formic acid prior to analysis by nano-LC MSMS using an

Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific).

2.4.4 Nano-LC Mass Spectrometry *

High pH reversed phase fractions were further fractionated using an Ultimate 3000
nano-LC system in line with an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific).
In brief, peptides in 1% (v/v) formic acid were injected onto an Acclaim PepMap C18 nano-
trap column (Thermo Scientific). After washing with 0.5% (v/v) acetonitrile 0.1% (v/v) formic
acid peptides were resolved on a 250 mm x 75 um Acclaim PepMap C18 reverse phase
analytical column (Thermo Scientific) over a 150 min organic gradient, using 7 gradient
segments (1-6% solvent B over 1min., 6-15% B over 58min., 15-32%B over 58min., 32-40%B
over 5min., 40-90%B over 1min., held at 90%B for 6min and then reduced to 1%B over 1min.)

with a flow rate of 300 nl min-1. Solvent A was 0.1% formic acid and Solvent B was aqueous
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80% acetonitrile in 0.1% formic acid. Peptides were ionized by nano-electrospray ionization
at 2.0kV using a stainless steel emitter with an internal diameter of 30 um (Thermo Scientific)

and a capillary temperature of 275°C.

All spectra were acquired using an Orbitrap Fusion Lumos mass spectrometer
controlled by Xcalibur 4.1 software (Thermo Scientific) and operated in data-dependent
acquisition mode using an SPS-MS3 workflow. FTMS1 spectra were collected at a resolution
of 120 000, with an automatic gain control (AGC) target of 200 000 and a max injection time
of 50ms. Precursors were filtered with an intensity threshold of 5000, according to charge
state (to include charge states 2-7) and with monoisotopic peak determination set to Peptide.
Previously interrogated precursors were excluded using a dynamic window (60s +/-10ppm).
The MS2 precursors were isolated with a quadrupole isolation window of 0.7m/z. ITMS2
spectra were collected with an AGC target of 10 000, maximum injection time of 70ms and

CID collision energy of 35%.

For FTMS3 analysis, the Orbitrap was operated at 50 000 resolution with an AGC
target of 50 000 and a maximum injection time of 105ms. Precursors were fragmented by
high-energy collision dissociation (HCD) at a normalised collision energy of 60% to ensure
maximal TMT reporter ion yield. Synchronous Precursor Selection (SPS) was enabled to

include up to 5 MS2 fragment ions in the FTMS3 scan.

2.4.5 Data Analysis

The raw data files were processed and quantified using Proteome Discoverer
software v2.1 (Thermo Scientific) and searched against the UniProt B. thailandensis strain
E264 database (downloaded August 2019: 5565 entries) using the SEQUEST algorithm.
Peptide precursor mass tolerance was set at 10ppm, and MS/MS tolerance was set at 0.6Da.
Search criteria included oxidation of methionine (+15.9949) as a variable modification and
carbamidomethylation of cysteine (+57.0214) and the addition of the TMT mass tag
(+229.163) to peptide N-termini and lysine as fixed modifications. Searches were performed
with full tryptic digestion and a maximum of 2 missed cleavages were allowed. The reverse
database search option was enabled, and all data was filtered to satisfy a false discovery rate

(FDR) of 5%.

Data handling and analysis were performed using Perseus (146). Reverse hits and
contaminants were removed, and missing values were imputed before performing statistical
analysis. The intensity data were transformed to Log, and filtered to contain at least three
values. Statistical significance was determined by performing Students’ t-tests with a
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Bonferroni post hoc test to correct for multiple hypothesis testing. Volcano plots were
produced using the statistical parameters false detection rate (FDR) of 0.01 and an SO value

of 1.

2.4.6 Metabolite extractions

The metabolome of B. thailandensis pellets retained from the growth curve assay
(2.4.1) was extracted as described by Moreira et al (147). Briefly, glass beads were added to
the bacterial pellet that was resuspended in 600 uL of 80 °C ethanol (75% v/v). Samples were
vortexed for 30 s and then incubated at 80 °C for 3 min. The samples were vortexed again
for 30 s. The supernatant was collected by centrifugation at 10000 x g at -10 °C for 10 min.
This process was repeated once. The supernatant was dried under a vacuum using a Savant

SC210A SpeedVac Concentrator and the extracts were stored at -20 °C until analysis.

2.4.7 Metabolome analysis

The extracts were prepared by dissolving pellets in 0.6 ml NMR buffer (100 mL D,0
containing 0.26 g NaH,P0O,, 1.41 g K;HPO,4, and 1 mM deuterated trimethyl silylpropionate
(TSP) as a reference compound). The spectra were recorded using Bruker Avance NEO 600
MHz NMR spectrometer equipped with a TCI CryoProbe. The data were collected at 25 °C
using TSP as a reference compound and processed using the TopSpin version 3.2 software

package. The metabolites were quantified using the software Chenomx NMR Suite 7.0.

2.4.8 Statistical analysis

GraphPad Prism 5.0 was used for the statistical analysis of bacterial growth curves
and metabolite concentration. For the statistical comparison of three groups, a two-way
ANOVA followed by a Bonferroni test was used. Probability (p) values were considered
significant when below 0.05 (*), 0.01 (**) or 0.001 (***). Sample sizes (n) are representative

of the number of independent experiments performed.

* Methods marked with a star (*) were provided by Dr Kate Heesom at Bristol Proteomic

Facility.

2.4.9 Identification of transcription factor homologues

Regulatory factors were identified in the proteomic database provided Dr Kate
Heesom by performing a keyword search to identify proteins with the following annotations:
transcription, factor, transcription factor, two-component, DNA-binding, regulatory,
regulator, and sensory kinase. Proteins fulfilling the criteria were then transferred to a new

Excel document which was processed using Perseus as described in section 2.4.5. The amino
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acid sequences of proteins of interest were taken from the Burkholderia genome browser
(148). Homology searches were performed using BlastP to investigate homologues of B.
thailandensis regulatory factors in P. aeruginosa, Acinetobacter baumannii, E. coli and

Salmonella typhi.

2.4.10 PRODORIC

Prodoric virtual footprint version 1.0 was used to interrogate the promoter region of
genes in B. thailandensis to identify possible transcription factor binding sequences based on
binding motifs characterised in other bacteria species (120,149). To do so, the 500 base pair
nucleotide sequence upstream of the genes of interest were taken from the Burkholderia
genome browser. These sequences were then compared to a repository of characterised
transcription factor binding sequences (TFBS) from a variety of transcription factor families
and bacteria. Potential TFBS that had been identified in the Burkholderia sequences were
allocated a position weight matrix score based on its similarity to the characterised binding

sequence. Higher scores indicated greater similarity.

2.5 BIOFILM TESTING

2.5.1 Establishing biofilm growth conditions

An overnight culture of B. thailandensis strain E555 was prepared by suspending
a single bacterial colony into CAMHB and incubating at 37°C with shaking at 180 rpm for
18 h. This was then diluted to an optical density of 0.11 ODggo in MVBM, LB, or CAMHB.
150 pL of all cultures were transferred to separate wells within a Calgary biofilm device, in
which pegs extend from the lid into each well. This was incubated at 37°C with shaking at
120 rpm for 72 h. At 24, 48 and 72 h, pegs were broken off the lid with angled needle-
nosed pliers and placed into wells containing 200 pL of PBS. The plate was gently agitated
by hand for 30 seconds to remove loosely attached cells before bacterial colony counting

or biomass quantification with crystal violet was performed.

For colony counting, the pegs were placed into a 1.5 mL Eppendorf tube containing
200 pL of PBS which was vortexed for 30 seconds to detach the biofilm. 20 uL of PBS was
serially diluted 10-fold in PBS and the bacterial density was enumerated by spot plating 20

ulL of each dilution onto LB agar. LB plates were incubated at 37°C for 24 h before counting.

Biofilm biomass was measured with crystal violet (Arcos Organics) using a method
adapted from O’Toole (150). Rinsed pegs were removed from PBS and fixed for 15 minutes

in a well containing 200 puL methanol. The pegs were then transferred to an empty well
34



and dried for 30 minutes at 37 °C to evaporate any excess methanol. The pegs were then
transferred to a 96-well plate with each well containing 200 uL of 2% (w/v) crystal violet
solution and incubated for 5 minutes at room temperature without agitation. Pegs were
rinsed three times in clean PBS to remove the excess stain before drying at 37 °C for 30
minutes. Crystal violet was solubilised by transferring the biofilms to a 96-well plate
containing 200 pL of 100% methanol for 10 minutes at room temperature under gentle
agitation. Absorbance was recorded at 595 nm using a FLUOstar Omega Microplate

Reader.

2.5.2  Minimum Biofilm Eradication Concentration (MBEC) and Planktonic Minimum
Inhibitory Concentration testing (pMIC)
An overnight culture of B. thailandensis strain E555 was prepared by inoculating
CAMHB with a single bacterial colony and incubating at 37°C with shaking at 180 rpm for
18 h. This was diluted to an optical density of 0.11 ODgo in MVBM. Biofilms were grown
by transferring 150 uL of bacterial culture to the wells of a Calgary biofilm device which

was incubated at 37°C with shaking at 120 rpm for 24 h.

Following this, lids of the Calgary biofilm device were transferred to a 96 well plate
containing 200 pL of PBS to remove loosely attached cells from the pegs. Once rinsed, the
lids were transferred to a treatment plate containing the test compounds. These were
made in a similar manner to a broth microdilution MIC plate. Antimicrobials, 12-bis-THA
particles, and synergy combinations were diluted 2-fold in MVBM through the columns of
a 96-well plate to a final volume of 200 uL. Lids were then incubated at 37°C with shaking

at 120 rpm for 24 h. Following this, biofilm biomass was measured as described in above.

The planktonic MIC (pMIC) is the minimum inhibitory concentration of
antimicrobials, 12-bis-THA particles, and synergy combinations that prevented biofilm
shedding. The pMIC was determined by recording planktonic growth following the
incubation of the biofilms with the treatments and was defined as media that displayed
an optical density of <0.1 ODego. Absorbance was recorded at 600 nm using a FLUOstar

Omega Microplate Reader.

2.5.3  Minimum biofilm inhibitory concentration (MBIC)
An overnight night culture of B. thailandensis strain E555 was prepared by
suspending a bacterial colony in CAMHB which was then incubated at 37°C with shaking

at 180 rpm for 18 h. The culture was then diluted into PBS to a turbidity equivalent to a
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0.5 McFarland standard. This was then diluted 1:1000 into MVBM media and vortexed.

100 pl of the bacterial culture was transferred to the wells of the treatment plate.

The treatment plate was prepared in a similar manner to the MIC plates described in
section 2.3.3 however compounds were serially diluted 2-fold in MVBM instead of ultrapure
water. After the bacterial culture had been added to the treatment plate, the Calgary biofilm
device lid was then placed onto the plate. This was then incubated at 37°C with shaking at
120 rpm for 16 h. The biofilm biomass was then quantified using crystal violet staining

described in section 2.5.1.

2.5.4 Confocal microscopy - biofilm studies

An overnight culture of B. thailandensis E555 strain expressing red fluorescent
protein (RFP) was prepared by inoculating CAMHB broth containing 50 pg/mL of
chloramphenicol with a single bacterial colony and incubating at 37°C with shaking at 180
rpm for 18 h. 1 mL of this culture was transferred to 9 mL of MVBM containing 50 pg/mL
of chloramphenicol and grown for a further 24 h at 37°C with shaking at 180 rpm. 1 mL of
culture was then transferred to a 50 mL Falcon tube containing 13 mL of MVBM
supplemented with 50 ug/mL of chloramphenicol and a microscope slide coated with poly-
D-lysine (ThermoFisher). The culture was gently mixed by pipetting up and down and then

incubated statically at 37°C for 72 h.

Following incubation, the bacterial growth on the neutrally charged side of the
microscopy slide was removed with a Kleenex tissue soaked in 100% Chemgene. The slides
were then gently rinsed with PBS and transferred to a 50 mL Falcon tube containing 14 mL
of MVBM supplemented with 50 pg/mL chloramphenicol. Subsequently, the following
agents were added to the broth to achieve the following concentrations: 50 pg/mL of 12-
bis-THA particles, 50 pg/mL of 12-bis-THA particles loaded with 5 pg/mL of Alexa-488 Fur
hairpin TFD, 5 pg/mL of rhodamine green-Fur hairpin TFD conjugate, or a no treatment
control. These were incubated with the biofilms for 15, 30, or 60 minutes. Before imaging,
the slides were rinsed with PBS to remove loosely attached matter and stored at 37°C for
5 minutes. Coverslips were attached using Fluoromount (Sigma-Aldrich) and the slides
were imaged using a Zeiss LSM 800 confocal microscope. Table 2.4 shows the settings used
to visualise and record images of the slide. For biofilms incubated with either empty 12-
bis-THA particles or those loaded with TFD, the assay was repeated three times and five
fields of view were record. The assay was repeated once for biofilms incubated with the

TFD conjugate and five fields of view were recorded.
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Table 2.4.: Setting used to record images of B. thailandensis strain E555 biofilms
incubated with 12-bis-THA particles, 12-bis-THA particles loaded with Alexa-488 labelled

Fur TFD, or Rhodamine labelled TFD. Images were recorded using a Zeiss LSM800 confocal

microscope
Component Laser Laser Gain | Pinhole
(nm) intensity (nm)
%
B. thailandensis 561 1.5 700 65
ES55 RFP
Alexa-488 labelled 488 1.5 650 50
TFD
Rhodamine 488 1 650 65
labelled TFD
12-bis-THA 405 3 75 750
particles
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CHAPTER 3 - THE ANTIMICROBIAL PROPERTIES OF 12-BIS-THA
PARTICLES AGAINST B. THAILANDENSIS
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3.1 INTRODUCTION

Penicillin was discovered in 1928 by Alexander Fleming. By 1940, before its clinical
implementation (151), a bacterial penicillinase had been identified (152). During his Nobel
Prize speech, Fleming acknowledged the ease with which antimicrobial resistance (AMR)
could develop stating that “It is not difficult to make microbes resistant to penicillin in the
laboratory by exposing them to concentrations not sufficient to kill them, and the same thing
has occasionally happened in the body” (153). Today AMR is a global threat as there are
emerging resistance mechanisms to even last-line antimicrobials (154-156). The loss of
effective antimicrobials and the scarcity of novel antimicrobials in the pipeline may render
common infections potentially life-threatening and compromise our ability to deliver modern
medicine. Current predictions by the Centre for Disease Control (CDC) estimate that AMR
contributes to two million infections and 23,000 mortalities annually within the United States
(157). Furthermore, the O’Neill report states that failure to address the lack of effective
treatment strategies for resistant infections could result in ten million deaths a year by 2050

(Figure 3.1) (158).

AMR in 2050
10 million
Tetanus
60,000
Road traffic
accidents Cancer
1.2 million 8.2 million
AMR now
700,000
(low estimate)
Measles Cholera
130,000 100,000—
120,000
Diarrhoeal
disease Diabetes
1.4 million 1.5 million

Figure 3.1: Deaths caused by antimicrobial resistance. Figure taken from the “Antimicrobial
Resistance: Tackling a crisis for the health and wealth of nations”, The Review on
Antimicrobial Resistance Chaired by Jim O’Neill, December 2014 (158).
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The paucity of antimicrobials in the pipeline escalates the impact of AMR. In 2004,
only 1.6% of drugs in development by large pharmaceutical companies were antimicrobials
primarily due to lower economic return (159). Potent antimicrobials such as carbapenems
are used sparingly, which sends the message that new treatments will be administered
infrequently leading to lower financial return. Secondly, antimicrobial regimes are often
cheap, brief and curative and as such are less attractive financially than therapies to treat
chronic disorders. The development of resistance to novel antimicrobials may also influence
the financial return if the therapeutic is rendered rapidly ineffective. Financial incentives
offered by governments have been put forward to generate momentum and accelerate the
development of novel antimicrobials (160,161). As of 2019, there were only 40 molecules in
phases | to Ill of the development pipelines with 18 demonstrating activity against ESKAPE
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A.

baumannii, P. aeruginosa, and Enterobacter species) (162).

There is a clear need to identify new therapeutic approaches to compliment
traditional small molecule and natural product-based discovery. One approach is to use
antimicrobial combinations that act synergistically. Antimicrobial synergy occurs when the
combined activity of two or more compounds is greater than the individual activity, and this
can happen in several ways. Synergism may occur when antimicrobials target the same
pathway target but at different steps such as trimethoprim and sulfamethoxazole (163).
Alternatively, synergy occurs when one compound enhances the uptake of a second
compound. For example, tobramycin is a positively charged aminoglycoside that binds to
negatively charged components of the bacterial membrane. By doing so, it permeabilises the
bacterial membrane of P. aeruginosa resulting in the improved activity of carbapenem
antimicrobials (164). Thirdly, antimicrobial synergy occurs when one compound inhibits the
resistance mechanism for a second compound (165). For example, therapeutic regimes such
as piperacillin/tazobactam or co-amoxiclav are comprised of a B-lactamase inhibitor
(tazobactam and clavulanic acid) that restore the activity of B-lactam antimicrobials

(piperacillin and amoxicillin) in drug-resistant strains (166).
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NH,

Figure 3.2: The chemical structures of (A) 12-bis-THA and (B) Dequalinium.

Dequalinium chloride is the parental molecule of 12-bis-THA, the compound studied
in this thesis. Previous studies by the McArthur group have shown that 12-bis-THA particles
are endowed with antimicrobial activity against Gram-positive and Gram-negative species
(data not shown) and show potential for synergistic interactions. Studies by Di Blasio et al
demonstrated that 12-bis-THA particles synergised colistin and tobramycin against
multidrug-resistant P. aeruginosa (138). It is unclear whether this was due to membrane
activity of the 12-bis-THA particles enhancing uptake or whether different steps of targeted
pathways were being inhibited. Given the challenges of B. pseudomallei treatment due to
chromosomally encoded resistance mechanisms (167) we investigated whether 12-bis-THA
particles could synergize in combination with clinically-relevant antimicrobials such as

meropenem, ceftazidime and co-trimoxazole. In this chapter we aim to:

e Investigate the antimicrobial activity of 12-bis-THA particles against

capsulated and unencapsulated strains of B. thailandensis

e Investigate interactions between 12-bis-THA particles and extant

antimicrobials against B. thailandensis to identify synergist combinations
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3.2 RESULTS

3.2.1 Biological activity of 12-bis-THA particles against encapsulated and unencapsulated B.

thailandensis strains

To investigate the antimicrobial activity of 12-bis-THA particles, the MIC was
determined along with a panel of antimicrobials against B. thailandensis E264
(unencapsulated) and B. thailandensis E555 (encapsulated). No differences were observed
for meropenem, ceftazidime, co-trimoxazole, doxycycline, ciprofloxacin, and 12-bis-THA
particles when comparing the MIC values for strains E264 and E555 (Table 3.1). A 4-fold
increase in the MIC of tobramycin was observed in E555 compared to E264 suggesting the
capsule may affect its antimicrobial activity. No MIC was determined for polymyxin B in either

strain which is consistent with the literature (168).

Table 3.1: The MIC of 12-bis-THA particles and a panel of antimicrobials against B.
thailandensis strains E264 and E555. MIC assays were performed in CAMHB and data are

representative of a minimum of 3 independent experiments.

Compound B. thailandensis E264 B. thailandensis E555
(ng/mL) (ng/mL)
12-bis-THA particles 2-8 2-8
Meropenem 0.25-1 0.5-1
Ceftazidime 1-2 1-2
Co-trimoxazole 2 2-4
Doxycycline 1 1
Ciprofloxacin 1 2
Tobramycin 32-64 128-256
Polymyxin B >1024 >1024
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3.2.2 Killing kinetics of 12-bis-THA particles against B. thailandensis

Time-kill assays were performed to investigate if the antimicrobial activity of 12-bis-
THA particles were bacteriostatic or bactericidal against both B. thailandensis strains.
Bactericidal antimicrobials are generally preferable for clinical use, as bacteriostatic
antimicrobials are reliant on the immune system of the host to clear the infection. The time-
kill data shows that 12-bis-THA particles were bactericidal against E264 at 4 and 8 pg/mL but
bacteriostatic against strain E555 at all concentrations. This suggests that the presence of the
polysaccharide capsule may provide protection against the antimicrobial activity of 12-bis-

THA particles at MIC concentrations (Figure 3.3).

12-bis-THA particles reduced the bacterial load of E264 in a concentration-
dependent manner at 3 and 6 h (Figure 3.3). Those cultures challenged with 2 ug/mL were
reduced by 1.86 and 1.32 logio CFU/mL at 3 and 6 h whereas those challenged with 4 pg/mL
were reduced by 2.87 logio CFU/mL at 3 h and consistently reduced below the limit of
detection (10? CFU/mL) by 6 h. Cultures challenged with 8 pg/mL of 12-bis-THA particles were
reduced below the limit of detection of the assay at both 3 and 6 h. At 24 h, all cultures had
regrown with those challenged with 2 pg/mL and 4 ug/mL of 12-bis-THA particles surpassing
the starting inoculum by 2.21 and 1.68 logio CFU/mL, respectively. Cultures challenged with

8 ug/mL exhibited regrowth but remained 0.58 logio below the starting inoculum.

Unlike the activity demonstrated against strain E264, the antimicrobial activity of 12-
bis-THA particles occurs in a time-dependent manner (Figure 3.3). Strain E555 was less
sensitive to 12-bis-THA particles following 3 h of exposure irrespective of the concentration
as bacterial densities were reduced by only 0.24, 0.26, and 0.39 logio CFU/mLat 2, 4, and 8
ug/mL respectively. Bacterial killing increased at 6 h as bacterial cultures were reduced 1.32,
2.33, and 2.00 logio CFU/mL at 2, 4, and 8 pg/mL, respectively. 24 h after treatment, E555
challenged with 2 and 4 pg/mL regrew and surpassed the starting inoculum by 3.17 and 1.67
logio CFU/mL, respectively. Cultures challenged with 8 ug/mL remained below the starting
inoculum by 0.98 log1o CFU/mL.
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Figure 3.3: Time-kill assay showing the antimicrobial activity of 12-bis-THA particles
at MIC concentration against (A) unencapsulated B. thailandensis strain E264 and
(B) capsulated B. thailandensis strain E555. Data are representative of 3 independent
experiments each consisting of 3 technical replicates.

3.2.3  Evidence for adaptive resistance to 12-bis-THA particles

The growth of both small and normal sized colonies was observed in both strains of
B. thailandensis following exposure to 12-bis-THA particles (Figure 3.4). This phenomenon
was more common for strain E264 and was not influenced by the length of exposure or 12-
bis-THA particle concentration. The emergence of small colonies in addition to bacterial
regrowth at 24 h following treatment might suggest that 12-bis-THA particles may induce the

development of heteroresistant subpopulations in B. thailandensis.
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Figure 3.4: Morphological changes in B. thailandensis strain E264 following exposure to 4
pg/mL of 12-bis-THA particle for 6 h. A and B shows treated colonies grown on LB agar for
24 and 48 h, respectively. C shows the morphology of untreated E264 colonies grown for 48

h. Images representative of observations from 3 independent replicates. Scale bar shows 5

mm

The growth kinetics of small and normal sized E264 colonies, and untreated bacteria
were studied to investigate if there was a change in growth rate following exposure to 12-

bis-THA particles. However, the data shows no difference in the growth kinetics of all colonies

(Figure 3.5).
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Figure 3.5: Growth kinetics of small, normal and untreated (WT) B.
thailandensis strain E264 colonies in cation-adjusted Muller Hinton broth. Data
are representative of 2 independent replicates consisting of 4 technical replicates
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In some bacteria, small colony variants (SCVs) are typified by their reduced
susceptibility to antimicrobials. A comparison of a B. pseudomallei SCV with its clonal parent
strain showed the SCV was less susceptible to clinically relevant antimicrobials ceftazidime,
meropenem and co-trimoxazole (169). MICs were determined for these different colony
forms to investigate they had a change in susceptibility to 12-bis-THA particles following
previous exposure. No difference in the MIC of 12-bis-THA particles was observed between
normal, small and untreated colonies suggesting that these are not a resistant sub-

population of B. thailandensis cells (Table 3.2).

Table 3.2: The MIC of 12-bis-THA particles against small, normal, and untreated B.
thailandensis strain E264 colonies. Data are representative of 3 independent replicates

consisting of 2 technical replicates.

E264 colony morphology 12-bis-THA particles (pug/mL)
Untreated 2
Treated (Small colony) 2
Treated (Normal colony) 2

3.2.4 Evidence for transfection

Confocal Laser Scanning Microscopy (CLSM) was performed to investigate if 12-bis-
THA particles interacted with the bacterial membrane and to investigate if transfection was
influenced by the polysaccharide capsule in B. thailandensis strain E555. In the first set of
experiments, both strains were grown to an ODgoo of approximately 0.3 and incubated with
50 pg/mL of 12-bis-THA particles for 120 minutes. The bacterial membrane of both strains
was labelled with FM4-64 FX (Figure 3.6A-C and G-I), a cationic, lipophilic molecule that
becomes embedded within the plasma membrane (170). Strain E555 was observed to self-
associate into large clumps whereas strain E264 did not (Figure 3.6A and G). This likely occurs
due to the presence of a polysaccharide capsule which can cause cellular adhesion in
bacterial species (171). CLSM images shows that 12-bis-THA particles bind to the bacteria and
associate with, or within the cell wall, and likely accumulates within the cytoplasm of both
strains. This suggests that the presence of the polysaccharide capsule did not affect the ability

of 12-bis-THA particles to penetrate bacteria (Figure 3.6EF and KL).
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Figure 3.6: CLSM images of (A-F) B. thailandensis strain E264 and (G-L) strain E555 stained
with FM4-64 FX (red) and challenged with 50 pug /mL 12-bis-THA particles (blue) for 120
minutes. (A-C and G-1) The untreated controls show that no autofluorescence was detected
with the laser settings used. (D-F and J-L) Images show that 12-bis-THA particles transfected
both unencapsulated (D-F) and encapsulated (J-L) B. thailandensis strains under the tested
conditions. 12-bis-THA particle fluorescence was capture in the blue channel using the Hoechst
filter (laser settings (Aex 405 nm/Aem 455nm). The bacterial membrane was captured in the red
channel using the FM4-64 FX filter (laser settings (Aex 515 NnM/Aem 630nm). Scales bars are
representative of 5 um except for ABC which shows 2 um. Images were captured using Zen LSM
800 confocal microscope and uniformly edited to increase brightness using Zen software and
Microsoft PowerPoint.The assay is represetantive of three independent replicates each
consisting of at least five fields of view.
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In order to assess the effect of the capsule on the timing of the penetration of 12-
bis-THA particle a set of images were captured by CLSM at an earlier timepoint of 30 minutes.
The CLSM images show the 12-bis-THA particles rapidly become associated with the bacterial
membrane of both strains and preferentially accumulate at the poles and septum of the
bacteria (Figure 3.7EF and KL). Similar observations were made by Di Blasio and Mason with
data showing that 12-bis-THA particles accumulated at the poles of P. aeruginosa during the
early phase of transfection (138). These regions are enriched with cardiolipin which is known
to interact with 12-bis-THA particles and to drive the transfection and delivery of TFD cargo
(172). Additionally, the binding of membrane components by 12-bis-THA particles may also
explain why the resolution of FM4-64 FX diminishes upon exposure to 12-bis-THA particles
as both are cationic, lipophilic molecules that interact with the bacterial plasma membrane

(170).

48



12-bis-THA
Membrane . Merged
particles

E264
Untreated

E264
Treated

ES55
Untreated

ES55
Treated

Figure 3.7: CLSM images of (A-F) B. thailandensis strain E264 and (G-L) strain E555 stained with FM4-64
FX (red) and challenged with 50 pg /mL CM2 particles (blue) for 30 minutes. (A-C and G-I) The untreated
controls show that no autofluorescence was detected with the laser settings used. (D-F and J-L) Images
show that 12-bis-THA particles transfected both unencapsulated (D-F) and encapsulated (J-L) B.
thailandensis strains under the tested conditions. 12-bis-THA particle fluorescence was capture in the blue
channel using the Hoechst filter (laser settings (Aex 405 NM/Aem 455nm). The bacterial membrane was
captured in the red channel using the FM4-64 FX filter (laser settings (Aex 515 NM/Aem 630nm). Scales bars
are representative of 5 um. Images were captured using Zen LSM 800 confocal microscope and uniformly
edited to increase brightness using Zen software and Microsoft PowerPoint. The assay is represetantive

of three independent replicates each consisting of at least five fields of view.



3.2.5 Investigation of synergy between 12-bis-THA particles and antimicrobials against B.

thailandensis

12-bis-THA particles are bactericidal against strain E264 at the MIC concentration but
are bacteriostatic against the capsulated strain E555. Bactericidal antimicrobials are
preferable to treat infections caused by Burkholderia species as infections are more common
in immunocompromised individuals. CLSM shows that 12-bis-THA particles bind to the
membranes of both strains and where they may interact with cardiolipin and LPS. These
interactions may induce stress to the bacteria either through the accumulation of 12-bis-THA
monomers within the cytoplasm or through the destabilisation of the bacterial membrane
resulting in increased permeability and interference with the electron transfer chain. These
properties may result in synergistic interactions with other antimicrobials that are either

limited by uptake or act on similar pathways.

This was investigated using checkerboard assays were performed using both B.
thailandensis strains to determine fractional inhibitory concentration index (FICi) of various
combinations of 12-bis-THA and antimicrobials against both strains. The antimicrobials
tested were co-trimoxazole, trimethoprim, sulfamethoxazole, ciprofloxacin, doxycycline,
polymyxin B, tobramycin, rifampin, and metronidazole. In this study, synergy was defined as
a fractional inhibitory concentration index (FICi) of < 0.5, additivity as a FICi of 0.5 -1, and

antagonism as an FICi > 4.

It was found that 12-bis-THA particles act synergistically with trimethoprim against
both strain E264 (FICi - 0.44 + 0.08) and strain E555 (FICi - 0.31 + 0.05). Similarly, co-
trimoxazole synergised with 12-bis-THA particles against strains E264 (FICi —0.35 + 0.04) and
E555 (FICi - 0.33 + 0.06). Checkerboard assays were performed to investigate interactions
between 12-bis-THA particles and sulfamethoxazole; however, no synergy was observed as
the MIC of sulfamethoxazole was greater than the maximum concentration tested of 512
ug/mL. This suggests that the synergy observed with co-trimoxazole is due to trimethoprim
rather than sulfamethoxazole. Additivity was observed with tobramycin against strains E264
(FICi-0.53 +0.02) and E555 (0.54 + 0.03) and rifampin against strains E264 (FICi- 0.60 + 0.11)
and E555 (FICi - 0.55 + 0.12) as shown in Table 3.3.
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Table 3.3: Fractional inhibitory concentration index (FICi) of interactions between 12-bis-

THA particles and antimicrobials against B. thailandensis strains E264 and E555. Data are

representative of at least 3 independent experiments the standard deviation is shown.

Combination

FICi value

(B. thailandensis E264)

FICi value

(B. thailandensis E555)

particles

Trimethoprim + 12-bis-THA 0.44 + 0.08 0.31+0.05
particles
Co-trimoxazole + 12-bis- 0.35+0.04 0.33+0.06
THA particles
Rifampin + 12-bis-THA 0.60+0.11 0.55+0.12
particles
Tobramycin + 12-bis-THA 0.53+0.02 0.54 +0.03

Isoboles can be used as a graphical representation of synergy and show changes in the MIC

of synergistic antimicrobials by plotting the fractional inhibitory concentrations (FICs) along

the turbid/non-turbid border. 12-bis-THA particles combined with trimethoprim reduce both

MICs by up to 16-fold and 4-fold respectively in strain E264 (Figure 3.8A), and by up to 8-fold

and 8-fold respectively in strain E555(Figure 3.8B). The MICs of co-trimoxazole and 12-bis-

THA particles were reduced 8-fold and 8 to 16-fold in strain E264 (Figure 3.8C), and by 8-fold

and 8 to 16-fold in strain E555, respectively (Figure 3.8D).
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Figure 3.8: Isoboles showing drug interactions between (AB) Trimethoprim and CM2 particles and (CD)
Cotrimoxazole and 12-bis-THA particles against B. thailandensis E264 and B. thailandensis strain E555.

Data show the FIC values along the turbid/non-turbid border of 1 of 3 independent replicate.
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Isoboles show that the MIC of 12-bis-THA particles and rifampin was reduced 2-fold
and up to 32-fold respectively in B. thailandensis E264 (Figure 3.9A). In E555, additivity was
observed twice and synergism once. In the context of the observed synergy, MIC values of
12-bis-THA particles and rifampin were reduced by 4-fold and 8-fold respectively (Figure
3.9B), however, for the plates with additivity, the MIC of 12-bis-THA particles was reduced 2-
fold in both cases. Similar results were observed between 12-bis-THA particles and
tobramycin. Generally, the MIC of 12-bis-THA particles were consistently reduced 2-fold
whereas the MIC in tobramycin was reduced 16-fold and 32-fold in E264 (Figure 3.9C) and

E555 (Figure 3.9D) respectively.
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Figure 3.9: Isoboles showing drug interactions between (AB) rifampin and 12-bis-THA
particles and (CD) tobramycin and 12-bis-THA particles against B. thailandensis strains E264
and E555. Data show the FIC values along the turbid/non-turbid border of 1 of 3 independent

replicate.
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3.2.6  Effect of varying weight ratios of 12-bis-THA and antimicrobial combinations
Multiple synergistic drugs that are used clinically are formulated as weight ratios
(w/w) and have been optimized to achieve the best synergistic effect. For example, co-
amoxiclav is a combination of amoxicillin and clavulanic acid that is commonly delivered as a
4:1 ratio using doses of either 250:62.5 mg or 500:125 mg (173). In order to investigate
whether altering the w/w ratio of combinations with 12-bis-THA affected synergism we
tested a number of combinations against B. thailandensis strain E555 for use in in vitro
studies including time-kill assays and to investigate activity against a panel of B. cepacia
complex clinical isolates. Combinations of antimicrobials and 12-bis-THA particles were
prepared with the following w/w ratios of antimicrobials to 12-bis-THA particles: 8:1, 5:1, 3:1,
1:1, 1:3, 1:5, and 1:8. Selected MIC results are shown in Table 3.4 with the w/w ratios of 1:3
to 1:8 excluded as no difference in MIC was observed when compared to the MIC of 12-bis-
THA alone. Similarly, enhanced antimicrobial activity was not observed in the 1:1

combination.

The MICs of the 3:1, 5:1 and 8:1 ratios of trimethoprim to 12-bis-THA particles were
2:0.67,2-4:0.4-0.8and 4 :0.5 ug:ug/mL respectively. These values were in line with the
findings of the checkerboard assays where the concentration of trimethoprim and 12-bis-
THA particles were reduced to 1 and 0.5 pug/mL respectively against E555 (Figure 3.8B). For
the tobramycin and 12-bis-THA particle mixtures, the MICs were 4-8:1.3-2.7,4-8:0.8 -
1.6 and 16: 2 ug/mL for the 3:1, 5:1 and 8:1 mixtures respectively (Table 3.4). Again, these
values are consistent with the checkerboard assays where the MIC of tobramycin reduced
from 64 pug/mL to 2-4 pg/mL whereas the MIC of 12-bis-THA particles was consistently
reduced 2-fold from 4 to 2 ug/mL (Figure 3.9D). The MICs of the 3:1 and 5:1 ratios of rifampin
to 12-bis-THA particles were 2-4 : 0.67 — 1.33 and 4 : 0.8 pg:ug/mL respectively. No MIC was
determined for the 8:1 ratio as E555 grew in the highest concentration tested (16:8
ug:pg/mL). The MICs for the rifampin and 12-bis-THA particle combinations are in line with
the values from the checkerboard assay where MICs were reduced approximately 8-fold to
2 ug/mL whereas the MICs of 12-bis-THA particles were reduced 2 to 4-fold to 2 ug/mL. The
3:1 ratio of antimicrobial to 12-bis-THA particles was selected for future studies as it
produced the lowest MICs of the ratios tested and was broadly consistent with the findings

of the checkerboard assays.
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Table 3.4: The MICs of trimethoprim, tobramycin or rifampin in combination with 12-bis-
THA particles at different weight/weight ratios. The ratios 1:1, 3:1, 5:1, and 8:1 were tested
in the range of 0.5 — 16 pug/mL. Values denoted as ND were above the tested range in B.
thailandensis strain E555. Data are representative of 3 independent replicates and 2

technical replicates.

Ratio Trimethoprim:12-bis-THA Tobramycin:12-bis-THA Rifampin:12-bis-THA
(Antimicrobial: particles particles particles
12-bis-THA (ng:ng/mL) (ng:pg/mL) (ng:pg/mL)
particles)
1:1 2:2 4-8:4-8 4:4
31 2:0.67 4-8:13-2.7 2-4:0.67-1.33
5:1 2-4:0.4-0.8 8:1.6 4:0.8
8:1 4:0.5 16:2 ND
Trimethoprim 8 - -
only
Tobramycin - ND -
only
Rifampin only - - ND

3.2.7 Biophysical characterisation of 12-bis-THA particle: antimicrobial combinations
Synergism with 12-bis-THA particles may occur due to enhanced uptake either
through permeabilization of the cell wall or the second antimicrobial associating with the
particle. Traditionally, entrapment efficiency can be assessed using techniques such as liquid
chromatography (LC) that separates and quantifies the free antimicrobial from the particle,
typically a liposome. However, given 12-bis-THA particles were not amenable to LC as they

bound tightly to the matrix of the columns.

Alternatively, dynamic light scattering (DLS) has been used to study interactions
between oligonucleotide TFDs which bind to the surface of 12-bis-THA particles causing a
change in the biophysical characteristics. A DLS study was performed to investigate whether
there were changes in the physical characteristics of 12-bis-THA particles when combined
with synergistic antimicrobials. Combinations were formed at a 3:1 ratio in either water or

0.1x PBS at RT and their hydrodynamic ratios of the resultant particles were measured. 0.1x
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PBS was tested to assess the effect of a mild ionic strength solvent and the samples were

measured immediately after formation.

No difference was observed when comparing the histograms of 12-bis-THA particles
and trimethoprim or tobramycin with 12-bis-THA particles alone suggesting no interaction
between the molecules. A change in the histogram was seen in 12-bis-THA particles when
combined with rifampin but this may be due to rifampin forming nanoparticles in agueous
conditions. The rifampin particles were unstable in 0.1X PBS at the concentration tested (100

ug/mL) irrespective of the presence of 12-bis-THA particles (Figure 3.10H).

As previously mentioned, physical interactions between oligonucleotide TFDs and
12-bis-THA particle have resulted in changes to the 12-bis-THA strucutre which has been
observed using DLS. This was observed when empty particles which are typically
polydispersed (i.e multiple populations of varying sizes) and had an average diameter of
approximately 300 nm. However, when mixed with TFD, the particles became
monodispersed (i.e a single population which are the same size) which had an average

diameter of 120 nm.

The aim of this assay, shown in figure 3.10, was to investigate whether physical
interactions occurred between the synergistic antimicrobials and 12-bis-THA particle which
might be observed as changes in the biophysical properties of the particles. However, no
discernable difference was detect using this approach suggesting that either no interaction
between the antimicrobials occur or that DLS is not sensitive or suitable to determine
possible interactions. The lack of change in the physical properties of the combinations may
occur because: (1) the interaction may not yield a change that is detectable by DLS; (2) there
is no interaction between the 12-bis-THA particles and the antimicrobials; (3) the current
data are representative of a single time point (0 h) and interactions may occur at later time

points.

57



H,O 0.1X PBS

12-bis-THA i
particles

ey (P

Tobramycin: 12-
bis-THA particles

InemEy (Fanteny
Inte ey (Parcent

E F
Trimethoprim:12- i iy SRREREEEE N
bis-THA particles g " ;
G H
Rifampin: 12-bis- g 77 . Y A
THA particles £ ¢ S | FEE
‘ R A.‘

e 50 w00 1 " ™ e e
Se (g mm Sew (dnm

Figure 3.10: Dynamic light scattering (DLS) profiles of 12-bis-THA particles (AB), tobramycin and
12-bis-THA particle (CD), trimethoprim and 12-bis-THA particles (EF) and rifampin and 12-bis-THA
particles (GH) in H20 or 0.1X PBS.
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3.3  ASSESSMENT OF SYNERGISTIC INTERACTIONS USING TIME-KILL ASSAYS

Time-kill assays were performed to determine if synergy was retained in the selected
3:1 ratios and to investigate if the combination were bacteriostatic or bactericidal. For this
study, antimicrobial synergy was defined as a >2 logio reduction in CFUs when compared to
the most effective monotherapy at 24 h (145). Rifampin and 12-bis-THA particles act
synergistically against B. thailandensis strain E555 as a 4.8 logio reduction in CFUs was
observed when comparing the activity of 12-bis-THA particles to the rifampin: 12-bis-THA
particle combination (Figure 3.11A). The antimicrobial activity of the rifampin and 12-bis-
THA particle combination was bacteriostatic as a 1.8 logio decrease in CFUs/mL relative to
starting inoculum was observed at 24 h. Tobramycin and 12-bis-THA particles act
synergistically as a 2.3 logio reduction in CFUs was observed when comparing cultures at 24
h that had been challenged with 12-bis-THA particles to those challenged with tobramycin
and 12-bis-THA particles (Figure 3.11B). Interestingly, the combination was rapidly
bactericidal as the bacterial density was reduced by 2.7 and 3.9 logio CFUs at 3 and 6h,
respectively. However, by 24h had regrown and surpassed the bacterial density of the
starting inoculum by 0.34 logio. Trimethoprim and 12-bis-THA particles act synergistically as
alogio 3.7 difference in CFUs were observed when comparing B. thailandensis cultures at 24h
which had been challenged with either 12-bis-THA particles alone or trimethoprim and 12-
bis-THA particles (Figure 3.11C). Additionally, the combination of trimethoprim and 12-bis-
THA particles was bacteriostatic against B. thailandensis strain E555 as the bacterial density
was reduced 1.6 logio following 24 h of treatment. 12-bis-THA particles act synergistically
with co-trimoxazole as a 3.2 logio reduction in CFUs were observed at 24 h when comparing
co-trimoxazole as a single agent to co-trimoxazole and 12-bis-THA particles (Figure 3.11D).
The antimicrobial activity of the 12-bis-THA particle and co-trimoxazole combination was

bacteriostatic as the starting inoculum was reduced 2.7 logio CFUs.
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Figure 3.11: Time-kill analysis of (A) rifampin (8 pg/mL) and 12-bis-THA particles (2.6 pg/mL), (B) tobramycin (8 pg/mL) and 12-bis-THA particles
(2.6 pg/mL), (C) trimethoprim (4 pg/mL) and 12-bis-THA particle (1.3 pg/mL), and (D) co-trimoxazole (1 pg/mL) and (0.3 pg/mL)12-bis-THA
particles activity against B. thailandensis strain E555. Timepoints were recorded at 0, 3, 6, and 24 . Data are representative of 3 independent

experiments each consisting of 3 technical replicates.
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3.3.1 Activity of 12-bis-THA particles and the antimicrobial combinations against a panel of
B. cepacia complex clinical isolates
The activities of trimethoprim, rifampin, tobramycin, and 12-bis-THA were
determined as monotherapies or combinations against a panel of BCC clinical isolates
including B. gladioli in collaboration with Professor Mahenthiralingam and Dr Rushton at
Cardiff University. These formulations were supplemented with the excipient agent
hydroxypropyl methylcellulose (HPMC) which has been shown to slightly improve the activity

of 12-bis-THA particles and also improve their stability (139).

All BCC strains tested were highly resistant to rifampin and tobramycin except for B.
gladioli that was sensitive to tobramycin. Most strains were sensitive to trimethoprim
excluding B. cenocepacia 12315 which has a point mutation in dihydrofolate reductase (DfrA)
conferring resistance to trimethoprim (174). 12-bis-THA particles exhibited antimicrobial
activity against all strains in the panel with MICs of 2 — 8 ug/mL for B. multivorans and B.
cepacia, 1 ug/mLin B. gladioliand 8 - 32 ug/mLin B. cenocepacia. The literature was reviewed
to investigate the LPS chemotype of each BCC isolate used in Table 3.5 to evalute whether
LPS chemotype influenced the MIC of 12-bis-THA particles (Appendix - Table 10.1). By doing
so, we identified 8/12 LPS chemotypes for the strains used. However, no clear difference in

the MIC of 12-bis-THA particles was observed (Appendix - Table 10.2).

The combinations showed varying levels of activity against the BCC panel. The
rifampin: 12-bis-THA formulation showed improved efficacy against 1 strain and antagonism
against 1 strain. The trimethoprim: 12-bis-THA combination showed improved efficacy
against 2 strains and antagonism against 1 strain. The tobramycin: 12-bis-THA formulation
was the most active and showed improved efficacy, relative to tobramycin and 12-bis-THA

alone, against 9 of the 12 strains.
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Table 3.5: The MIC of 12-bis-THA particles, rifampin, tobramycin and trimethoprim determined as monotherapies, and antimicrobial

combinations against a panel of BCC clinical isolates. All formulations containing 12-bis-THA were supplemented with HPMC (0.1% V/V). MICs were

defined as an 80% reduction in turbidity relative to an untreated control. Data are representative of 3 independent experiments. Boxes highlighted

in GREEN show a reduction in antimicrobial and 12-bis-THA MIC when administered together compared to the appropriate monotherapy. Boxes

highlighted in RED show a decrease in antimicrobial and 12-bis-THA activity when administered as a combination compared to the monotherapies

Monotherapies

Combination therapies

Organism Strain ID | 12-bis-THA | Rifampin | Tobramycin | Trimethoprim Rifampin: 12-bis-THA Tobramycin: 12-bis- | Trimethoprim: 12-bis-
particles THA particles THA particles
B. multivorans 17616 8 8 8-16 8
B. multivorans BCC764 4-8 128 32-128 4
B. multivorans | BCC710 4 64-128 64-128 16 5.33
B. multivorans | BCC008 8 128 256 4 32 10.67 4-8 1.33-2.67
B. multivorans | BCC032 2 16-64 64-256 2-4 16 5.33 2 0.67
B. cenocepacia 12315 16 128 128-256 256< 128 42.67
B. cenocepacia K56-2 32 64-256< 64-128 8 32 10.67
B. cenocepacia | AU1054 16 16-32 64-128 2 10.67 2-8 0.67-2.67
B. cenocepacia | BCC0018 8-16 16-32 128-256 2 16 5.33 2 0.67
B. cenocepacia | BCC0020 8 16-32 256< <2 16 5.33 0.67
B. gladioli MA4 1 16 0.5 1-2 8 2.67
B. cepacia BCC0001 4-8 8-16 32-64 4 8-16 2.67-5.33
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3.4 DiscussION

3.4.1 Are 12-bis-THA particles affected by modified LPS or the presence of a polysaccharide
capsule?

Burkholderia species are profoundly resistant to cationic antimicrobials as the core
oligosaccharide and lipid A components of their LPS are modified with Arad4N groups (175). This
neutralizes the negative charge of the phosphate by providing a sugar with a positively charged
primary amine group which lowers the affinity of cationic molecules to the LPS (176). Unlike other
Gram-negative species where this modification is dispensable and is only induced under selective
pressure, it is essential for viability in Burkholderia species (177). The data presented in this chapter
are consistent with the literature and demonstrate that both B. thailandensis strains were able to
grow in 1024 pg/mL of polymyxin B, whereas 12-bis-THA particles inhibit the growth of both strains
at 2 — 8 ug/mL. 12-bis-THA particles and polymyxin B have a similar binding affinity to E. coli LPS (5.1
UM and 0.5 uM respectively). This interaction is driven by the electrostatic interactions between the
cationic 12-bis-THA headgroup and the negative glucosamine within the lipid A and the insertion of
the 12-bis-THA linker into the membrane (137). Our findings suggest that, unlike polymyxin B, 12-bis-
THA activity is not driven solely though LPS interactions as the particles were not influenced by the
AradN modification to LPS in which gives rise to profound resistance to cationic molecules in
Burkholderia species.

No difference in the MIC was observed for 12-bis-THA particles when strains E264 and E555
were compared suggesting that the activity of the particles is unaffected by the polysaccharide
capsule. However, this cannot be accurately determined when measuring MIC as an endpoint because
it provides data at a single time point and is based on turbidity which does not distinguish between
live and dead cells. Therefore, confocal microscopy was performed to investigate if the presence of
the capsule affected the transfection efficiency of 12-bis-THA particles into B. thailandensis. After 2 h
of exposure, the images suggest that bacterial cells exhibit a high degree of transfection where 12-bis-
THA particles had accumulated in the bacterial cytoplasm or had become embedded within the
membrane, however, no difference in uptake efficiency in E264 and E555 was observed under these
conditions. This may be an artifact of the experimental design as this assay required a high
concentration of 12-bis-THA particles (50 pg/mL) to exploit its fluorescence.

Previously, the McArthur group has used radiolabeled 12-bis-THA particles in pharmacokinetic
studies (data not published). An alternative approach to microscopy could be to treat capsulated and
unencapsulated with MIC concentration of radiolabelled 12-bis -THA. Cytoplasm could then be

extracted from treated cells to determine the presence of 12-bis-THA particles in the cytoplasm and
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to establish their concentration. From this, we may also be able to determine uptake kinetics of the
particles to investigate the influence of the polysaccharide capsule.

The images show that the poles of both strains were consistently enriched with 12-bis-THA
particles. Cardiolipin is an essential, anionic phospholipid found in the inner membrane of bacteria
and mitochondria. It preferentially accumulates in areas of great curvature such as the pole or septum
of bacteria (178,179) and forms cardiolipin micro-domains (179,180). It is involved in the stabilization
of respiratory complexes (181,182), generation of membrane potential (A), and controlling bacterial
cell division (183). The localization of 12-bis-THA particles at the bacterial poles and the membrane
may be representative of 12-bis-THA particles binding to cardiolipin which has been shown to drive
transfection in artificial membranes (172).

The presence of the capsule did result in a difference in the antimicrobial activity of 12-bis-
THA particles in time-kill studies. Strain E264 was more susceptible than E555 to 12-bis-THA particles
resulting in a reduction in bacterial CFU counts in a time and concentration-dependent manner. 12-
bis-THA particles demonstrated bactericidal activity against B. thailandensis E264 at a concentration
of 8 ug/mL as CFUs were reduced >3 logio. In contrast, 12-bis-THA particles were bacteriostatic against
B. thailandensis E555 and CFUs were reduced in a time-dependent manner irrespective of
concentration suggesting the capsule may absorb the particles to limit transfection at MIC
concentrations. It is not clear how the presence of the polysaccharide capsule provides a small degree
of protection from 12-bis-THA particles. In B. pseudomallei, the polysaccharide capsule provides
protection from host serum by limiting complement factor deposition and reducing the efficiency of
the membrane attack complex (184,185). In the context of this work, one possibility is that the capsule
slows transfection at MIC concentrations by providing a physical barrier which shields the membrane
from the lipophilicity of 12-bis-THA particles. Multiple biophysical studies have shown that 12-bis-THA
particles interact strongly with artificial prokaryotic membranes through a combination of charge and
hydrophobic based interactions, causing the formation of transient pores or even the collapse of the

membrane through invagination in these models (137,138).

3.4.2 Why does B. thailandensis regrow at 24 h?

By the 24 h time point of the time-kill study, almost all cultures which had been challenged
with 12-bis-THA particles displayed some degree of regrowth. Cultures incubated with 2 and 4 pg/mL
regrew whereas those incubated with 8 ug/mL showed less regrowth. Additionally, small and normal
colonies were observed in both strains when incubated with 12-bis-THA particles. The combination of

small B. thailandensis colonies and bacteria regrowth at MIC concentrations of 12-bis-THA particles
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may suggest the development of adaptive resistance that may give rise to heteroresistant
subpopulations of B. thailandensis.

Heteroresistant subpopulations are groups of bacteria within an isogenic culture that exhibit
varying antimicrobial susceptibility profiles (186). These are distinct from persister cells as they rapidly
grow in the presence of an antimicrobial (187) unlike persister cells which are generally considered to
be dormant (188). Heteroresistant subpopulations develop due to genetic mutations and are
classified as either stable or unstable which is contingent on the fitness cost of its causal mutation.
Stable heteroresistant subpopulations are retained in the absence of an antimicrobial and are caused
by mutations that have no or low fitness costs such as TF repressors of RND pumps, overexpression of
genes encoding RND efflux pump components, or small molecule transporters (189). Unstable
heteroresistant subpopulations develop when mutations occur in genes involved in essential
processes such as the electron transport chain (ETC) which confers a high fitness cost. Alternatively,
unstable heteroresistance can occur due to spontaneous amplification of resistance genes which are

quickly lost following the removal of selective pressure (190).

Gene expression can be regulated in prokaryotes through the methylation of cytosine and
adenine nucleotides, by DNA cytosine methyltransferase (Dcm) and DNA adenine methylase (Dam)
(191)which can influence the binding of regulatory factors such as transcription factors and nucleoid
associated proteins (192). For example, the expression of transposon Tn10 was 1000 fold higher in a
strain with a partially methylated promoter region compared to one with a completely methylated
promoter region (193). The relationship between antimicrobial resistance and DNA methylation is not
well understood. However, data generated by Stephenson and Brown show that E. coli strains
deficient in dam were more susceptible to antimicrobials compared to the parental strain (194). Dam
is essential in Enterobacteriaceae for efficient DNA mismatch repair by the SOS system (195). Adaptive
resistance may occur through the upregulation of Dam if 12-bis-THA particles cause DNA damage and
induce the SOS system

A series of microbiological assays were performed to investigate if small and normal colonies
of strain E264 exhibited phenotypic changes when compared to an untreated control. However, no
difference in the growth kinetics or susceptibility to 12-bis-THA particles was observed in any of the
colonies. Additionally, the small and normal colonies reverted to the morphology of the untreated
control when subcultured onto LB agar and grown for 72 h (appendix). It is more likely that the
observed small colonies are not a heteroresistant sub-population. Small colony variants have been
observed when bacteria accumulate mutations in genes encoding components of the electron

transport chain (196) which is possible given the structure of 12- bis-THA, given its similarity to
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dequalinium that is known to damage respiratory chains (197). Therefore, it is more likely that the
small colonies observed in this chapter are associated with temporary respiratory damage rather than

the formation of drug resistant sub-populations.

3.4.3 Mechanism of synergy with tobramycin

Tobramycin is an aminoglycoside that is hydrophilic and cationic at physiological pH. Because
of these physiochemical properties it is unable to passively cross the bacterial membrane but must
exploit proton motive force (PMF) to be internalized. As tobramycin is cationic and stimulates its own
uptake by destabilizing the bacterial membrane, this also contributes to bacterial killing at high
concentrations (198). Upon entering the bacterial cytoplasm, tobramycin inhibits growth by binding
to the 30S and 50S ribosomal subunits inhibiting translation (199). The mechanism of action of
tobramycin is multifarious; destabilization of the outer membrane stimulates the uptake of
tobramycin causing bacterial killing at high concentrations while also preventing mRNA translation to

protein at low concentrations.

Checkerboard assays show additivity between 12-BIS-THA particles and tobramycin against
E264 (FICi - 0.53 + 0.02) and E555 (FICi — 0.54 + 0.03). Time-kill studies showed that this combination
is bactericidal against E555 at 6 h and induce small colony formation suggesting that 12-bis-THA
particles and tobramycin share a potential mechanism of action. For drugs to act synergistically they
can: (1) improve uptake of one another; (2) prevent efflux; (3) counter a resistance mechanism of a
second drug; or (4) stimulate pathways that are targeted by the second drug. For example, P.
aeruginosa cultures supplemented with fumarate were more susceptible to tobramycin as the PMF
was stimulated leading to increased tobramycin uptake (200). Synergy has been observed between
tobramycin and baicalin in B. cenocepacia. Baicalin enhanced the reactive oxygen species (ROS)
mediated bactericidal activity of tobramycin in addition to improving tobramycin uptake through
stimulating the tricarboxylic acid cycle (TCA) and PMF (201). Tobramycin has also been shown to act
synergistically with bismuth-thiols against B. multivorans and B. cenocepacia (202). Bismuth-thiols are
cations that bind the bacterial outer membrane and lead to a reduction in cytoplasmic levels of ATP
which may occur either through inhibition of ATP synthase due to a loss of membrane integrity or by

neutralizing the negative charge of the membrane and countering reuptake of H* ions (203).

Cardiolipin has been shown to enhance the activity of respiratory complex | (204) which is
responsible for proton translocation across the inner membrane contributing to PMF (205). 12-bis-
THA particles may synergise with tobramycin through the binding of cardiolipin which is known to
stabilise respiratory chains (204). Alternatively, dequalinium has been shown to inhibit both

respiratory complex Ill (Coenzyme Q — cytochrome C reductase) and V (ATP synthase), the latter of
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which catalyzes the phosphorylation of ADP to ATP at the expense of PMF (206,207). By inhibiting
respiratory complexes Il and V the bacteria may upregulate complex | in an attempt to stimulate the
electron transport chain. Conversely, inhibition of respiratory complexes may lead to a depletion of
ATP which may reduce the activity of ATP dependent transporters including RND efflux pumps

resulting in decreased tobramycin efflux.

Hence, there may be several ways that 12-bis-THA and tobramycin synergise, and these
include improving its penetration into the cytoplasm either through the destabilization of the bacterial
membrane or through inducing changes in central metabolism and PMF. Alternatively, synergy may
occur if 12-bis-THA particles suppress respiratory chains by binding cardiolipin which may reduce the

cytoplasmic concentration of ATP and indirectly suppress efflux.

3.4.4 12-bis-THA particles act synergistically with trimethoprim and co-trimoxazole but not

sulfamethoxazole

Strong synergy was observed between the 12-bis-THA particles and trimethoprim in strains
E264 (FICi — 0.44 + 0.08) and E555 (FICi — 0.31 + 0.05). Additionally, strong synergy was also observed
between 12-bis-THA particles and co-trimoxazole against E555 (FICi —0.33 + 0.06). Time-kill assay data
showed that 12-bis-THA particles in combination with trimethoprim or co-trimoxazole exhibited
bacteriostatic activity against strain E555 by 24 h post incubation. The presence of small colonies or
regrowth was not observed for strain E555 following incubation with these combinations suggesting

that they are may not be affected by the potential 12-bis-THA particle adaptive resistance mechanism.

Trimethoprim is a pyrimidine analogue that inhibits bacterial growth by blocking the reduction
of dihydrofolate to tetrahydrofolate, an essential step in folate production that leads to the inhibition
of nucleic acid synthesis (208). In the context of melioidosis, trimethoprim is used in combination with
sulfamethoxazole as co-trimoxazole, both compounds inhibit enzymes in the biosynthetic pathway for
tetrahydrofolate synthesis. Sulfamethoxazole is a structural analogue of para-aminobenzoic acid
which is a metabolite that is required for the formation of dihydrofolate by dihydropteroate synthase
(209). Sulfamethoxazole acts synergistically with trimethoprim as it competes with para-aminobenzoic
acid to bind dihydropteroate synthase which leads to a decrease in the production of dihydropteroic
acid and tetrahydrofolic acid. It is unlikely that 12-bis-THA particles target the biosynthetic pathway

for tetrahydrofolate as no synergy was observed between 12-bis-THA particles and sulfamethoxazole.

Synergy between trimethoprim and nitrofurantoin, and mecillinam has been observed against
E. coli. Fatsis-Kavalopoulos et al proposed that sensitisation to trimethoprim may occur due to two
key events: (1) the ablation of ATP synthesis; (2) the removal of secreted extracellular polysaccharides.
In E. coli, an atpF mutant was substantially more sensitive to trimethoprim suggesting that ATP is
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required for survival against trimethoprim (210). Additionally, E. coli strains that were deficient in
producing secreted polysaccharides and LPS were also susceptible to trimethoprim, as were wild type
strains that had been pre-treated with EDTA (210). Confocal microscopy shows that 12-bis-THA
particles interact with the membrane of B. thailandensis where they may destabilise the outer
membrane. Additionally, 12-bis-THA particles may inhibit respiratory complexes as they are stabilised
by cardiolipin. This may lead to the ablation of ATP synthase and account for the synergy between 12-

bis-THA particles and trimethoprim.

3.45 12-bis-THA particles improve the antimicrobial activity of rifampin

An additive effect was observed between 12-bis-THA particles and rifampin against strains
E264 (FICi - 0.60 + 0.11) and E555 (FICi - 0.55 + 0.12). This was confirmed using a time-kill study which
showed that 12-bis-THA particles and rifampin exhibit bacteriostatic activity against ES555.
Additionally, no small colonies or regrowth was observed following incubation with this combination
of compounds suggesting that, like 12-bis-THA particles and trimethoprim/co-trimoxazole, 12-bis-THA
particles and rifampin may prevent the adaptive resistance mechanism that gives rise to regrowth at
24 h. Rifampin is bactericidal and prevents DNA transcription by irreversibly binding to RNA
polymerase (66). Rifampin is commonly used in combination with isoniazid, ethambutol and
pyrazinamide as a first-line treatment for those with pulmonary tuberculosis (67). Rifampin exhibits
poor in vitro activity against Burkholderia species as a monotherapy (68,69). There is data showing
moderate in vivo activity against B. pseudomallei in a murine model however this is at concentrations
higher than what is clinically achievable in humans with traditional dosing regimens (71). Combining
12-bis-THA particles with rifampin may provide a method of reducing the required concentration of

rifampin to a more clinically achievable level.

12-bis-THA particles are membrane active and strongly bind to LPS and cardiolipin (132,137).
Biophysical modelling showed that 12-bis-THA particles caused invagination and lysis of these giant
unilamerallar vescicles and patch clamp studies showed that 12-bis-THA particles caused the
formation of transient pores within liposomes (138). In addition, an NMR metabolomics study
indicated that 12-bis-THA particles induced changes in membrane lipids in E. coli and P. aeruginosa.
Our confocal microscopy data shows that 12-bis-THA particles interact with the membrane of both
strains E264 and E555. This may suggest that 12-bis-THA particles permeabilise the membrane of B.
thailandensis which allows improved internalisation of rifampin and concomitant antimicrobial

activity.

Alternatively, a proteomic study showed that the transcription factor fumarate and nitrate

reductase (FNR) was strongly induced by 12-bis-THA particles in E. coli (data not published). FNR
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regulates the transition between aerobic and anaerobic respiration in Enterobacteriaceae by
measuring the cytoplasm concentration of oxygen (211). This implies that 12-bis-THA particles may
disturb redox homeostasis by inducing anaerobic respiration in the presence of oxygen. Redox
homeostasis is regulated by numerous transcription factors such as OxyR, SoxR, FNR, NarPL, and FUR,
and must be tightly controlled to prevent death overwhelming concentrations of reactive
intermediates from respiratory pathways (212). Rifampin may act synergistically by inhibiting

transcriptional regulators which control the stress response to 12-BIS-THA particles.

3.4.6 12-bis-THA particles are active against a panel of BCC clinical isolates and retain the ability to

potentiate the activity of tobramycin

The data presented in this chapter shows that most BCC strains are highly resistant to
tobramycin and rifampin. Burkholderia species including B. thailandensis and B. pseudomallei are
intrinsically resistant to many antimicrobials which is predominantly mediated by low membrane
permeability and efficient extrusion of antimicrobials by RND efflux pumps (91). To date, 6 RND efflux
pumps have been identified in BCC species which confer resistance to aminoglycosides,
fluoroquinolones, quinolones and chlorohexidine (213-215). Resistance to aminoglycosides is also
influenced by low activity against the outer membrane of Burkholderia species as the outer membrane
of B. cepacia is less permeable than E. coli (216). Like B. pseudomallei, the LPS of BCC contains Ara4N
modifications to the Lipid A which limits the activity of cationic molecules such as tobramycin, colistin,
and EDTA (217). All BCC strains were susceptible to trimethoprim except B. cenocepacia strain J2315
(MIC > 256 pug/mL) which contains a non-synonymous mutation in dfrA, the target of trimethoprim

(174).

12-bis-THA particles as a monotherapy showed varying antimicrobial activity against the
panel. B. multivorans and B. cepacia were moderately susceptible to 12-bis-THA and had MIC's that
were similar to those for B. thailandensis (2 — 8 ug/mL). B. gladioli was the most susceptible species
to 12-bis-THA and had an MIC of 1 ug/mL. B. cenocepacia strains were the least susceptible to 12-bis-
THA and had MIC’s ranging from 8 — 32 pg/mL.

The rifamipin and trimethoprim combinations showed limited activity against the clinical
panel whereas the tobramycin combination retained activity against 9/12 strains. The lack of
trimethoprim and rifampin potentiation by 12-bis-THA particles may indicate that: (1) 12-bis-THA
particles do not act synergistically with these antimicrobials against BCC strains; (2) 12-bis-THA
particles do not act synergistically at the tested ratio. This could be investigated by performing
checkerboard assays to investigate if 12-bis-THA particles synergise with these antimicrobials against

BCC strains.
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Burkholderia species, particularly those in the BCC, have a propensity to remodel their LPS
through reduced or ablated production of the LPS O-antigen or components of the inner core
oligosaccharide (218) which may give rise to variable susceptibility to membrane active molecules.
The inner core oligosaccharide of LPS is essential for in vitro resistance to polymyxin B in both B.
pseudomallei (219) and B. cenocepacia (220). In contrast, the loss of the O-antigen does not affect
susceptibility of B. cenocepacia to polymyxin B (220) but increases the susceptibility of B. pseudomallei
strains to polymyxin B (221). Studies by Montis et al showed that 12-bis-THA particles and polymyxin
B had a similar binding affinity to LPS (5.1 uM and 0.5 uM respectively) (manuscript in preparation).
An NMR study showed that the positively charged nitrogen group of the 12-bis-THA headgroup
interacted with the GIcN-A LPS subunit which exhibits a negative charge as it is located next to a
phosphate group. It is difficult to understand from the current BCC data if the LPS chemotype
correlated with 12-bis-THA particle susceptibility as these strains are from different species which
exhibit different genotypes. To investigate the effect of LPS chemotype, MICs and CLSM could be
performed using a series of deep rough mutants which are derived from the same parental strain

(222).
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CHAPTER 4 - INTERACTIONS BETWEEN 12-BIS-THA PARTICLES AND B.
THAILANDENSIS BIOFILMS
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4.1 INTRODUCTION

Biofilms are clinically important, surface-attached bacterial communities that are
encapsulated within a self-produced extracellular polymeric substance (EPS). Published data
suggest that biofilms are implicated in 80% of microbial infections (223). These bacterial
communities are highly resistant to antimicrobial therapy (224) and disinfectants (225) and are
associated with disease persistence and relapse (226). However, the role of biofilm formation is not
clear in relapse and pathogenicity in BCC species as no biofilm biomass was observed in 21
explanted lungs from individuals with CF that were colonised by a member of the BCC (445). In
contrast, there is compelling evident which suggests biofilms may play a role in the relapse of
melioidosis as clinical isolates with a propensity to form biofilms in vitro was correlated with relapse

following the completion of treatment (227).

Biofilm formation is comprised of four steps. Firstly, planktonic bacteria reversibly attach
to a surface using flagella and pili-based motility. Such genes were highly expressed in a high-biofilm
forming strain of B. pseudomallei strain UM6 (228). Genome-wide mutagenesis of B. pseudomallei
strain Bp82 identified 59 genes involved in biofilm formation including 9 encoding flagella involved
in motility and chemotaxis, and several fimbriae genes with likely roles in attachment (229). This is
generally considered the most ‘druggable’ stage of biofilm formation as the bacterial attachment is
reversible. Next, as the bacteria repress their motility functions they multiply and produce an EPS
to form a microcolony that is irreversibly attached to the surface. The EPS is comprised of
exopolysaccharides, lipids, proteins, and extracellular DNA (eDNA), which facilitates the attachment
to a surface and structural stability of the biofilm (230,231). Thirdly, the microcolony undergoes
maturation which is mediated by quorum sensing. Bacteria coordinate an increase in the production
and export of EPS components. In B. thailandensis, mutations in quorum sensing genes prevented
biofilms from forming three-dimensional, dome-like structures which is a characteristic of mature
biofilms (232). As the biofilm matures and grows, it develops gradients of nutrients and oxygen
which can affect the growth of bacteria at the base or within the core of the biofilm as these
nutrients are scarce. To alleviate this, water channels are formed to facilitate solute transport
throughout the biofilm (233). Finally, once matured, biofilms undergo shedding whereby bacteria
are dispersed from the surface of the biofilm to restart the cycle as planktonic bacteria that may

disseminate to other niches to perpetuate the infection.
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Figure 4.1: The process of bacterial biofilm formation. (1) Bacteria reversibly attach to a surface. (2) Once
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attached, the biofilms form microcolonies that are encapsulated within a self produced matrix. At this point
the bacteria are irreversibly attached. (3) Bacteria within the biofilm proliferate and the biofilm matures
and grows. (4) Bacteria on the surface are shed to colonise niches elsewhere. Image adapted from reference

(396).

B. pseudomallei and B. thailandensis biofilms are highly resistant to antimicrobials because
of a combination of several factors (234). The relative conditions of starvation throughout the
structure of the biofilm gives rise to multiple populations of bacteria that exhibit different levels of
metabolic activity. An example is persister cells. As they are dormant, they tolerate antimicrobials
that target active processes but can reactivate, potentially once therapy has eradicated other cells
in the biofilm, maintaining the infection. Persister cells have been studied in B. pseudomallei and
are induced by nutrient starvation, exposure to sub-inhibitory concentrations of antimicrobials
including trimethoprim, or anaerobiosis (235-237). B. pseudomallei persisters are tolerant to a
range of antimicrobials including the clinically important antimicrobial ceftazidime (238). This
implies that there may be a role for persister cells in the relapse of melioidosis following treatment.
Additionally, the physical and chemical properties of the EPS can form a substantial barrier to
antimicrobial compounds and increase the effective doses needed for biofilm eradication. In B.

pseudomallei biofilms the EPS has been shown to influence the penetration of clinically relevant
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antimicrobials ceftazidime and imipenem (239). Similarly, the EPS of BCC biofilms can reduce the
efficacy of tobramycin (240) and also protect bacterial cells from phagocytosis and reactive oxygen

species produced by the host immune system (241).

There are other potential antimicrobial resistance mechanisms displayed by bacteria within
biofilms however published data in B. pseudomallei is inconclusive or suggest that it may not be
essential in this species. For example, the increased expression of efflux pumps during biofilms
formation in other species, such as E. coli and P. aeruginosa, has been associated with EPS export
influencing cell aggregation and biofilm maturation, export of quorum sensing molecules, and the
extrusion of antimicrobials and harmful metabolic products (242). Proteomic analysis of samples of
biofilm formed by B. thailandensis showed that efflux components predominantly decreased in
abundance in mature B. thailandensis biofilms (243). This implies that efflux pumps may not play a
central role in the reduction of antimicrobial susceptibility in B. thailandensis biofilms. Changes to
the hydrophobicity and structure of the LPS layer in Gram-negative bacteria also influences biofilm
formation (244). Modifications to the LPS have also been associated with decreased susceptibility
to antimicrobials in planktonic cells suggesting a potential link between biofilm formation, LPS
chemotype, and antimicrobial resistance (245). However, Sawasdidoln et al have shown that the
LPS chemotype did not correlate with the antimicrobial resistance of B. pseudomallei in biofilms
(234). In summary, the literature suggests that B. thailandensis and B. pseudomallei biofilms are
more resistant to their planktonic counterparts due to the sequestration of antimicrobials by the

EPS matrix and through the formation of tolerant persister cells.

High doses of antimicrobials are needed to eradicate recalcitrant biofilms. However, at high
doses they can exact non-specific activity resulting in damage to the host microbiota, potentially
leaving patients susceptible to secondary infections, in addition to system toxicity (246).
Considerable research is ongoing in the field of nanomedicine to identify nanomaterials that are
either have antimicrobial activity or are capable of encapsulating antimicrobials to improve delivery
and offset toxicity. Research has shown that the physical properties of nanomaterials influence their
ability to interact with biofilms. An important characteristic is the surface charge of a particle as
positively charged particles (247,248) more readily interact, penetrate and diffuse through a biofilm

compared to negative or neutrally charged particles and liposomes (248,249).

Considering this, bola-amphiphiles are a promising class of molecule that could be useful in
forming nanomedicines to counter bacterial biofilms. Both 12-bis-THA particles and other bola-
amphiphiles studied by Hegarty et al demonstrated effective encapsulation efficiency of

oligonucleotide antimicrobials that were protected from enzymatic degradation. Once loaded with
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TFD antimicrobials, 12-bis-THA particles retain a slight cationic charge which may facilitate biofilm
interactions and lead to the delivery of oligonucleotide cargo to bacteria within the biofilm. 12-bis-
THA particles loaded with the oligonucleotide antimicrobial TFD were well tolerated when delivered
topically and have shown in vivo efficacy against Clostridium difficile and Enterobacteriaceae in the

gut while sparing the rest of the microbiota (132,139).

In the previous chapter, it has been shown that 12-bis-THA particles cross the capsule and
membrane of B. thailandensis E555 to accumulate in the bacterial cytoplasm and have an MIC of 2
- 8 ug/mL. Due to the cationic nature and its ability to deliver TFD oligonucleotide cargo to Gram-

negative bacteria, and its synergy with other antimicrobials, this chapter will investigate:

The antimicrobial activity of 12-bis-THA particles and different antimicrobial combinations against

mature B. thailandensis E555 biofilms

The ability of 12-bis-THA particles to deliver TFD cargo to bacterial cells within a biofilm
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4.2 RESULTS

4.2.1 Establishing the growth conditions for the MBEC assays

To test the antimicrobial activity of 12-bis-THA particles as a sole therapy and in
combination with different antimicrobials against B. thailandensis strain E555 biofilms, it was
necessary to establish the appropriate biofilm growth conditions for the Calgary biofilm device. To
date, there is no standardised growth media for producing biofilms therefore we compared the
biofilm biomass and bacterial density of E555 biofilms grown in two nutrient-rich media, CAMHB
and LB, and one minimal medium (MVBM) following incubation at 37°C for 24, 48 or 72 h. For each
growth condition and time point, the cell density was measured for two pegs, similarly, biomass

determination was performed on two pegs using crystal violet staining.

At 24 h, the biofilms grown in LB and CAMHB had similar levels of bacterial density. At the
same time point, there was less growth of biofilms produced in MVBM. Similar observations were
made at 48 h where the biofilms grown in LB and CAMH displayed comparable bacterial densities
however the biofilm grown in LB had a lower biomass compared to the biofilm grown in CAMH. In
contrast, biofilms grown in MVBM for 48 h were similar to those produced after 24 h. At 72 h,
biofilms grown in CAMHB had the greatest biomass compared to LB and MVBM (Figure 4.2A).
Despite the broad range of biomasses observed, no significant difference between bacterial
densities was observed when comparing the growth media across the time points. This implies that

biofilms are established at 24 h and are stable up to 72 h.

Biofilms that had grown for 24 h in LB or CAMHB displayed a higher biofilm biomass and
bacterial density than those grown in MBVM. This could make it challenging to investigate the
antimicrobial activity of compounds against biofilms as it would be difficult to distinguish if a high
MBEC value relative to the traditional MIC is representative of biofilm mediated resistance or simply
due to a higher starting inoculum (MIC assay starting inoculum - 5 x 10° CFU/mL). Therefore, MVBM
was selected as the growth media for the MBEC studies as biofilms grown for 24 h in this medium
had a bacterial density of approximately 10® CFUs/peg. By doing so, this allows for the comparison

between the MICs determined in Chapter 3 with the MBEC values measured below.
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Figure 4.2: Establishing the biofilm growth conditions for the MBEC studies. (A) Photograph of B.
thailandensis strain E555 biofilms grown on the Calgary biofilm device for 72 h. (B) Biofilm biomass
of B. thailandensis strain E555 biofilms in CAMHB (red), LB (blue), or MVBM (green) that had been
quantified using 2% crystal violet. (C) Bacterial density of biofilms represented as colony-forming

units per. The data is representative of 2 independent experiments and the error bars show

standard deviation.
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4.2.2 Investigating antimicrobial activity against B. thailandensis strain E555 biofilms

The antimicrobial activity of 12-bis-THA particles and antimicrobials against B.
thailandensis E555 biofilms were tested using the Calgary biofilm device which is a standardised
assay for examining biofilms. MBECs, values were calculated using non-linear regression analysis
to establish the concentration of a compound that reduced the biofilm biomass by 50% relative to
the untreated control. The MBEC data showed that Co-trimoxazole (CoTMP), an important
antimicrobial used in the treatment of melioidosis, reduced the biomass of B. thailandensis
biofilms to below 50% at all concentrations tested and it was therefore not possible to calculate
an MBECs, value (Figure 4.3). Trimethoprim (TMP), which is a component of CoTMP, showed
moderate activity against B. thailandensis biofilms with an MBECso value of 0.81 pg/mL (Figure
4.3). 12-bis-THA particles also exhibited moderate activity against B. thailandensis biofilms with an
MBECso value of 2.17 pg/mL. Higher concentrations of rifampin (Rif) and tobramycin (Tob) were
required to reduce the biomass of B. thailandensis biofilms at relatively higher concentrations with
MBECso values of 53.32 pug/mL and 100.90 pg/mL respectively (Figure 4.3). Interestingly, biofilms
increased in biomass when incubated with low concentrations of 12-bis-THA particles (1 pg/mL)

or Rif (0.25 — 2 pug/mL) suggesting that they may have a stimulatory effect.
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Figure 4.3: Activity of antimicrobials and 12-bis-THA particles against B. thailandensis strain E555
biofilms. Biofilms were formed using the Calgary biofilm deviced and tested for 24 h before crystal
violet staining and quantification. The values shown are relative to the untreated control. MBECso
values were calculated using Graphpad Prism to perform hill slope non-linear regression. The data

are representative of 2 independent experiments and the error bars show standard deviation.
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The data in Figure 4.3 showed that Rif and Tob displayed poor antimicrobial activity against
B. thailandensis E555 biofilms. We have previously demonstrated that these antimicrobials act
synergistically with 12-bis-THA particles against planktonic B. thailandensis (Chapter 3). Therefore,
we investigated whether the combination of these agents with 12-bis-THA particles could improve
their antibiofilm activity. To do so, we mixed Rif or Tob with 12-bis-THA particles in a 3:1 ratio as
outlined in Chapter 3. For example, 128 pug/mL of CoTMP:12-bis-THA particles contained 128 pg/mL
of CoTMP and 42.7 pug/mL of 12-bis-THA particles.

The CoTMP: 12-bis-THA particles combination showed the best antimicrobial activity
against the B. thailandensis biofilms, reducing them to below 50% of the untreated control. As with
CoTMP evaluated alone, it was not possible to calculate an MBECso value as all recorded values were
less than 50% and no regression could be calculated (Figure 4.4). The TMP: 12-bis-THA particles
combination showed moderate antimicrobial activity against B. thailandensis biofilms and had an
MBECso value of 3.59 ug/mL (Figure 4.4). However, the MBECso value of TMP alone was lower than
the MBECs value of TMP: 12-bis-THA particles which might occur if 12-bis-THA particles stimulate
biofilm formation at low concentrations. The Tob: 12-bis-THA particles and Rif: 12-bis-THA particles
combinations demonstrated similar antimicrobial activity against B. thailandensis biofilms with
values of 7.34 ug/mL and 4.74 pg/mL respectively (Figure 4.4). Both Tob and Rif combinations

showed better antimicrobial activity when compared to Tob and Rif alone (Figure 4.3).
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Figure 4.4: Activity of synergistic combinations against B. thailandensis E555 biofilms. Biofilms
were formed using the Calgary biofilm and tested for 24 h before crystal violet staining and
guanitifcation. The values shown are relative to the untreated control. MBECso values were
calculated using Graphpad Prism to performed hill slope non-linear regression. Data are

representative of 2 independent experiments and error bars show standard deviation.
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The Calgary biofilm device can also be used to investigate the pMIC which is the minimum
concentration of a compound that prevents biofilm shedding. This is observed in the wells of the
treatment plate following the antimicrobial challenge and the pMIC is the lowest concentration that
inhibited visible planktonic growth within the well. Table 4.1 shows the pMIC of the compounds
tested against the B. thailandensis biofilms compared to previously determined MIC values. The
MIC and pMIC of CoTMP, TMP, 12-bis-THA particles, Tob, and all combinations tested were within
one dilution of each other. In contrast, Rif showed a 2 to 16-fold increase in inhibitory concentration
when comparing the MIC and pMIC however this may occur as the MICs were performed in a

different culture media to the pMIC’s (CAMHB and MVBM respectively).

MBECso values were also compared to the pMIC and MIC of antimicrobial compounds. The
MBECso of TMP was lower than both its MIC and pMIC. The MBECs, for 12-bis-THA particles (2.17
pg/mL) was comparable to its MIC and pMIC values which were 2-8 pg/mL and 2-4 pg/mL,
respectively. The MBECso of Tob was 110.90 pug/mL was also comparable to its MIC (128-256 pg/mL)
and pMIC (128 pg/mL). Rif had an MBECsp of 53.32 ug/mL which was higher than its MIC (16-32
pg/mL) but lower than its pMIC (64-256 pg/mL).
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Table 4.1: Comparison of MIC and pMIC of antimicrobials, 12-bis-THA particles, and antimicrobials
against B. thailandensis strain E555. MIC data are representative of at least 3 independent

experiments, and the MBEC and pMIC data are representative of 2 independent experiments.

Compound MiIC pMIC MBECs,
(ng/mL) (ng/mL) (ng/mL)
Co-trimoxazole 2-4 2-4 -
Trimethoprim 8-16 4-8 0.81
12-bis-THA particles 2-8 2-4 2.17
Tobramycin 128-256 128 110.90
Rifampin 16-32 64 - 256 53.32
Tobramycin: 12-bis- 4-8 8 7.34
THA particles
Rifampin: 12-bis- 2-4 8 4.74
THA particles
Trimethoprim: 12- 2 4 3.59
bis-THA particles
Co-trimoxazole: 12- 1 2 -
bis-THA particles
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4.2.3 Microscopic analysis of B. thailandensis strain E555 biofilms expressing RFP
Confocal laser scanning microscopy was used to investigate how 12-bis-THA particles,
either alone or loaded with fluorescently labelled TFD, or rhodamine-TFD conjugates would interact
with B. thailandensis E555 RFP biofilms. Firstly, a time-course study was performed to investigate
the thickness of B. thailandensis E555 biofilms grown on microscope slides in MVBM supplemented
with 50 pg/mL of chloramphenicol for 24, 48, and 72 h. The thickness of the resultant biofilms was
measured following imaging using a Zeiss LSM 800 and data analysis was performed on subsequent

Z-stack experiments using Zeiss Blue software.

The images of the biofilms at the three-time points are shown in Figure 4.5 with the top-
down view and the Z-stack to assess the three-dimensional structure. At 24 h the biofilms displayed
a honeycomb-like structure with a thickness of 3 - 4 um (Figure 4.5) which has previously been
observed before in B. thailandensis and B. pseudomallei (250). By 48 h, this structure was lost as
the biofilms became thicker (measured at 6 - 8 um) and more uniform at the air-surface interface.
At 72 h biofilms displayed three-dimensional structures which are characteristic of mature biofilms.
Analysis of biofilms at 72 h showed that the depth of these structures ranged between 13 and 22
um. For studies investigating interactions between 12-bis-THA particles and biofilms, it is important
that the biofilms are mature enough to visualise both interactions at the surface of the biofilm but
also within the body of the biofilm. Therefore, for the biofilm penetration studies, we used biofilms
grown for 72 h in MVBM to investigate if 12-bis-THA particles could penetrate biofilms to deliver

oligonucleotide TFDs to cells within.
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Figure 4.5: Growth kinetics of B. thailandensis strain E555 expressing RFP in MVBM
supplemented with 50 pg/mL of chloramphenicol. Images were recorded at 24, 48, and 72 h
using a Zeiss LSM 800 confocal microscope. Biofilm Z-stacks were captured using 1 um slices and
the thickness was quantified by Zeiss Blue software. Images were representative of a single
independent experiment and 5 fields of view per slide. Scale bars show 10 um.
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4.2.4 Assessing interactions between empty 12-bis-THA particles and B. thailandensis strain E555
biofilms.

B. thailandensis was grown for 72 h in MVBM to generate biofilms which were then
challenged with 50 pg/mL of 12-bis-THA particles for 15, 30, or 60 minutes. This concentration was
used as the particles were detectable and although above the MBECs, the short duration of the
experiment reduced the likelihood that damage to the biofilm structure would occur. CLSM imaging
was used to determine how particles interacted with the mature biofilm and whether they were
able to penetrate the biofilms. To detect the 12-bis-THA particles the 405 nm laser was used, and
the particles were observed in the blue channel. By merging with the signal from the constitutively
expressed RFP in the bacterial cells in combination with Z-stack analysis it was possible to determine
whether the 12-bis-THA particles were located on the surface of the biofilm or had to any extent

penetrated it.

The micrographs resulting from the time course are shown in Figure 4.6. The top-down
view of the red (RFP), blue (12-bis-THA particles) and merged image are shown, alongside the
merged images of the Z-stack. The cross-sectional images show that the blue fluorescence extends
throughout the biofilm following 15 minutes of incubation (Figure 4.6) Similar observations were
made in the biofilms challenged for 30 and 60 minutes as the blue fluorescence of the 12-bis-THA
particles diffused throughout the biofilm at all time points tested (Figure 4.6). No consistent
changes in biofilm depth were observed suggesting that 12-bis-THA particles did not uncouple the
biofilms from the slide. 12-bis-THA particles may have transfected bacteria on the surface of the
biofilm but it is difficult to tell without the use of a membrane stain. Overall, this data shows that

12-bis-THA particles quickly interacts with and penetrates B. thailandensis biofilms.
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Figure 4.6: Confocal micrographs of B. thailandensis E555 RFP 72 h old biofilms incubated with 50 ug/mL of 12-bis-THA particles. Biofilms were incubated
with 12-bis-THA particles for 15 minutes, 30 minutes, or 60 minutes. Red and blue is representative of bacteria and 12-bis-THA particles respectively. Images
were captured with a Zeiss LSM 800 microscope and represent 5 fields of view from 3 independent experiment. Scale bars show 10 um.
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4.2.,5 Assessing interactions between 12-bis-THA particles loaded with TFD and B. thailandensis
strain E555 biofilms

To investigate if 12-bis-THA particles were a suitable delivery system for oligonucleotide

TFDs against B. thailandensis biofilms a time course experiment was performed. Biofilms grown for

72 h were challenged with 50 pg/mL of 12-bis-THA particles loaded with 5 pg/mL of fluorescently

labelled TFD for 15, 30, and 60 minutes. The RFP-expressing bacteria were observed in the red

channel, the Alexa-488 labelled oligonucleotide TFD were observed in the green channel, and the

fluorescent 12-bis-THA particles were observed in the blue channel (Figure 4.7).

After 15 minutes, the micrographs show that low levels of 12-bis-THA particles loaded with
TFD were detected on the surface of the biofilm where they retained their spherical structure
(Figure 4.7). 12-bis-THA particles (blue) and TFD (green) fluorescence were co-localised suggesting
that they remain associated upon interacting with the biofilm (Figure 4.7). After 30 minutes the
images suggest that the number of loaded 12-bis-THA particles on the surface of the biofilm
increased and started to penetrate the biofilm (Figure 4.7). Most of the green and blue fluorescence
remained co-localised however some diffuse green and blue fluorescence signal was observed
which may suggest that the complex is breaking apart. Following 60 minutes of incubation, cross-
sectional micrographs showed that loaded 12-bis-THA particles penetrated further into the biofilm
(Figure 4.7). As with the previous time point, the green and blue fluorescence signals were
predominantly co-localised with some diffusion of the signal. This data suggests that 12-bis-THA
particles loaded with TFD quickly interact with B. thailandensis biofilms where they slowly break
apart causing the release of TFD. The current data is inconclusive regarding the location of the free

TFD; whether is within the bacterial cell or has otherwise been sequestered by the biofilm matrix.
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Figure 4.7: Confocal micrographs of B. thailandensis strain E555 expressing RFP 72 h old biofilms incubated with 50 ug/mL of 12-bis-THA particles loaded with
fluorescently labelled TFD. Biofilms were incubated with 12-bis-THA particles loaded with Alexa-488 labelled TFD 15 minutes, 30 minutes, or 60 minutes. Red,
blue, and green are representative of bacteria, 12-bis-THA particles, and TFD respectively. Images were captured with a Zeiss LSM 800 microscope and represent

5 fields of view from 3 independent experiment. Scale bars show 10 um.



4.2.6 Assessing penetration of TFD-rhodamine conjugates to B. thailandensis strain E555 biofilms
Due to the cationic and lipophilic nature of rhodamine, a single rhodamine headgroup
conjugated to a TFD may offer an alternative delivery molecule to 12-bis-THA particles (142).
Additionally, the fluorescent nature of rhodamine allows us to use our model to determine any
interactions between the TFD-rhodamine conjugate and B. thailandensis biofilms. Therefore, we
investigated if TFD-rhodamine conjugates were capable of delivering TFD to bacterial biofilms.
Confocal micrographs show no evidence of interactions between biofilms and TFD-rhodamine
conjugates following 15 and 30 minutes of incubation (Figure 4.8). However, at 60 minutes, low
levels of the conjugates were observed on the surface of the biofilm (marked by white arrows in
Figure 4.8). No green fluorescence was observed in the body of the biofilm which suggests that the
TFD-rhodamine conjugate does not penetrate B. thailandensis biofilms following 60 minutes of

incubation.
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Figure 4.8: Confocal micrographs of B. thailandensis strain E555 expressing RFP 72 h old biofilms incubated with 5 pg/mL of rhodamine green
Fur TFD conjugate. Biofilms were incubated with TFD-Rhodamine conjugates for for 15 minutes, 30 minutes, or 60 minutes. Red, and green are

representative of bacteria and TFD-conjugate, respectively. Images were captured with a Zeiss LSM 800 microscope and represent 5 fields of view
from 1 independent experiment. Scale bars show 5 um.
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4.2.7 The physical properties of 12-bis-THA particles alone or loaded with fluorescently labelled
TFD

DLS was performed to investigate the physical characteristics of both empty and loaded 12-

bis-THA particles. The correlograms of particles formed from (Figure 4.9A) 12-bis-THA particles or
(Fig 4.9B) 12-bis-THA particles loaded with TFD showed smooth curves with a steep intercept
suggesting that these particles are homogenous and free from large aggregates. The correlograms
were used to calculate the hydrodynamic diameter of the particles using the Stokes-Einstein
equation which is expressed as the z-average. Empty 12-bis-THA particles have a z-average of 169.8
+ 4.3 nm whereas those loaded with TFD had a z-average of 208 + 63.3 nm (Figure 4.9C) By
measuring the polydispersity index of both samples, the data showed that empty 12-bis-THA
particles (0.11) were more monodispersed than 12-bis-THA particles with TFD (0.21) suggesting that
the latter forms two or more populations of particles that exhibit different diffusion characteristics.
As expected, empty 12-bis-THA particles were cationic under these ionic conditions with a zeta-
potential value of 35.4 + 0.4 mV. In contrast, when loaded with TFD the zeta-potential was 18.8 +
0.7 mV which is consistent with the oligonucleotide shielding some of the positive charge of the 12-

bis-THA headgroup.
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Figure 4.9: Physical properties of 12-bis-THA particles in water. Correlograms of (A) 12-bis-THA

particles alone and (B) 12-bis-THA particles loaded with 5 ug/mL of TFD. (C) The size, polydispersity,

derived count rate of 12-bis-THA particles alone or in combination with 5 pg/mL of TFD.
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DiSCuUsSION

4.2.8 Investigating the antimicrobial properties of compounds against B. thailandensis strain E555
biofilms

Before studying the antimicrobial activity of compounds against B. thailandensis biofilms,

we first investigated the growth conditions required to produce biofilm formation. To do so, we
investigated the longitudinal biofilm formation of B. thailandensis E555 in two nutrient-rich media
(CAMHB and LB) and one minimal media (MVBM). The aim of this was to identify conditions that
would stimulate biofilm formation with the resultant biofilm film displaying a bacterial density
similar to that found in an MIC assay (5 x 10° CFU/mL) to allow for a meaningful comparison of
values. The data showed that B. thailandensis formed biofilms in all media tested. Those grown in
nutrient-rich media showed a greater biomass and bacterial density compared to those grown in
minimal media. Biofilms grown in MVBM minimal media had a bacterial density of ~10° CFU/peg at
24 and 48 h which increased to ~10® CFU/peg at 72 h, and also displayed low (~0.67 + 0.2 ODsgs) but
stable biomass across all of the time points. B. thailandensis E555 biofilms grown in MVBM for 24
h were taken forward for antimicrobial testing as the bacterial density of these biofilms most closely

resembled that starting inoculum of a broth microdilution MIC plate.

Next, we investigated the antimicrobial activity of 12-bis-THA particles alone, 12-bis-THA
particles in combination with antimicrobials, and antimicrobials on biofilms grown for 24 hin MVBM
using the Calgary biofilm method. The data showed that CoTMP demonstrated the best
antimicrobial activity against B. thailandensis biofilms. It was not possible to calculate MBECso
values for this compound as the biofilm biomass was reduced below 50% (relative to the untreated
control) at the lowest concentration tested. It is unlikely to be an artifact and a result of an
undergrown control as all controls grew to an anticipated optical density of approximately 0.6
ODsoo. Similar observations were made when calculating the MBECs, value of TMP (0.81 pg/mL)
which was lower than its MIC (2 — 4 pg/mL). Unlike other findings in this study, the MBECso values
of CoTMP and TMP were lower than the MIC. The reason for this is not fully understood however
Pibalpakee et al have shown that CoTMP can diffuse through B. pseudomallei biofilms unimpeded
by the EPS (239). It may be that CoTMP and TMP can exact good antimicrobial activity against B.
thailandensis biofilms as their penetration is not slowed by the matrix of the biofilm. Alternatively,
the mechanism of TMP and CoTMP may be important in their activity against biofilms. Both
compounds inhibit folate synthesis which is an essential precursor in DNA synthesis (251). As eDNA
is animportant component of Burkholderia biofilms, these compounds may prevent the production

of DNA which could be exported into the EPS resulting in a structurally smaller biofilm or a biofilm
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with a different EPS composition (230,231) . This could be further studied using mass spectrometry

to determine the composition of biofilms before and after TMP or CoTMP treatment.

Our findings of CoTMP activity against B. thailandensis biofilms are considerably different
from previously published findings investigating B. pseudomallei biofilms. Sawasdidoln et al
showed that CoTMP had an MBEC of >128 ug/mL (234). Differences in MBEC values may occur due
to biological differences between the species. Alternatively, Sawasdidoln et al used a different
method to record MBEC values where treated biofilms are rinsed in PBS and transferred to a plate
containing MHB and grown for 24 h at 37 °C. Sawasdidoln et al defined the MBEC as the absence of
bacterial growth when removing the pegs from treatment to nutrient-rich media for 24 h. It is
unlikely that the disparity between findings is due to species variation as Anutrakunchai et al show
similar MIC, pMIC, and MBEC values using this method when comparing B. thailandensis and B.
pseudomallei (252). The method used by Sawasdidoln et al defines the MBEC as total chemical
sterilisation of the pegs. It is high throughput but low resolution as it does not detect changes in the
bacterial density or in the biomass of biofilms following treatment. The differences between our
findings and those of Sawasdidoln et al is most likely due to methodological differences as both
studies measure different endpoints and have different definitions of MBEC. The method used in
our study quantifies changes in the biomass of B. thailandensis biofilms following treatment using
crystal violet staining. This has provided further information on whether compounds can reduce the
biomass of biofilms and if they stimulate biofilm formation at sub-inhibitory concentrations. The
caveat of this approach is that a reduction in biomass is not representative of changes in bacterial
viability and therefore future studies are required to investigate the antimicrobial activity of the

MBECso values when measuring CFUs as an endpoint.

The data in Figure 4.3 and 4.4 suggests that low concentrations of 12-bis-THA or Rif may
stimulate the formation of biofilms in B. thailandensis. This phenomenon has been observed in both
Gram-negative and Gram-positive species (253). For example, the growth or expansion of P.
aeruginosa biofilms has been observed in response to aminoglycosides (254) whereas Rif can
stimulate biofilm formation in S. aureus (255). An increase in biofilm biomass can occur as a non-
specific defense mechanism against sub-inhibitory concentrations of antimicrobials possibly due to
the increased production of matrix components. eDNA is an important component of bacteria
biofilms as it contributes to biofilm structure and adhesion. Ranieri et al propose that eDNA may
drive biofilm formation at sub-inhibitory concentrations when some of the bacterial cells die
resulting in the release of their cytoplasmic contents (256). Some bacterial species such as P.
aeruginosa undergo explosive lysis in response to antimicrobials which can result in the release of

eDNA into the extracellular milieu (257). Oxidative stress has also been shown to stimulate biofilm
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formation in multiple bacterial species (258—260) and may be driven through the initiation of the
stringent stress response by the secondary messenger molecule c-di-GMP (261). In Burkholderia
species, eDNA is an important component of the biofilm formation which facilitates the initial
attachment of biofilms to a surface and later act as a scaffold supporting the three-dimensional
structure of the biofilm (230,231). 12-bis-THA particles may reduce biofilm biomass by binding to
the eDNA and displacing it causing the biofilm to disconnect from the surface. Exporting more eDNA
by B. thailandensis may prevent biofilm uncoupling from occurring at low concentrations of 12-bis-
THA particles. In addition, the proteomic data set (Chapter 5) showed an increase in the abundance
of oxidative stress proteins. Whilst no change in the proteins involved with the stringent response
was observed, B. thailandensis may increase biofilm production in response to drug stress

independently of c-di-GMP signalling.

The different combination therapies showed modest antimicrobial activity against B.
thailandensis biofilms. The CoTMP combination showed the greatest antimicrobial activity of the
combinations tested. Like CoTMP alone, the MBECso of CoTMP: 12-bis-THA particles was
incalculable as biofilm biomass was below 50% at the lowest concentration tested which was 0.25
pg/mL. The TMP combination also demonstrated good activity with an MBECs, of 3.59 pg/mL which
was higher than TMP alone (0.81 pg/mL) and more similar to 12-bis-THA particles alone (2.17
pg/mL). The Tob: 12-bis-THA particles and Rif: 12-bis-THA particles combinations showed modest
activity with MBECsp values of 7.34 ug/mL and 4.74 pg/mL, respectively. Itis unclear if the synergy
between the 12-bis-THA particles and the antimicrobials is retained against B. thailandensis

biofilms.

The antimicrobial activity of CoTMP:12-bis-THA particles and CoTMP was similar suggesting
that there was no synergistic effect by combining the treatments however this was at the lower end
of the tested concentrations. Further studies are required to investigate changes in bacterial density
in response to the combinations to establish whether the compounds retain the synergistic effect
observed in Chapter 3. Despite inconclusive data regarding potential interactions between the two
compounds the data showed that low concentrations of CoTMP:12-bis-THA particles did not cause
an increase in biofilm biomass at the concentrations tested unlike 12-bis-THA particles alone.
Conversely, the TMP:12-bis-THA particle combination showed an increase in MBECs, when
compared to TMP alone. The 12-bis-THA particles component was at 1.20 pug/mL at the MBECsp
concentration of TMP: 12-bis-THA particle (3.59 pg/mL). The increase in MBECso for TMP:12-bis-
THA particles when compared to TMP alone (0.81 pg/mL) may occur if low concentrations of 12-
bis-THA particles stimulated biofilm growth. It is therefore unclear if TMP and CoTMP affect the

biomass of biofilms by preventing DNA synthesis and concomitant export of eDNA to the EPS.
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Further investigations are required to determine the EPS composition following treatment with

these compounds.

Rif: 12-bis-THA particles and Tob: 12-bis-THA particles combinations had MBECs, values of
4.74 pg/mL and 7.34 pg/mL, respectively, and showed greater activity when compared to their
monotherapies. However, it is unclear whether this is synergy or demonstrates antimicrobial
activity of 12-bis-THA which would be present 1.58 pg/mL or 2.45 pg/mL in the MBECs
concentrations of Rif:12-bis-THA particles and Tob:12-bis-THA particles. Interactions between 12-
bis-THA particles and antimicrobials could be studied by treating mature biofilms with MBECs,
concentrations of the synergy combinations alongside the calculated concentrations of the
monotherapies. For example, to investigate synergy between Rif and 12-bis-THA particles biofilms
would be incubated with 4.74 pg/mL of Rif: 12-bis-THA particles, 4.74 ug/mL of Rif alone, or 1.58
pg/mL of 12-bis-THA particles alone. After 24 h, the CFUs/peg could be determined to allow for the
comparison of treatments. As with the time-kill studies in Chapter 3, synergy could be defined as a

>2 logio reduction in CFUs relative to the most active monotherapy.

Using the Calgary biofilm method, we also identified the concentrations of each compound
that inhibited the shedding of B. thailandensis biofilms which is termed planktonic MIC and is
referred to as pMIC. There was considerable overlap between the pMICs of most compounds tested
and their MICs which had been previously determined using the broth microdilution method. This
is consistent with findings by Anutrakunchai et al who only identified a difference in the MIC and
pMIC of doxycycline in B. thailandensis and B. pseudomallei from a panel of clinically relevant
antimicrobials (252). In comparison, Khan et al demonstrated that the pMIC of TMP was 1000-fold
higher than the MIC in B. thailandensis. Our data showed no difference in the pMIC and MIC of TMP
against B. thailandensis (4-8 pg/mL and 8-16 pg/mL, respectively) (243). This could be due to
methodological difference as Khan et al grew biofilms for 24 h in nutrient-rich media and likely had
a greater bacterial density compared to our biofilms grown in minimal media. Our data showed that
the pMIC of rifampin was up to 8-fold higher than its MIC. Isogenic bacterial biofilms are known to
be highly heterogenic and contain persister cells that are metabolically and transcriptionally
dormant. A release of a subpopulation of persister cells into the media containing rifampin may
account for an increase in pMIC. Alternatively, dispersal of the biofilm containing viable bacteria

and biofilm matrix may cause an increase in optical density resulting in an artificial increase in pMIC.
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4.2.9 12-bis-THA particles as a delivery molecule for TFD against biofilms.

Bacteria within a biofilm are resistant to antimicrobials due to multiple factors. One is that the
EPS matrix provides a physical barrier that limits drug penetration by either slowing its diffusion or
preventing the drug from reaching the bacteria. Therefore, we used confocal microscopy to
investigate if empty 12-bis-THA particles or loaded with TFD were able to penetrate B. thailandensis
biofilms and accumulate in bacterial cells. To do so, we firstly investigated the conditions required
to grow mature B. thailandensis biofilms for imaging. Multiple studies have shown that Burkholderia
species including B. cenocepacia (262,263), B. pseudomallei (264), and B. thailandensis (252) grow
biofilms on glass slides and coverslips. In our study, biofilms were grown on poly-d-lysine coated
microscopy slides in MBVM media supplemented with 50 pg/mL of chloramphenicol for 24, 48, and
72 h. A genetically modified strain of B. thailandensis E555 expressing red fluorescent protein was
used to visualise bacterial structures using CLSM. The data showed that B. thailandensis biofilms
increased in-depth in a time-dependent manner. At 72 h the biofilms were between 13 and 22 um
deep and exhibited three-dimensional structures that were consistent with those observed in the
literature (446, 447). This suggests that B. thailandensis biofilms grown for 72 h are a suitable model
to test interactions between 12-bis-THA particles (alone or loaded with TFD cargo) against

Burkholderia biofilms.

Mature B. thailandensis biofilms were challenged with 50 ug/mL of 12-bis-THA particles alone,
50 pg/mL of 12-bis-THA particles loaded with 5 pg/mL of fluorescent TFD, or 5 pg/mL of a TFD-
rhodamine conjugates Biofilms were incubated with these treatments for 15, 30, or 60 minutes
before imaging to determine time-dependent changes. In all cases, regardless of treatment, the
biofilm depth did not consistently change suggesting that the compounds did not cause uncoupling
from the slide through the displacement of anionic EPS components (i.e eDNA). Microscopy images
showed that empty 12-bis-THA particles rapidly penetrated the B. thailandensis biofilm as blue
fluorescence was observed to span the depth of biofilms at all time points. In contrast, 12-bis-THA
particles loaded with TFD interacted with the biofilm in a time-dependent manner. Following 15
minutes, loaded 12-bis-THA particles interacted with the surface of the biofilm whereas, at 30 and
60 minutes, the loaded 12-bis-THA particles proceeded to penetrate the biofilm. Interestingly, 12-
bis-THA particles loaded with TFD retained their three-dimensional, particulate structure both on
the surface and within the biofilm, unlike 12-bis-THA particles alone which were observed as a
diffuse signal. This may imply that 12-bis-THA particles loaded with TFD penetrate the biofilm as a
particle that proceeds to slowly dissociate unlike 12-bis-THA alone which may break apart upon

entering the biofilm.
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Rhodamine is an amphiphilic, potentiometric dye that has previously been shown to deliver
pDNA to mitochondria (142). TFD-rhodamine conjugates have also been shown to have good
transfection capability in E. coli and P. aeruginosa. Therefore, we investigated whether TFD-
rhodamine conjugates were capable of penetrating B. thailandensis biofilms. Confocal micrographs
showed that TFD-rhodamine conjugates did not interact with the biofilms at 15 and 30 minutes and
only weakly interacted with the surface of the biofilm at 60 minutes. No penetration of TFD into the
biofilm was observed at any time point. This may occur as the DNA oligonucleotide component
holds multiple negative charges which are masked when combined with 12-bis-THA particles.
Rhodamine may be insufficient at masking the charge with the resulting molecule exhibiting a net

anionic charge which has been shown to slow or even prevent biofilm penetration (266).

The limited resolution makes it challenging to determine whether the 12-bis-THA particles
or the TFD is within the cytoplasm of bacteria or the EPS. Some evidence suggests that 12-bis-THA
particles, when given alone, are internalized by bacteria on the surface of the biofilm after 30
minutes. No evidence of TFD transfection, either delivered by 12-bis-THA particles or the rhodamine
group, was observed at any of the time points. The images did show that the loaded 12-bis-THA
particles penetrated and diffused within the main body of the biofilm slower than empty 12-bis-
THA particles. It would be interesting to determine the location of both 12-bis-THA particles and
TFDs to understand which EPS component could be limiting TFD transfection. For example, eDNA
may limit the transfection of 12-bis-THA particles due to its polyanionic charge. Interactions
between these could be observed by staining biofilm eDNA with the fluorescent stain TOTO-3 and
measuring co-localisation (230). Alternatively, cationic polysaccharides in the EPS may sequester
and prevent TFD transfection. This is challenging when using fluorescence microscopy as lectin
stains, which have been used to stain polysaccharides in biofilms, are non-specific and generally
give poor resolution (230,262). A potential alternative to this approach is to directly measure the
binding of TFD to purified biofilm EPS such as cepacian or eDNA using isothermal titration
calorimetry. Additionally, the development of a reporter strain could help determine if the TFD is
in the cytoplasm or the extracellular matrix. This could be produced by transforming B.
thailandensis, which is naturally competent (448), with a plasmid that constitutively expressed a
reporter gene such as LacZ (in the presence of Isopropyl B-D-1-thiogalactopyranoside), or with a

reporter plasmids that had been optimised for constitutive expression in BCC species (449).

A clear difference in biofilm penetration was observed when comparing 12-bis-THA particles
alone and 12-bis-THA particles loaded with TFD. Therefore, we performed DLS analysis on both
combinations to investigated differences in their physical properties. Biofilms generally exhibit a

net anionic charge due to EPS components and the negatively charged bacterial membrane.
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Therefore, particle charge is an important factor that controls the interactions between
nanoparticles and biofilms and cationic molecules are more likely to interact compared to negative
and neutrally charged particles (247-249). Li et al have shown that neutral and anionic quantum
dots (nanoparticles with a diameter between 7.5 and 24 um) did not interact with E. coli biofilms
following 1 h of incubation whereas cationic quantum dots both penetrated and diffused within the
biofilm (248). The DLS data showed that particles formed of 12-bis-THA particles alone and those
loaded with TFD were similar in size (169.8 nm vs 208.1 nm) however 12-bis-THA particles were
more positively charged than those loaded with TFD (35.4 mV and 18.8 mV, respectively). Both
exhibited a cationic charge which is likely the driving force behind the penetration of B.
thailandensis. Interestingly, confocal microscopy showed that empty 12-bis-THA particles were
diffuse within the biofilm which is comparable to findings by Li et al. 12-bis-THA particles loaded
with TFD also penetrated the biofilm and diffused although at a lesser extent which may be due to
its lower zeta-potential. Size is also a contributing factor when considering the penetration of
nanomedicines against biofilms. Forier et al have shown that size is the main contributory factor
governing the penetration of negatively charged polystyrene particles and liposomes into P.
aeruginosa and B. multivorans biofilms (267). In the case of 12-bis-THA particles it is more likely

that charge plays the most significant role in driving biofilm interaction and penetration.

To conclude, 12-bis-THA particles showed promising anti-biofilm activity against B.
thailandensis E555 biofilms and potentially sensitized the biofilms to tobramycin and rifampin.
Penetration studies using confocal microscopy showed that 12-bis-THA particles, alone or loaded
with TFD, rapidly interacted and penetrated B. thailandensis biofilms however 12-bis-THA particles
loaded with TFD showed a lower degree of diffusion. This may occur as loaded particles are less
cationic than their empty counterpart. Future studies will explore the biofilm penetration
characteristics of 12-bis-THA particles analogues with varying physical properties, such as size,
charge, and hydrophobicity, to identify a compound that more readily diffuses through bacteria

biofilms.
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CHAPTER 5 - MULTI-OMIC ANALYSIS OF THE 12-BIS-THA STRESS
RESPONSE IN B. THAILANDENSIS
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5.1 INTRODUCTION

Empty 12-bis-THA particles demonstrated antimicrobial activity against B. thailandensis and
BCC species. Their mechanism of action is not fully understood but is believed to be multifarious.
Studies by Marin-Menéndez et al and Montis et al have shown that the internalisation of 12-bis-THA
particles and their TFD cargo is driven, at least in part, through electrostatic interactions with the
conserved, prokaryote-specific membrane components cardiolipin and lipopolysaccharide (LPS)
(132,137). Cardiolipin is an important component of the bacterial inner membrane and mitochondria
membrane where it is associated with respiration. It supports the activity of respiratory complexes
that are responsible for synthesising adenosine triphosphate (ATP) through oxidative

phosphorylation.

Dequalinium is a structurally similar molecule to 12-bis-THA that inhibits respiratory
complexes in mitochondria (268) and bacteria (269,270). It has been proposed that dequalinium
inhibits bacterial growth by destabilisation of the outer membrane resulting in a loss of enzyme
function and the precipitation of nucleic acids (271). The mechanism of action of 12-bis-THA has not
been fully characterised but is anticipated to be similar to that of dequalinium. Di Blasio et al have
shown that 12-bis-THA particles form transient pores within artificial membranes and induce changes
in proton motive force (PMF) of the bacterial membrane (138). Additionally, the tricyclic headgroup
of the 12-bis-THA monomer intercalates with DNA which is consistent with the proposed mechanism

of dequalinium.

In Chapter 3, time-kill studies showed that, following incubation of 12-bis-THA particles, B.
thailandensis regrew at 24 h suggesting that bacteria may adapt and recover. As the mechanism of
action is unclear, it is difficult to predict pathways that facilitate this possible adaption. Interestingly,
a time-kill study showed that, despite an initial reduction in bacterial density, cultures incubated with
tobramycin and 12-bis-THA also regrew by 24 h despite clear synergy at early time points (3 and 6 h).
This may suggest that tobramycin and 12-bis-THA share similar adaption mechanisms which may
include the overexpression of efflux pumps (272), LPS modifications (273), or shifts in central
metabolism (200). The purpose of 12-bis-THA particles is to act as a delivery platform for TFD
antimicrobials to the bacterial cytoplasm where they selectively inhibit the target transcription factor.
There is particular interest in adaption mechanisms that involve the regulation of bacteria membrane
components as the loss or modification of these may result in a reduction in the ability of 12-bis-THA

particles to deliver TFD.

Untargeted ‘omic approaches such as transcriptomics, proteomics, and metabolomics are

useful techniques to assess global biological changes in response to stimuli. For example, RNA-seq is
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used to measure changes at an mRNA level in response to stimuli (274,275). RNA-seq is a powerful
technique that gives broad coverage and is sensitive to subtle changes in mRNA transcript levels.
However, a potential issue of this technique is that it is not completely representative of a phenotype
as not all mRNA is translated into protein (276). Alternatively, NMR based metabolomics methods can
be used to measure global changes in the concentration of cytoplasmic (fingerprint) (147) and
extracellular (footprint) metabolites (277). This can be associated with a phenotype, however, this
approach may not be useful on its own as it provides little insight into the pathways associated with
the identified metabolic products. Proteomic methods such as label-free quantification (LFQ) and
isobaric tagging provide insight into changes at a protein level which can be more closely associated
with a phenotype compared to RNA-seq and identify which pathways are induced. Untargeted
proteomics methods have their own drawbacks as they have lower coverage than RNA-seq.

Additionally, LFQ methods do not identify changes in protein activity but rather their abundance.

In this chapter, LC-MS/MS based proteomics and NMR based metabolomics were utilised to
provide insight into the mechanism of action of 12-bis-THA against B. thailandensis E555 to address

the following questions:

e Do 12-bis-THA particles inhibit bacterial respiratory chains like its parental molecule

dequalinium?
e Are antimicrobial resistance pathways induced by 12-bis-THA particles?

e Do 12-bis-THA particles induce pathways associated with membrane changes?
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5.2 RESULTS

5.2.1

12-bis-THA particles delay the growth of mid-log B. thailandensis cultures

Mid-log phase cultures of B. thailandensis were incubated with 0.1X MIC (0.8 pg/mL) and

1X MIC (8.0 ug/mL) of 12-bis-THA particles and grown for a further 2.5 h (Figure 5.1). No significant

difference in growth was observed between untreated bacteria and those challenged with 0.1X MIC

of 12-bis-THA particles. Bacteria challenged with 1X MIC of 12-bis-THA particle demonstrated a

significant delay in growth at 1 (p = <0.05) and 2 (p = <0.01) h post-exposure however, there was

no significant difference at 2.5 h.
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Figure 5.1: The impact of 12-bis-THA on mid-log cultures of B. thailandensis
E555. Blue, pink and red lines represent untreated cultures or those
incubated with 0.1X MIC (0.8ug/mL) or 1X MIC (8.0 pg/mL) of 12-bis-THA
particles respectively. The time point marked with the arrow represents the
addition of 12-bis-THA particles. Error bars show standard deviation and
statistical significance was determined using a two-way ANOVA with a
Bonferroni post-hoc test where *P < 0.05 and **P < 0.01. Data shows 3

independent replicates.
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5.2.2 Processing, visualisation, and statistical analysis of the proteomic data set

To investigate the mechanism of action of 12-bis-THA particles on B. thailandensis, the
proteomes of bacteria that had been incubated with water (hereafter termed untreated), 0.1X MIC,
or 1X MIC of 12-bis-THA particles were analysed by the Bristol proteomics facility using TMT labelled
MS3 proteomic analysis. Mass spectra were assigned to the appropriate protein using Proteome
Discoverer. For this step, the mass spectra were mapped to the B. thailandensis strain E264 Uniprot
database as the B. thailandensis E555 database was incomplete at the time of analysis. A total of
3150 B. thailandensis proteins were identified from a total of 5565 proteins giving a 56.6%

proteome coverage.

Data visualisation and statistical analysis were performed on the Proteome Discoverer outputs
using Perseus. Imputation was performed on the B. thailandensis proteomic data sets and is a
technique that is used when proteins are identified in some technical replicates but not others.
Histograms show data that are present in the proteomics data set in blue and missing values in
orange (Figure 5.2). The low levels of orange within Figure 5.2 indicates a low amount of missing

data when comparing biological and technical replicates of the proteomic data set.
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Figure 5.2: Imputation of missing values in the proteomics data set. Data present are plotted
in blue whereas missing values that were computationally generated are plotted in orange.
Imputation of missing values and generation of histograms was performed by Perseus.

Principal component analysis (PCA) plots were generated to assess the similarity of the
proteomics data sets (Figure 5.3). The PCA plots show that the proteomics data sets separate into
three distinct groups based on their growth conditions. The proteomes of bacteria incubated with
1X MIC of 12-bis-THA particles clustered far from untreated bacteria and those treated with 0.1X
MIC of 12-bis-THA particles. The proteomes of bacteria challenged with 0.1X MIC of 12-bis-THA
particles or those that were incubated with water clustered closely together. This suggests that 1X
MIC of 12-bis-THA particles induces a stronger change in protein abundance compared to 0.1X MIC

of 12-bis-THA particles when compared with the water control.
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Figure 5.3: Principal component analysis (PCA) plots of the proteomics data set. Green dots

represent the proteomes of untreated B. thailandensis whereas the pink and red dots represent the

proteomes of bacteria incubated with 0.1X MIC 12-bis-THA particles or 1X MIC of 12-bis-THA particles

respectively. PCA plots were generated using Perseus.

Multi-scatter plots were produced to investigate the reproducibility of data generated from
individual replicates (Figure 5.4). The plots shows that proteins found in different independent
experiments of the same treatment group were highly reproducible as they exhibited high
Spearman's rank correlation values (> 0.995). A high degree of similarity was observed between the
proteomes of untreated bacteria and those challenged with 0.1X MIC of 12-bis-THA particles (>
0.991) however this was slightly reduced when comparing the proteomes of untreated bacteria
with those treated with 1X MIC of 12-bis-THA particles (< 0.910). Additionally, similar Spearman
rank correlation values were observed when comparing the proteomes of bacteria treated with 1X
MIC of 12-bis-THA particles to those treated with 0.1X MIC of 12-bis-THA particles (< 0.922). The
multi-scatter plots show similar findings to the PCA plot which suggest that the proteomes of
untreated bacteria and those treated with 0.1X MIC of 12-bis-THA particles are highly similar. A
slightly lower correlation was observed in those treated with 1X MIC of 12-bis-THA particles

suggesting substantial changes in protein abundance.
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Figure 5.4: Multi-scatter plots of all proteomic data sets showing the correlation between technical
and independent experiments. Numerical values are representative of Spearman's rank correlation

values which were calculated using Perseus.
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Perseus was used to determine significant changes in protein abundance which were
visualised using volcano plots (Figure 5.5). Significance was determined using a two-sample t-test
followed by the Bonferroni post-hoc test to limit the number of false-positive data points and a
false detection rate (FDR) of 0.01 and an SO value of 1 was used. These robust statistical parameters

were selected to ensure strong confidence in the findings of the proteomics assay.

No significant changes in protein abundance were identified when comparing the proteome
of B. thailandensis strain E555 treated with 0.1X MIC of 12-bis-THA particles with the untreated
control (Figure 5.5A). This is consistent with the growth curve (Figure 5.1) which showed no
difference between the bacteria incubated with 0.1X MIC of 12-bis-THA particles compared to the
untreated group at any time point. Additionally, the PCA plot (Figure 5.3) and the multi-scatter plot

(Figure 5.4) showed that the proteomes of these two groups are highly similar.

In contrast, 139 proteins increased in abundance and 671 proteins decreased in abundance
when comparing the proteomes of B. thailandensis strain E555 incubated with 1X MIC of 12-bis-
THA particles with the untreated control (Figure 5.5B). This is consistent with the growth curve
which showed that 1X MIC of 12-bis-THA particles significantly delayed the growth of mid-log
cultures of B. thailandensis for 2 h (Figure 5.1) in addition to the variation observed in the PCA

(Figure 5.3) and multi-scatter plots (Figure 5.4).
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Figure 5.5: Volcano plots showing changes in protein abundance in B. thailandensis following
incubation with 12-bis-THA particles. (A) shows the proteome of bacteria treated with 0.1X MIC of
12-bis-THA particles compared to the untreated control. (B) shows the proteome of bacteria treated
with 1X MIC of 12-bis-THA particles compared to the untreated control. Data points in green
represents a significant increase in protein abundance whereas data points in red show a significant

reduction in protein abundance. Fold change significance was determined using FDR of 0.01 and an

SO value of 1.
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5.2.3 12-bis-THA particles induce a shift in central metabolism from sugar to fatty acid
metabolism

The proteomic data set was manually interrogated to identify pathways that were
differentially abundant in response to 12-bis-THA particles compared to the untreated control. All
data showing changes in the protein abundance is recorded on a Log; scale. Table 5.1 shows that
12-bis-THA particles caused changes in the abundance of proteins of central metabolism. Four
proteins involved in glycolysis were identified and two significantly decreased in abundance
(BTH_I10415: -1.25-fold, BTH_11085: -0.96-fold). In addition, four proteins involved in B-oxidation
were identified and all increased in abundance (BTH_I0564: 1.69-fold, BTH_l0565: 1.89-fold,
BTH_10566: 1.57-fold, BTH_l0567: 1.00-fold). Several proteins involved with the tricarboxylic acid
(TCA) cycle had increased in abundance in response to 1X MIC of 12-bis-THA particles. a-
ketoglutarate dehydrogenase (SucAB) were both significantly increased by 0.89-fold. Components
succinyl coenzyme A synthetase (SucCD) were increased 0.46-fold and 0.47-fold however these
were not significant as this was below the cut-off for minimum fold change. AceA and AceB, which
are enzymatic components of the glyoxylate cycle, were identified with AceA which deceased in
abundance 1.33-fold. AceB also deceased in abundance 0.62-fold however this was also below the

minimum fold change cut-off for significance.
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Table 5.1: Changes in the abundance of proteins associated with central metabolism identified in
the B. thailandensis proteomics data set. Fold changes in bold represent statistical significance using
the volcano statistics FDR - 0.01 and SO - 1.

Fold change
(Log:)
Accession Protein name Gene 0.1X 1X
number MiC MicC
Glycolysis Q2SYG4 Phosphoglucomutase | BTH_11489 -0.16 -0.39
Q27884 6- BTH_I110415 0.04 -1.25
phosphofructokinase

Q25759 Phosphoglycerate BTH_11243 0.17 0.36

mutase
Q2szL1 Phosphoglycerate BTH_11085 -0.21 -0.96

mutase
B-oxidation Q27128 acyl-CoA BTH_l0564 0.002 1.69

dehydrogenase
domain-containing

protein
Q21125 Enoyl-CoA hydratase BTH_I0567 0.14 1.00
Q21127 3-hydroxyacyl-CoA BTH_I0565 0.06 1.89

dehydrogenase
Q27126 Acetyl-CoA BTH_l0566 0.08 1.57
acetyltransferase

TCA cycle Q27712 Mdh1 BTH_110658 0.07 -0.03
Q274718 Mdh2 BTH_I11671 -0.13 -0.79
Q271715 GItA BTH_I10665 0.06 0.47
Q2T7J6 AcnA BTH_I10654 -0.04 0.04
Q27014 led BTH_I0759 -0.07 0.14
Q2SVH6 SucA BTH_I12556 -0.03 0.89
Q2SVH7 SucB BTH_12555 -0.08 0.89
Q2ToU7 SucC BTH_l0646 0.02 0.46
Q2T0OU6 SucD BTH_10647 -0.08 0.47
Glyoxylate Q25X27 AceA BTH_11998 -0.24 -1.33
bypass Q2SX31 AceB BTH_11994 -0.13 -0.62
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5.2.4 12-bis-THA particles may suppress bacterial respiratory complexes
Changes in glycolysis, beta-oxidation and TCA cycle would likely cause changes in downstream
metabolism therefore we interrogated the proteomic data set to identify changes in the abundance
of protein subunits from respiratory complexes. Fourteen protein subunits of respiratory complex
I, termed NADH dehydrogenase, were identified in the proteomic data however no change in

protein abundance was observed in response to either concentration of 12-bis-THA particles. (Table

5.2)
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Table 5.2: Protein subunits of respiratory complex | (NADH dehydrogenase) identified in the B.

thailandensis proteomics data set. Fold changes in bold represent statistical significance using the

volcano statistics FDR - 0.01 and SO - 1.

Fold change
(Log2)
Accession Protein name Gene 0.1X 1X
number

MIC MiIC

Q2SZN5 NuoA BTH_l1061 -0.14 0.30

Q2SZN4 NuoB BTH_11062 -0.05 0.58

Respiratory Q2SZN3 NuoC BTH_I1063 -0.04 0.35

complex |

Q2SZN2 NuoD BTH_l1064 -0.02 0.58

Q2SZN1 NuoE BTH_I1064 -0.06 0.49

(Type | NADH
Q2SZNO NuoF BTH_11066 -0.06 0.57
dehydrogenase)
Q2SZM9 NADH-quinone BTH_11067 -0.05 0.62
oxioreductase

Q2SZM8 NuoH BTH_11068 -0.09 -0.26

Q2SZM7 Nuol BTH_11069 -0.13 0.42

Q2SZM6 Nuol BTH_11070 -0.16 0.58

Q2SZM5 NuoK BTH_ 11071 -0.30 0.38

Q2SZM4 NuolL BTH_11072 -0.14 0.39

Q2SZM3 NuoM BTH_11073 -0.08 0.18

Q2SZM2 NuoN BTH_I1074 -0.16 0.46

114



Five protein subunits of respiratory complex Il (succinate dehydrogenase) were identified in
the proteomic data set which showed that respiratory complex Il was not affected by 12-bis-THA
particles. BTH_110362 is annotated as succinate dehydrogenase subunit B which contains Fe-S
clusters that are reduced by FADH2. BTH 110362 was the only protein that was differentially
abundant and deceased in abundance 1.66-fold following incubation with 1X MIC of 12-bis-THA
particles (Table 5.3).
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Table 5.3: Protein subunits of Respiratory complex Il (succinate dehydrogenase) identified in the
B. thailandensis proteomics data set. Fold changes in bold represent statistical significance using

the volcano statistics FDR - 0.01 and SO - 1.

Fold change

(Log>)

Accession Protein name Gene 0.1X 1X

number
MIC MIC

Q2770 succinate BTH_110660 -0.05 -0.09
dehydrogenase,
cytochrome
b556 subunit
(Likely SdhC)

Respiratory Q27719 succinate BTH_110661 -0.16 -0.21
complex Il dehydrogenase,
hydrophobic
membrane
(Succinate anchor protein

reductase)

Q27718 SdhA BTH_110662 -0.01 0.11

Q27717 SdhB BTH_I10663 -0.02 0.01

Q2T8D7 succinate BTH_110362 -0.33 -1.66
dehydrogenase

subunit B
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Three proteins from respiratory complex Ill (cytochrome c reductase) were identified in the
proteomics dataset and all deceased in abundance following incubation with 1X MIC of 12-bis-THA
particles (Table 5.4). PetA is the protein subunit that contains the Rieske center (278) and deceased
in abundance 2.03-fold. Cytochrome c1, the sequential next step in trafficking electrons to
cytochrome c, deceased in abundance 1.21-fold following incubation with 1X MIC of 12-bis-THA
particles. Cytochrome B, which is responsible for scavenging a second electron from Q to form QH,,
also was significantly deceased in abundance 1.36-fold following incubation with 1X MIC of 12-bis-

THA particles.

Table 5.46: Protein subunits of Respiratory complex Il (cytochrome c reductase) identified in the
B. thailandensis proteomics data set. Fold changes in bold represent statistical significance using

the volcano statistics FDR - 0.01 and SO - 1.

Fold change
(Log2)
Accession | Protein name Gene 0.1X 1X
number
MiIC MIC
Q2SUB8 PetA BTH_12977 0.04 -2.03
Respiratory Q2SuUB9 Cytochrome B BTH_I2976 -0.1 -1.36
complex llI
Q2SuUco Cytochrome BTH_12975 -0.13 -1.21
(Cytochrome c cl
reductase)
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Five cytochrome c oxidase proteins were identified in the proteomic dataset and two

significantly deceased in abundance following incubation with 1X MIC of 12-bis-THA particles (Table

5.5). BTH_12874 (cytochrome c oxidase subunit |) and BTH_11786 (cytochrome c oxidase subunit I11)

are responsible for pumping protons from the cytoplasm to the periplasm and both significantly

deceased in abundance 1.26-fold and 2.62-fold, respectively.

Table 5.5: Protein subunits of Respiratory complex IV (cytochrome c oxidase) identified in the B.

thailandensis proteomics data set. Fold changes in bold represent statistical significance using the

volcano statistics FDR - 0.01 and SO - 1.

Fold change

(Log:)

Accession

number

Protein name

Gene

0.1X

MIC

1X

MiIC

Respiratory

complex IV

(Cytochrome C

oxidase)

Q2T1G4

Cytochrome ¢
oxidase

subunit 1

BTH_l0427

-0.08

-0.07

Q2sUL3

Cytochrome c
oxidase

subunit 1

BTH_I2874

-0.20

-1.26

Q2T1G5

Cytochrome c
oxidase

subunit 2

BTH_10426

-0.11

0.15

Q2T1G1

Cytochrome c
oxidase

subunit I

BTH_[0430

-0.01

-0.26

Q2SXN1

Cytochrome c
oxidase

subunit 11

BTH_I1786

-0.22

-2.62
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Twelve protein subunits of ATP synthase were identified in the proteomics data set (Table
5.6). ATP synthase subunits c and a are components of the F; domain and were not differentially
abundant. Unlike the other components of the Fo domain, ATP synthase subunit b, which is the
peripheral stack that holds the Fo and F; domain together, deceased in abundance 3.39-fold
following incubation with 1X MIC of 12-bis-THA particles. The F; domain is a section of the ATP
synthase and is responsible for producing ATP from ADP and inorganic phosphate. All components
of the F; domain that were identified in the proteomic data set deceased in abundance except for
the & subunit. The a and B subunits deceased in abundance 1.69 and 2.01-fold respectively
following incubation with 1X MIC of 12-bis-THA particles. Under the same conditions, the y and €
subunits deceased in abundance 2.97 and 1.29-fold respectively. The proteomic dataset shows that
12-bis-THA particles cause a decrease in the abundance of ATP synthase subunits that extend into

the cytoplasm from the membrane.
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Table 5.6: Protein subunits of Respiratory complex V (ATP Synthase) identified in the B.

thailandensis proteomics data set. Fold changes in bold represent statistical significance using the

volcano statistics FDR - 0.01 and SO - 1.

Fold change
(Logz)
Accession | Protein name Gene 0.1X 1X
number
MIC MIC
Q27875 ATP synthase BTH_l10424 0.02 0.21
. subunit c
Respiratory
complex V Q2STE4 ATP synthase BTH_13313 -0.17 -0.12
subunit c
2STE3 ATP synth BTH_I13314 -0.01 -0.43
(ATP synthase) Q synthase -
subunit a
Q27874 ATP synthase BTH_110425 0.04 -3.39
Fo domain subunit b
Q2STES ATP synthase BTH_13312 -0.14 -0.08
subunit b
Q2STFO ATP synthase BTH_I3307 -0.10 0.03
. epsilon chain
Respiratory
complex V Q27879 ATP synthase BTH_110420 0.06 -1.29
epsilon chain
27872 ATP synth BTH_110427 0.08 -2.97
(ATP synthase) Q synthase -
F1 gamma
subunit
F1 domain Q2STE7 | ATPsynthase | BTH_I3310 -0.01 0.12
subunit alpha
Q21873 ATP synthase BTH_110426 0.11 -1.69
subunit alpha
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Q2STE9 ATP synthase BTH_I3308 -0.07 0.14

subunit beta

Q27880 ATP synthase BTH_110419 0.05 -2.01

subunit beta

5.2.5 12-bis-THA particles induce manganese scavenging pathways
The data in the previous section suggests that 12-bis-THA particles have an effect on

respiration which may lead to the formation of reactive oxygen species (ROS). ROS are natural
products of respiration therefore bacteria have multiple mechanisms to manage the intracellular
levels. The proteomics data set was analysed to investigate if 12-bis-THA particles caused the

induction of oxidative stress pathways.

Two Sod family proteins, BTH_10859 and BTH_10744 were identified in the proteomics data
set (Table 5.7) however neither were differentially abundant following incubation with 1X MIC of
12-bis-THA particles. KatG and catalase related peroxidase BTH_10072 were identified in the
proteomic data set (Table 5.7). Neither were differentially abundant following incubation with 0.1X
MIC of 12-bis-THA particles, however, KatG significantly deceased in abundance 1.39-fold following
incubation with 1X MICof 12-bis-THA particles while BTH_l0072 was not differentially abundant.
Two AhpC proteins, BTH_111926 and BTH_12092, were identified in the proteomics dataset however
neither were differentially abundant following exposure to 12-bis-THA particles. DpsA is a non-
specific DNA binding protein that is expressed by Synechococcus species under oxidative stress
conditions (279) and significantly deceased in abundance 1.75 fold following incubation with 1X

MIC of 12-bis-THA particles (Table 5.7).
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Table 5.7: Proteins identified in the B. thailandensis proteomics data set that are associated with
protection from oxidative stress. Fold changes in bold represent statistical significance using the

volcano statistics FDR - 0.01 and SO - 1.

Fold change
(Log2)
Accession Protein name Gene 0.1X 1X
number
MIC MIC
Q2SWT3 AhpC BTH_12092 -0.16 -0.48
Q2T3X9 AhpC BTH_111926 -0.05 -0.30
Q2T2L6 Catalase- BTH_10072 -0.14 -0.37
related
peroxidase
Q2S720 KatG BTH_11282 -0.05 -1.39
Q27084 Superoxide BTH_10859 -0.01 0.20
dismutase Cu-
Zn
Q2T0J9 Superoxide BTH_10744 -0.13 -0.1
dismutase
Q25721 OxyR BTH_ 11282 -0.11 -0.39
Q25718 DspA BTH_ 11284 -0.11 -1.75
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Fifteen proteins that are associated with the type 6 secretion system cluster 2 (T655-2) were
identified in the proteomics data set and all increased in abundance following incubation with 1X
MIC of 12-bis-THA particles (Table 5.8). Both TseM and TseZ are responsible for scavenging
manganese and zinc and they both increased in abundance 1.76 and 1.83-fold respectively. Type
six subunits (Tss) are proteins that make up the needle-like structure. TssM, TssL, TssK, and Tss)
increased in abundance 1.39, 1.41, 2.00, and 2.13-fold respectively following incubation with 1X
MIC of 12-bis-THA particles. TssA, TssB, and TssC also increased in abundance 1.28, 1.72, and 1.66-
fold respectively under the same conditions. VgrG-4a and VgrG-4b increased in abundance 1.96 and
0.84-fold respectively. Hcp, a protein that associates with VgrG to form the tip of the needle-like
structure, also increased in abundance 1.33-fold following incubation with 1X MIC of 12-bis -THA
particles. ClpV is an ATPase that recycles components of the T6SS-2 and increased in abundance
2.37-fold following incubation with 1X MIC of 12-bis-THA particles. Both TagB and TagAB also
increased in abundance 1.42 and 2.92-fold respectively under the same conditions however their

function is unknown.
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Table 5.87: Identification of manganese scavenging T6SS-2 proteins in the B. thailandensis

proteomics data set. Fold changes in bold represent statistical significance using the volcano

statistics FDR - 0.01 and SO - 1.

Fold change
(Log2)
Accession Protein name Gene 0.1X 1X

number
MIC MIC
Q27422 Hypothetical BTH_111883 0.01 1.76

protein
(TseM)
Q27421 TseZ BTH_111884 0.01 1.85
Q2T420 TssM BTH_111885 -0.01 1.39
Q2T419 TssL BTH_111886 -0.05 1.41
Q2T418 TssK BTH_111887 0.22 2.00
Oxidative
Q27417 Tss) BTH_111888 0.16 2.13
stress

Q2T414 TagB BTH_l111891 0.04 1.42
(T655-4) Q27413 TagAB BTH_111892 0.14 2.92
Q27412 VgrG-4b BTH_111893 0.14 0.84
Q27411 VgrG-4a BTH_111894 -0.03 1.96
Q2T410 ClpV BTH_111895 0.01 2.37
Q2T406 Hcp BTH_111899 -0.11 1.33
Q2T405 TssC BTH_111900 0.12 1.66
Q2T404 TssB BTH_111901 0.23 1.72
Q27403 TssA BTH_111902 -0.01 1.28
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5.2.6  12-bis-THA particles induce the expression of efflux pumps but not beta-lactamases
Time kill studies detailed in Chapter 3 showed that 12-bis-THA particles alone or in
combination with tobramycin caused an initial reduction in bacterial CFUs prior to regrowth at later
time points. This may indicate that 12-bis-THA particles are susceptible to resistance pathways
expressed by B. thailandensis. To investigate this the proteomics data set was manually

interrogated to investigate the production of efflux pump components and beta-lactamases.

The AmrAB-OprA RND efflux pump is conserved in B. pseudomallei where it gives rise to
aminoglycoside and macrolide resistance (280). AmrA and AmrB increased in abundance 1.69 and
1.59-fold following incubation with 1X MIC of 12-bis-THA particles. BTH_I2443 is a homologue of
OprA in B. pseudomallei and also significantly increased in abundance 0.92-fold under the same
conditions. BpeA and BpeB, components of the BpeAB-OprB RND efflux pump, were identified in
the proteomics dataset and increased in abundance 1.51 and 1.60-fold respectively following
incubation with 1X MIC of 12-bis-THA particles (Table 5.9). BpeAB-oprB is conserved in B.
pseudomallei and extrudes aminoglycoside and macrolide antimicrobials from the cytoplasm (281).
The MacAB-TolC pump is a key determinant of macrolide resistance in E. coli (282) but is conserved
in many Gram-negative species where it plays a role in the trafficking of membrane components
and virulence factors (283-285). Only MacA increased in abundance 0.99-fold following incubation
with 1X MIC of 12-bis-THA particles. BTH_12289 is annotated as an RND family efflux transporter
MFP subunit and increased in abundance 0.89-fold following exposure to 12-bis-THA particles.
BTH_12289 is conserved in B. pseudomallei (BPSL1568 and BPSLO308) where BPSL0O308 is located
immediately upstream of SilA, a component of the sil cation-efflux system which is responsible for

protection against silver.
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Table 5.98: Identification of efflux pump components in the B. thailandensis proteomics data set.

Fold changes in bold represent statistical significance using the volcano statistics FDR - 0.01 and SO

-1.
Fold change
(Log2)
Accession Protein name Gene 0.1X 1X
number
MIC MIC
Q2SVT5 RND efflux BTH_12443 0.73 0.92
system outer
membrane
protein
Q2SVT4 AmrB BTH_12444 1.11 1.59
Q2SVT3 AmrA BTH_12445 1.35 1.69
Q2TOR3 BpeA BTH_I0680 0.62 1.51
Efflux pump Q2TOR?2 BpeB BTH_I0681 0.75 1.60
components
Q2T4B4 MacA BTH_I11791 0.16 0.99
Q2T4B3 MacB BTH_I11792 0.18 -0.02
Q2T4B2 Outer BTH_I11793 -0.17 0.53
membrane
efflux protein
Q25W89 RND family BTH_12289 -0.14 0.89
efflux
transporter
MFP subunit
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Seven beta-lactamase proteins were identified in the proteomics data set, two significantly

deceased in abundance following incubation with 1X MIC of 12-bis-THA particles. BTH_12282 and

BTH_110462 deceased in abundance 1.28 and 0.75-fold respectively (Table 5.10). Both are

conserved in B. pseudomallei however their functions are unknown.

Table 5.10: Identification of beta-lactamase proteins in the B. thailandensis proteomics data set.

Fold changes in bold represent statistical significance using the volcano statistics FDR - 0.01 and SO

-1

Fold change

(Logz)

Accession

number

Protein name

Gene

0.1X 1X

MIC MIC

Beta-lactamases

Q2T1P4

metallo-beta-
lactamase

family protein

BTH_10347

-0.10 0.18

Q2SYQ9

metallo-beta-
lactamase

family protein

BTH_I1394

0.51 -0.60

Q25YM4

metallo-beta-
lactamase

family protein

BTH_[1429

-0.05 0.61

Q25XB1

metallo-beta-
lactamase

family protein

BTH_[1908

-0.09 -0.15

Q25W96

metallo-beta-
lactamase

family protein

BTH_[2282

-0.08 -1.28
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Q2STV4 metallo-beta- BTH_ 13151 -0.08 -0.03
lactamase

family protein

Q27837 metallo-beta- BTH_110462 0.01 -0.75
lactamase

family protein

5.2.7 12-bis-THA particles cause a reduction in the abundance of proteins controlling O-antigen
production

12-bis-THA particle transfection is driven, at least in part, through electrostatic interactions

with prokaryotic membrane components such as LPS and cardiolipin. Therefore, resistance to 12-

bis-THA particles may arise through the remodeling or ablation of LPS to hinder transfection. The

proteomics dataset was interrogated to investigate changes in LPS production and trafficking.

LpxABCD, LpxH, and LpxK were identified in the proteomics dataset but were not differentially
abundant following incubation with either concentration of 12-bis-THA particles (Table 5.10). These
proteins are responsible for the assembly of the lipid A component of LPS with deletions or

mutations within these encoding genes resulting in resistance to polymyxin B (286,287).

LptABCDEFG are responsible for the trafficking of complete LPS molecules from the cytoplasm
and across the cytoplasmic membrane and periplasm to the outer membrane. LptA, LptD and LptE
were identified in the proteomics data set and were not differentially regulated following exposure
to either concentration of 12-bis-THA particles (Table 5.11). LPS molecules can also be trafficked
from the cytoplasm by MsbA which is a flippase protein. MsbA was also detected in the proteomics

data set but was not differentially abundant (Table 5.11).

RfbH, RfbG, and RfbF significantly deceased in abundance 2.03, 2.41, and 2.97-fold
respectively (Table 5.11). BTH 111985 and BTH_111986 are co-localised on chromosome 2 of B.
thailandensis with rfbHGF and are predicted to be in the same operon. Both proteins significantly
deceased in abundance 1.64 and 2.20- fold respectively. These proteins are members of the Rfb
operon that plays a role in the production of rhamnose for cell wall polysaccharides (288). These
enzymes are separated into 3 groups: (1) Enzymes that catalyse the formation of sugars that can be

integrated into the O-antigen; (2) enzymatic transferases that assemble the sugars into the O-

128



subunit; (3) enzymes that assemble and traffic the O-antigen from the O-subunit (289,290). RfbFGH

are conserved in B. pseudomallei however their function is not defined.

Table 5.11: Identification of proteins involved with LPS production and trafficking in the B.
thailandensis proteomics data set. Fold changes in bold represent statistical significance using the

volcano statistics FDR - 0.01 and SO - 1.

Fold change
(Logz)
Accession Protein name Gene 0.1X 1X
number
MIC MIC
Q2T13S3 RfbH BTH_111982 -0.12 -2.03
Q2T3S2 RfbG BTH_111983 -0.15 -2.41
O-antigen Q2T13s1 RfbF BTH_l11984 -0.07 -2.97
related
Q2T3S0 Chain length BTH_111985 -0.17 -1.64
determining

protein

Q2T3R9 Polysaccharide BTH_I111986 -0.12 -2.20
biosynthesis

protein
Q271357 RfaC-2 BTH_111978 -0.04 -2.30
O-antigen Q2T3S8 Lipopolysaccharide BTH_111977 -0.19 -3.32

related core biosynthesis
heptosyltransferase
Q2T3S9 Galactoside O- BTH_111976 -0.18 -2.17
acetyltransferase
Q2T3T0 Glyco_trans_2-like BTH_111975 -0.11 -1.45
domain-containing
protein
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Q2SWY6 LpxA BTH_12039 -0.07 0.14
Lipid A
synthesis
Q2SWY5 LpxB BTH_12040 -0.08 0.07
Q2SYWO LpxC BTH_I1342 | 0.06 0.35
Q2SZH6 LpxC BTH_11125 -0.29 -0.06
Q25WY8 LpxD BTH_12037 -0.04 0.16
Q25X82 LpxH BTH_11937 -0.03 -0.05
Q2TOK1 LpxK BTH_10742 -0.02 -0.25
Lipid A Q2T1A4 LptA BTH_10488 -0.03 0.39
trafficking
Q271117 LptD BTH_l0575 -0.17 -0.06
Q25790 LptE BTH_11212 -0.14 0.66
Q2SZW0 MsbA BTH_10985 -0.13 -0.23

5.2.8 12-bis-THA particles suppress the production of T3SS-3 effector proteins

Burkholderia secretion apparatus (Bsa) proteins are structural proteins that make up the
needle-like structure of the T3SS (291) except for BsaN which is the transcriptional regulator for this
system (292). Nine Bsa proteins were identified in the proteomics data set but only one was
differentially abundant (Table 5.12). BsaS significantly deceased in abundance 0.87-fold following
exposure to 1X MICof 12-bis-THA particles. BsaS is the ATPase of the T3SS and is responsible for
fuelling its activity through the hydrolysis of ATP (293,294). T3SS ATPases have been proposed to
form hexameric rings in the inner membrane of bacteria where they unfold and traffic secreted

effector proteins (295).
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Six effector proteins were also identified in the proteomics data set and four significantly

deceased in abundance following incubation with 1X MIC of 12-bis-THA particles (Table 5.12). BicP

deceased in abundance 1.77-fold and is a predicted chaperone for BopA (296) which also deceased

in abundance 1.90-fold. BopA contributes to intracellular survival and is a virulence determinant in

vivo. Both BipC and BipB, which likely make up the translocation pore for secreted effectors (291),

deceased in abundance 2.27-fold and 1.37-fold respectively.

Table 5.12: Identification of T3SS-3 virulence proteins in the B. thailandensis proteomics data set.

Fold changes in bold represent statistical significance using the volcano statistics FDR - 0.01 and SO

— 1. changes in bold represent statistical significance

Fold change
(Log2)
Accession Protein name Gene 0.1X 1X
number
MIC MIC
Q27726 BsaM BTH_110826 -0.25 -0.60
Q27724 BsaO BTH_110828 -0.34 -0.43
Q27723 BsaP BTH_110829 -0.16 -0.58
Secretory Q27722 BsaQ BTH_110830 -0.19 -0.52
proteins
Q27721 BsaR BTH_110831 -0.17 -0.32
Q27720 Bsa$S BTH_110832 -0.14 -0.87
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Q27718 BsaU BTH_110834 -0.03 -0.54
Q271717 BsaV BTH_110835 -0.22 -0.59
Q271725 BsaN BTH_110837 -0.18 0.02
Q271702 BicP BTH_110850 -0.20 -1.77
Q27703 BopA BTH_110849 -0.12 -1.90
Effector
proteins
Q27704 BopE BTH_110848 -0.18 -0.63
Q27708 BipD BTH_I110844 -0.07 -0.58
Q27710 BipC BTH_110842 -0.16 -2.27
Q27711 BipB BTH_l10841 -0.09 -1.37
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5.2.9 12-bis-THA particles cause a decrease in the abundance of motility proteins
It was observed in the proteomics data set that proteins involved in flagellar-based motility
were among the most strongly to reduce in abundance following incubation with 12-bis-THA
particles. Thirty-two motility proteins were identified in the proteomics data set and seventeen

significantly deceased in abundance (Table 5.13).

The C-ring which is comprised of FliM, FliN and FliG is responsible for torque generation and
controlling the direction of rotation (297). FliM, FliN and FliG were detected in the proteomic data
set and deceased in abundance 1.91, 2.00 and 0.93-fold respectively following incubation with 1X
MIC of 12-bis-THA particles (Table 5.13). FliF is a component of the M-ring that acts as an anchor
within the inner membrane (298) and deceased in abundance 2.00-fold under the same conditions.
FlgH is a lipoprotein that makes up the L-ring which is located in the outer membrane (299). FigH
deceased in abundance 0.88-fold following incubation with 1X MIC of 12-bis-THA particles.
BTH_10029 (a homologue of FliO in B. pseudomallei), Flil and FliH-1 are components of the T3SS
which is responsible for trafficking distal components of the flagella. These proteins deceased in
abundance 1.23, 1.30 and 0.77-fold following exposure to 1X MIC of 12-bis-THA particles. FIiC
(flagellin) is a hollow, globular protein that forms the extracellular, membrane-bound filament of
the flagellum. BTH_I3196 was identified in the proteomics data set and is a homologue of FIiC.
Following incubation with 1X MIC of 12-bis-THA particles, it deceased in abundance 1.32-fold. FliS-
1 is an export chaperone that binds flagellin and facilitates its export (300) and deceased in
abundance 2.70-fold following incubation with 1X MIC of 12-bis-THA particles. Once exported,
flagellin is attached to the hook component by FlgL and FlgK which form the hook-filament junction.
Both proteins were detected in the proteomics data set however only FlgL deceased in abundance
1.14-fold. FIgK and FlgL are trafficked to their site of action by FIgN which deceased in abundance
1.58-fold under the same conditions. The hook component of the flagella is around 55 nm long and
is comprised of up to 120 FIgE subunits (301). The proteomic data set showed that FIgE deceased in
abundance 1.11-fold under the same conditions. MotA and MotB are integral membrane proteins
that generate torque through proton translocation resulting in the rotation of the flagella (302).
Both proteins were identified in the proteomics data set and deceased in abundance 1.40 and 1.00-
fold following exposure to 1X MIC of 12-bis-THA particles. YcgR is a flagellar brake protein that is
negatively regulated by cyclic-di-GMP (303) and deceased in abundance 1.40-fold under the same

conditions.
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Table 5.13: Identification of proteins involved with the production, trafficking, and activation of

flagella in the B. thailandensis proteomics data set. Fold changes in bold represent statistical

significance using the volcano statistics FDR - 0.01 and SO - 1.

Fold change
(Log:)
0.1X 1X Gene 0.1X 1X
MIC MIC MIC MIC
Q2T2F9 FIiF BTH_10026 -0.27 -2.00
Q2T2F8 FliM BTH_10027 -0.16 -1.91
Q2T2F7 FIiN BTH_10028 -0.22 -2.00
Fli proteins Q2T2F6 Flagella BTH_10029 -0.08 -1.23
biosynthesis
protein
Q27246 Flagella hook- BTH_10195 -0.03 0.09
length control
protein

Q27245 FliJ BTH_I0196 0.60 -1.10
Q27244 Flil BTH_I0197 0.15 -1.30
Q27243 FliH-1 BTH_10198 -0.02 -0.77
Q27242 FliG BTH_10199 -0.02 -0.93
Q21241 FliF-1 BTH_10200 -0.02 -0.68
Q27239 Flis-1 BTH_10202 -0.02 -2.70
Q2T78X4 FliH-2 BTH_110173 -0.25 0.04
Q27204 FIgN BTH_10237 0.13 -1.58
Q2T200 FlgC-1 BTH_10241 0.45 -0.18
Q27178 FIgE BTH_10243 0.05 -1.11
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Q271727 FlgF BTH_10244 0.08 0.32
Flg proteins Q2T1Z6 FlgH BTH_10245 0.08 -0.88
Q2T1Z5 FlgH-1 BTH_10246 -0.02 -0.30
Q2T1Z4 Flgl-1 BTH_10247 0.03 -0.36
Q271272 YcgR BTH_10249 -0.11 -1.40
Q21171 Flgk BTH_10250 0.21 -0.87
Q2T1z0 FlgL BTH_10251 0.30 -1.14
Q2T8W4 FlgA BTH_I10183 -0.13 0.22
Q2T8WO FlgE BTH_110187 -0.15 0.26
Q2STT6 FIhA BTH_13169 -0.38 0.03
FIh proteins Q2STT7 FIhH BTH_13168 0.06 -0.41
Motor Q2STSO MotA BTH_13185 -0.32 -1.40
proteins
Q2STS1 MotB BTH_I13184 -0.15 -1.00
Q2STQ9 Flagellin BTH_13196 -0.32 -1.32
Q271826 Flagellin D BTH_110151 -0.48 0.21
Misc. Q2T18X1 Flagella hook- BTH_110176 0.02 -0.21
associated
protein
Q27510 Flagella hook- BTH_I11544 0.40 -0.36
associated
protein 2
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5.2.10 Metabolomic analysis of the 12-bis-THA stress response in B. thailandensis strain E555

The proteomic data set suggested that 12-bis-THA particles induced changes in central
metabolism in B. thailandensis. To investigate this further, we performed NMR-based metabolomic
analysis on bacterial pellets retained from the growth assays (Figure 5.1). PCA analysis was
performed to assess the similarity between the three different treatment groups. The PCA plot
showing the proteomic data set showed that the three treatment groups separated into three
distinct clades (Figure 5.3). In contrast, PCA analysis of the metabolomics data set showed some
overlap between the three groups (Figure 5.6). The biggest overlap was observed between the
metabolomes of bacteria incubated with 0.1X MIC of 12-bis-THA particles and the untreated
control. The metabolomes of bacteria incubated with 1X MIC of 12-bis-THA particles formed a clade
that overlapped slightly with the untreated control and but not with the metabolomes of bacteria
treated with 0.1X MIC of 12-bis-THA particles. This suggests that the metabolomes of bacteria
treated with 0.1X MIC or 1X MIC of 12-bis-THA particles are distinct from one another but share
considerable overlap with the untreated control. This is in contrast with the PCA plots from the
proteomics data set (Figure 5.3) which showed that the proteomes of all conditions were distinct.
This may occur if the changes in the metabolomic data set are more subtle than those in the

proteomic data set.
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Figure 5.6: Principal component analysis of the metabolomic data sets. Blue, red, and green dots are
representative of the metabolomes of untreated bacterial and those treated with 0.1X MIC or 1X MIC

of 12-bis-THA particles, respectively. PCA plots were generated using TopSpin version 3.2.
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NMR spectra were then interrogated to identify the constituents of the B. thailandensis
metabolome and allowed for the identification of biomolecules including amino acids (glutamate,
valine, serine, tyrosine, etc), osmolytes (glucose, trehalose, glycine betaine, etc), organic acids
(fumarate, succinate, pyruvate, etc), cofactors (NAD+), nucleosides (guanosine, adenosine, uracil,

etc) and metabolic intermediates and end-products (ATP, ADP, AMP, 3-hydroxybutyrate, etc).

Univariate analysis showed significant decrease in the abundance of succinate in response to
1X MIC of 12-bis-THA particles (Figure 5.7). Similarly, the cytoplasmic concentrate of fumarate was
also reduced however this was not significant (p = 0.0604). 3-hydroxybutyrate, a ketone body that
can be converted to acetyl-CoA, deceased in abundance in response to 1X MIC of 12-bis-THA
particles. Again, this was not significant but had a p-value of 0.0501. Compounds of glycolysis were
also detected in the metabolomic data set. Cytoplasmic glucose was reduced in response to 1X MIC
of 12-bis-THA particles. The concentrations of cytoplasmic pyruvate also decreased in response to
1X MIC of 12-bis-THA particles however this was not significant (p = 0.11). AMP, ADP, and ATP were
identified in the NMR spectra however none were differentially abundant following exposure to 12-

bis-THA particles.
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Figure 5.7: Cytoplasmic abundance of metabolic by-products and intermediates in B. thailandensis in
untreated bacteria or those incubated with 0.1X MIC or 1X MIC of 12-bis-THA particles. Metabolite
concentration was calculated using Chenomx NMR Suite 7.0 and comparing peak area to a known
concentration of TSP. Statistical significance was determined using a one-way ANOVA followed by a
Bonferroni correction. Significance was denoted using the following markers *P < 0.05; **P < 0.01; ***P

< 0.001.
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The NMR spectra showed that 12-bis-THA particles induced changes in the cytoplasmic
concentration of osmotically active molecules. Statistical analysis showed that betaine, also known
as trimethylglycine or glycine betaine, was the only metabolite that deceased in abundance in
response to both 0.1X MIC and 1X MIC concentrations of 12-bis-THA particles (Figure 5.8). The
osmolytes glutamate and trehalose both deceased in abundance however this was only observed

in response to 1X MIC of 12-bis-THA particles (Figure 5.8).
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Figure 5.8: Cytoplasmic abundance of osmolytes in B. thailandensis in untreated bacteria or
those incubated with 0.1X MIC or 1X MIC of 12-bis-THA particles. Metabolite concentration was
calculated using Chenomx NMR Suite 7.0 and comparing peak area to a known concentration of
TSP. Statistical significance was determined using a one-way ANOVA followed by a Bonferroni

correction. Significance was denoted using the following markers *P < 0.05; **P < 0.01; ***P <
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Three nucleoside sugars and one intermediate compound for nucleotide synthesis were
identified in the NMR spectra. The cytoplasmic concentration of uracil was also reduced in response
to 1X MIC of 12-bis-THA particles (Figure 5.9). Adenosine and guanosine were also identified but
were not differentially abundant following incubation with 12-bis-THA particles. Similarly,

hypoxanthine is a purine derivative and was not differentially abundant in response to 12-bis-THA

particles.
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Figure 5.9: Cytoplasmic abundance of nucleotides and nucleotide derivatives in B. thailandensis in
untreated bacteria or those incubated with 0.1X MIC or 1X MIC of 12-bis-THA particles. Metabolite
concentration was calculated using Chenomx NMR Suite 7.0 and comparing peak area to a known
concentration of TSP. Statistical significance was determined using a one-way ANOVA followed by a

Bonferroni correction. Significance was denoted using the following markers *P < 0.05; **P < 0.01; ***P <

0.001.
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Twelve amino acids were identified in the metabolomic data set (Figure 5.10 and Figure 5.11).
Lysine was the only metabolite that increased in abundance in response to 12-bis-THA particles and
increased from 2.5 + 0.2 uM in the untreated control to 9.1 + 1.8 uM in the samples treated with
1X MIC of 12-bis-THA particles. In contrast, tyrosine was reduced in response to 1X MIC of 12-bis-
THA particles as it was not detected in these samples. Despite this, the reduction in tyrosine was

not significant and had a p-value of 0.0634.
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Figure 5.10: Cytoplasmic abundance of amino acids in B. thailandensis in untreated bacteria or those incubated with 0.1X MIC or 1X MIC of 12-bis-THA
particles. Metabolite concentration was calculated using Chenomx NMR Suite 7.0 and comparing peak area to a known concentration of TSP. Statistical

significance was determined using a one-way ANOVA followed by a Bonferroni correction. Significance was denoted using the following markers *P < 0.05;
**P <0.01; ***P < 0.001.
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Figure 5.11: Cytoplasmic abundance of amino acids in B. thailandensis in untreated bacteria or those incubated with 0.1X MIC or 1X MIC of 12-bis-THA
particles. Metabolite concentration was calculated using Chenomx NMR Suite 7.0 and comparing peak area to a known concentration of TSP. Statistical

significance was determined using a one-way ANOVA followed by a Bonferroni correction. Significance was denoted using the following markers *P < 0.05;
**P <0.01; ***P < 0.001.
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5.3 DISCUSSION

5.3.1 Integrated proteomics and metabolomics can provide insight into bacterial stress responses
Integrated untargeted ‘omics is an approach which can provide a holistic overview of

bacterial changes in response to stimuli. To provide insight into their mechanism of action of 12-
bis-THA particles against B. thailandensis strain E555, a proteomic-metabolomic study was
performed to provide an overview of the resulting stress responses. Additionally, the proteomic
data can later be mined to identify candidates for TFD discovery by selecting transcription factors

that govern the stress response to 12-bis-THA particles and are conserved in B. pseudomallei.

Gel free methods were chosen over gel based methods as they provide better proteome
coverage and resolution (304). However, while mass spectrometry-based label-free quantification
is highly sensitive and capable of identifying approximately 3000 proteins per run, variability
between runs can make hypothesis testing challenging (data not shown). Therefore, tandem mass
tagging (TMT) was used in our study to identify a large number of proteins and to limit inter-run

variability which had been observed in previous proteomic investigations.

The raw proteomic data was processed with Proteome Discoverer where peptide reads
were mapped to the UNIPROT proteome of B. thailandensis strain E264 as the UNIPROT proteome
of B. thailandensis E555 was not complete at the time of analysis. The limitation of this is that the
expression of proteins involved with the production and export of the capsular polysaccharide will
not be observed. In this work, 3150 proteins were identified to give a proteome coverage of 56.6%.
These are in line with Li et al who identified 2,463 proteins and 2,524 proteins in B. thailandensis

E264 representing proteome coverages of 43% and 45% respectively (305).

The Proteome Discoverer output was then processed using Perseus, a software package for
the statistical analysis and visualisation of large proteomics datasets (146). Before statistical
analysis could be performed, the proteomics data sets were first investigated for missing values.
Missing values were computationally replaced using Perseus by drawing values from the
distribution to stimulate the expression of data that are below the limit of detection. These were
visualised using histograms where true data is shown in blue and the imputed data in orange. In the
context of our data, the histograms show a low amount of missing data values meaning that
proteins that were identified were consistent between biological and technical replicates. This
suggests that exposure of B. thailandensis E555 to 12-bis-THA particles does not change the

proteins present but rather changes the abundance of some proteins.

145|Page



Perseus was used to investigate differences in the protein abundance when comparing the
proteomes of bacteria challenged with 12-bis-THA particles compared to the untreated control.
This was visualized by producing volcano plots using an FDR of 0.01 and an SO value of 1 that is
consistent with CoxDocs (306), which are the supporting documents for Perseus by Jurgen Cox’s
group, and was used to emulate a 1-fold log; cut off for proteins. The values described in this section
is centre on zero and a 1-fold increase in abundance is indicative of a doubling of peptides
associated with a specific protein. In contrast a 1-fold decrease in abundance is representative of a

50% reduction in peptides associated with a specific protein.

No proteins were differentially abundant when B. thailandensis was incubated with 0.1X
MIC of 12-bis-THA particles. This may be due to multiple reasons. Stringent statistical parameters
were selected to limit the number of false positives which may mean that proteins that change
subtly in abundance may be excluded. Alternatively, 0.1X MIC of 12-bis-THA particles may have
been insufficient to stimulate a proteomic response which is consistent with the growth curves
which showed that this concentration did not affect bacteria growth. This concentration was
selected to represent a sub-inhibitory concentration of 12-bis-THA particles which had been
determined by MIC assay. However, this assay predicts the inhibition of bacteria at a starting
density of 10° CFU/mL of bacterial whereas the bacteria in the proteomic study were at a
concentration of approximately ~10'° CFU/mL. In contrast, the volcano plots show that 1X MIC of
12-bis-THA particles caused in increase in the abundance of 139 proteins and a decrease in the
abundance of 671 proteins in B. thailandensis E555 (Figure 5.5). The observed fold changes of
differentially abundant proteins were comparable to those observed by Li et al. As our data set was
consistent within the literature with regards to fold change and proteome coverage, it is therefore
suitable for downstream analysis to provide insight into the mechanism of action of 12-bis-THA

particles.

NMR-based metabolomics has also been used to investigate bacteria stress adaption in
response to environmental stimuli or antimicrobial exposure (307). An NMR-based study was
performed in parallel to produce a complementary data set to support the proteomic study. 45
metabolites were identified in the cytoplasm of B. thailandensis which is comparable with Moreira
et al who identified 25 metabolites in the cytoplasm of B. cenocepacia (147). In the dataset present
in this thesis, there were several metabolites such as fumarate (p = 0.0603) or pyruvate (p = 0.11),
where fold-changes were not significantly different but were considered in the attempt to deduce
the mechanism of action. These metabolites were identified as concentrations near the limit of

detection of NMR (1 uM) and are therefore difficult to distinguish the difference between
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metabolite signal and noise. Targeted d based metabolomics are ongoing to identify changes in
metabolite concentration as this technique is more sensitive than NMR. Despite this, the NMR
based study has provided a complementary data set supporting the hypothesis that 12-bis-THA

particles induce changes in central metabolism and osmotic balancing.

5.3.2 12-bis-THA particles induce changes in central metabolism

The proteomic and metabolomic studies both identified changes in central metabolism in
response to 12-bis-THA. The proteomic data shows that 12-bis-THA particles caused a decrease in
the abundance of 6-phosphofructokinase and phosphoglycerate mutase which are enzymes
associated with glycolysis, a conserved pathway that is responsible for the conversion of glucose to
pyruvate. Similarly, the metabolomic data showed that both pyruvate and glucose were also
reduced under the same conditions suggesting a reduction in glycolytic flux. Glycolysis breaks down
a single glucose monomer to produce two ATP, two NADH, two H* and two pyruvate molecules, the
latter of which is converted into acetyl-CoA which is essential for the TCA cycle. The proteomics
data set showed strong induction of the four enzymes comprising the B-oxidation cycle (BTH_I0564
—BTH_I0567). This pathway is responsible for the catabolism of long-chain fatty acids and produces
FADH,, NADH and acetyl-CoA per completion of the cycle. This data suggests that 12-bis-THA
particles cause a shift from glucose metabolism to fatty acid metabolism. A reduction in glycolysis
may occur if glucose reserves were depleted in response to osmotic balancing. Induction of B-
oxidation may then accommodate the suppression of glycolysis and support maintained activation

of the TCA cycle and the ETC.

The ETC is a series of redox reactions whereby electrons are transferred from cytoplasmic
high-energy donors (e.g NADH and FADH,) to electron acceptors (e.g cytochrome c). This is coupled
with the transfer of protons from the cytoplasm to periplasm to produce a proton gradient which
is then exploited by processes such as ATP synthesis and flagella-based motility. The proteomic data
set showed that 12-bis-THA induced changes in the ETC as proteins associated with respiratory
complex Il (succinate dehydrogenase) respiratory complex lll (cytochrome c reductase), respiratory
complex IV (cytochrome c oxidase), and respiratory complex V (ATP synthase) deceased in

abundance (Figure 5.12B).

Succinate dehydrogenase differs from the other respiratory complexes as it contributes to
both the TCA cycle and the ETC (308). Succinate is a metabolic intermediate of the TCA cycle and is
oxidised by the succinate dehydrogenase subunit SdhA to form fumarate which re-enters the TCA
cycle. The free electrons from this reaction reduce SdhA-bound FAD to form FADH; which is then
oxidised, and protons are trafficked along Fe-S clusters to reduce ubiquinone (Q) to ubiquinol (QH>),
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a lipid-soluble molecule that freely diffuses within the inner membrane, and is utilised in respiratory
complex Ill. Unlike complexes | and Ill, complex Il does not release H* ions into the periplasm but
produces QH, which are later processed by complex Il (Figure 5.12A). Of the five proteins subunits
identified in the proteomic data set only one was differentially abundant. Succinate dehydrogenase
subunit B (BTH_110362) deceased in abundance 1.66-fold which is a Fe-S domain-containing protein
that facilitates the trafficking of H* ions from oxidised FADH,. Inhibitors of succinate dehydrogenase,
such as carboxin, are well characterised and have industrial applications in agriculture as a
fungicide. Interestingly this suggests that 12-bis-THA may be useful to counter fungal pathogens
which is consistent with data produced by DiBlasio which demonstrated the potent activity of 12-

bis-THA and its analogues against a panel of clinical fungal isolates (138).

Three protein subunits of cytochrome c reductase (respiratory complex Ill) were observed in
the proteomics data set and all deceased in abundance in response to 12-bis-THA particles.
Cytochrome c reductase is responsible for the oxidation of QH, to Q (Figure 5.12A). Upon
interacting with complex Ill, QH; releases two H+ ions into the periplasmic space. Two electrons are
also released and concomitantly enter the Q-cycle within complex Ill. The Q-cycle is separated into
two sections. In the first, an electron is released by QH, which reduces the Fe?* atom within the Fe-
S of the Rieske center (309). The electron is then transferred to the heme group of cytochrome c1
and then finally onto cytochrome c which is bound on the periplasmic face of complex 111 (309). The
reduced cytochrome c detaches from complex Il and interacts with respiratory complex IV. The
second electron is transferred to the heme group of cytochrome b which is transferred to a second
ubiquinone to form a semi-quinone radical ion. The Q-cycle is repeated and the semi-quinone
radical is reduced to QH,. PetA, PetB and PetC all deceased in abundance 2.03-fold, 1.36-fold and
1.21-fold, respectively. This suggests that 12-bis-THA shares a similar mechanism of action to its

parental molecule dequalinium which inhibits cytochrome c reductase in mitochondria (197).

Respiratory complex IV, also known as cytochrome c oxidase, is responsible for the transfer of
electrons from cytochrome c to O; to form H,0 within the cytoplasm (Figure 5.12A) (310,311). Two
reduced cytochrome ¢ molecules release two electrons that are transferred through the metal-
containing components of complex IV resulting in the reduction of CuB and heme a3. A diatomic
oxygen molecule binds with the reduced form of Heme a3 and CuB to form a peroxide bridge.
Another reduced cytochrome c molecule provides another two electrons that, in combination with
two H* ions from the cytoplasm, break the peroxide bridge by forming a hydroxyl group on Heme
a3 and CuB. A further two protons are taken from the cytoplasm and oxidise the Heme a3 and CuB

causing them to revert to their natural state and to release H,0. During this process, complex IV
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expels four protons into the periplasmic space. We identified five proteins subunits of cytochrome
¢ oxidase in the proteomic data set and two deceased in abundance in response to 1X MIC of 12-
bis-THA particles. BTH_12874 (cytochrome c oxidase subunit 1) and BTH_11786 (cytochrome ¢
oxidase subunit Ill) deceased in abundance 1.26-fold and 2.62-fold respectively. As with cytochrome
c reductase, mitochondrial cytochrome c oxidase activity in addition to mitochondria DNA number

and cellular growth were all reduced in response to dequalinium chloride (268).

The data also showed a decrease in the abundance of ATP synthase subunits. ATP synthase
is an enzyme that is responsible for trafficking protons from the periplasmic space to the cytoplasm
and driving the formation of ATP from ADP and inorganic phosphate. It is comprised of two
domains: (I) a membrane-bound domain termed Fo which drives the translocation of protons from
the periplasm to the cytoplasm; and (ll) a cytoplasmic facing component termed F; that is
responsible for synthesising ATP from ADP and inorganic phosphate (312). Subunit b acts as an
anchor for the F; domain and was the only Fo protein to deceased in abundance (3.39-fold) in
response to 12-bis-THA. Conversely, four of the F; domain components deceased in abundance
under the same conditions. They (BTH_110427) and € (BTH_110420) subunits deceased in abundance
2.97-fold and 1.29-fold respectively. The a (BTH_110426) and B (BTH_110419) subunits deceased in
abundance 1.69-fold and 2.01-fold respectively. This implies that 12-bis-THA inhibits the function
of ATP synthase which is consistent with the mechanism of its parental molecule dequalinium which
is a known inhibitor of mitochondrial respiratory complex Ill (197) in addition to eukaryotic and

prokaryotic respiratory complex V (313).

Loss of proton motive force (PMF) can be countered by increasing TCA flux. This has been
shown through the addition of exogenous glucose (314) or fumarate (200) to the growth medium.
PMF may be stimulated through the suppression of the glyoxylate cycle which intersects the TCA
cycle and bypasses the oxidation of a-ketoglutarate and succinyl coenzyme A. By doing so, this
retains two carbons in the form of acetyl-CoA which would otherwise be converted to CO, however
this is performed at the loss of two NADH molecules (315). Suppression of this pathway would
produce more NADH which could be used to stimulate PMF. The proteomic data showed that AceA
and AceB, the enzymatic components of the glyoxalate cycle, deceased in abundance in response
to 12-bis-THA. Additionally, a-ketoglutarate dehydrogenase (SucAB) and succinyl coenzyme A
synthetase (SucCD) both increased in abundance under the same conditions. The NMR data showed
a depletion of succinate and fumarate which is consistent with 12-bis-THA increased TCA flux.
Oligomycin and dicyclohexylcarbodiimide are respiratory uncouplers (316) that prevent the

movement of protons from the periplasm to the cytoplasm inhibiting the formation of ATP due to
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the absence of PMF. Dequalinium has also been shown to dissipate membrane potential in
mitochondria therefore we postulate that flux through the TCA cycle is increased to provide high-
energy compounds to the ETC to counter the effects of membrane depolarisation (317). Future
studies are required to investigate changes in membrane potential in Burkholderia species in
response to 12-bis-THA particles. For example, PMF levels can be quantified in B. thailandensis using

the potentiometric probe JC-1 (318).
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Figure 5.12: The stress response of B. thailandensis to 12-bis-THA particles (A) A cartoon schematic
showing central metabolism under normal physiological conditions. (B) A cartoon schematic showing
the down regulation of electron transport chain, glyoxylate shunt and glycolysis, and the upregulation

of beta-oxidation in response to 12-bis-THA particles.
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5.3.3 Induction of oxidative stress pathways

Dysregulation of respiration may induce oxidative stress. The proteomic data set was
interrogated to investigate changes in the abundance of oxidative stress proteins. We identified
eight proteins known to play roles in regulating oxidative stress including AhpC, KatG, OxyR, and
DspA. KatG and DpsA were the only proteins that deceased in abundance in response to 12-bis-THA
particles. KatG is a bifunctional catalase-peroxidase enzyme that is responsible for the degradation
of hydrogen peroxide (H,0,) as either a peroxidase (H,0, + 2AH - 2H,0 + 2A) or a catalase (H,0,
- 2H,0 + 0;) (319). Alternatively, DpsA is a member of the Dps family, a group of non-specific DNA-
binding polypeptides that confer protection to oxidative damage from peroxides (320,321). This
indicates that either 12-bis-THA particles do not induce oxidative stress or that it is managed by

other means.

In B. thailandensis, oxidative stress can be alleviated through the induction of T6SS-2 (also
termed T6S5S-4) proteins (322,323). Traditionally, the secretion systems in Burkholderia species are
important contact-dependent virulence factors that are associated with cellular invasion. In
contrast, T6SS-2 functions as contact independent export machinery which expels proteinaceous
metallophores into the extracellular milieu. These are responsible for collecting manganese and
potentially zinc which can be used as antioxidants and enzyme co-factors. T6SS-2 is conserved in
multiple Burkholderia species including B. pseudomallei and B. mallei where it is believed to play an
important role in polymicrobial communities and in vivo (322,323). Fifteen proteins of the T6SS-2
were identified in the proteomic data set and all increased in abundance in response to 1.0X MIC
of 12-bis-THA particles. Ciprofloxacin is known to stimulate the formation of ROS and has been
shown to induce the expression of T6SS-2 in B. pseudomallei (324). This suggests that 12-bis-THA
particles stimulated ROS production and also that the T6SS-2 may be important to counter drug-

induced oxidative stress.

5.3.4 Possible resistance mechanisms to 12-bis-THA particles
In Chapter 3, we showed that 12-bis-THA particles inhibited the growth of B. thailandensis
with an MIC of 2 — 8 ug/mL. Time-kill studies showed that B. thailandensis displayed regrowth at 24
h despite showing an initial reduction in bacterial density. Additionally, plating of B. thailandensis
cells that been incubated with 12-bis-THA particles identified the presence of small colonies in
addition to the normal colony morphology. No change in the growth kinetics or susceptibility to 12-
bis-THA particles was observed suggesting that the small colonies were not a resistant sub-

population. Despite this, we interrogated the proteomic data set for changes in the abundance of
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antimicrobial resistance mechanisms which may be induced by B. thailandensis to alleviate the

effects of 12-bis-THA particles.

Beta-lactamases are a class of enzymes that inhibit the activity of beta-lactam
antimicrobials by hydrolyzing the beta-lactam ring and inactivating the compound. Seven beta-
lactamase family proteins were identified in the proteomic data set and two deceased in
abundance. Wagley et al have suggested that the export of BTH_110462 to the extracellular milieu
is important for the resistance to the beta-lactam antimicrobials amoxicillin, ampicillin, cefoxitin,
and cefazolin but not imipenem. No synergy or additivity was observed between 12-bis-THA
particles and meropenem or ceftazidime suggesting that BTH_110462 does not mediate resistance
to these compounds or that it is functionally redundant (325). This data suggests that 12-bis-THA
particles do not non-specifically stimulate the expression of all chromosomally encoded resistance

mechanisms and instead B. thailandensis tailors the expression of appropriate systems.

Chromosomally encoded efflux pumps are important antimicrobial resistance determinants
in Burkholderia species. AmrAB-OprA is an efflux pump present in B. thailandensis and B.
pseudomallei, and is responsible for the export of aminoglycosides and macrolides from the
bacterial cytoplasm (280). AmrA and AmrB were both identified in the proteomic data set and
increased in abundance in response to 12-bis-THA particles. BpeA and BpeB also increased in
abundance under the same conditions. These proteins are components of BpeAB-OprB which is an
efflux pump that also expels aminoglycoside and macrolides in addition to acriflavine (281). MacA
and MacB are also efflux pump components. Both were identified in the proteomics data set but
only MacA was differentially abundant in response to 12-bis-THA particles. As the cytoplasm is a
highly reductive environment and the concentration of nucleic acids, it is thought that 12-bis-THA
exists in its monomeric form within the cytoplasm. Therefore, it is possible that an efflux pump
exists that is able to expel 12-bis-THA monomers. It is not known which, if any, of these pumps may
expel 12-bis-THA monomers. Interestingly, BpeAB-OprB likely expels acriflavine with AbpeAB of B.
pseudomallei showing increased sensitivity (281). Acriflavine shares structural similarity to the
headgroup of 12-bis-THA suggesting that BpeAB-OprB may confer resistance to 12-bis-THA
particles. Phenotypic assays are required to investigate any alignment between efflux pump

expression and the susceptibility of Burkholderia species to 12-bis-THA particles.

The approach of using 12-bis-THA particles to deliver TFDs to the cytoplasm of bacteria and
is not reliant on the sustained antimicrobial activity of the particles. Resistance to TFD activity is
unlikely to arise through the expression of efflux pumps. Instead, resistance to TFD activity may
occur if resistance to 12-bis-THA particles prevents successful transfection possibly due to the
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modification of membrane components. Previously, studies have shown that TFD delivery is driven
through a combination of ionic and lipophilic interactions (132,137). Therefore, the proteomics data
set was interrogated to investigate changes in the abundance of proteins that control the

composition of membrane lipids.

As 12-bis-THA particles are known to interact with bacterial LPS the data set was evaluated
to investigate changes in related proteins. Firstly, we evaluated changes in the abundance of Lpx
and Lpt proteins. The Lpx operon is responsible for synthesis of lipid A (326) whereas the Lpt operon
is responsible for the trafficking of lipid A to the bacterial membrane (327). Mutations that inhibit
the functions of these genes have been associated with resistance to membrane active molecules
such as the polymyxin class of antimicrobial that includes colistin (328,329). Proteins from both
operons were identified in the data set however no changes in abundance was observed suggesting

that 12-bis-THA particles do not affect lipid A synthesis or trafficking.

In contrast, we identified the presence of two operons, BTH_111982 - BTH_I11986 and
BTH_I11975 - BTH_I11978, that were annotated as ‘O-antigen related’ proteins and deceased in
abundance. The O-antigen is the repeating sugar component of the LPS and is connected to the lipid
A by the core saccharide. BTH_111982, BTH_111983, and BTH_111984 are predicted analogues of
RfbH, RfbG and RfbF. The Rfb operon is associated with LPS synthesis and membrane composition.
Mutations in RfbH in Salmonella enterica serovar Enteritidis have been linked with a reduction in
motility and an increase in auto-aggregation and sensitivity to oxidative stress (330). Alternatively,
the BTH_I11975 - BTH_111978 operon is poorly annotated where BTH_111978 (RfaC2) is the only
protein to have a defined name. In E. coli and S. enterica, WaaC (formerly RfaC) contributes to the

formation of the core oligosaccharide component of the LPS (331).

The proteomic data set showed a shift in two systems which may cause a reduction in the
sensitivity to 12-bis-THA particles in B. thailandensis. Firstly, efflux pump components were
overexpressed in response to 12-bis-THA particles which may export 12-bis-THA from the cytoplasm
but further investigations are required to investigate which, if any, efflux pumps recognise 12-bis-
THA as a ligand. However, efflux mediated resistance to 12-bis-THA particle is unlikely to affect its
role as a delivery molecule for oligonucleotide TFD antimicrobials. Alternatively, we observed a
decrease in the abundance of proteins involved with the production of LPS O-antigen and core
oligosaccharide. Previously, Montis et al have shown that the cationic headgroup of 12-bis-THA
interacts with the negatively charged GIcN-A subunit of the LPS core oligosaccharide potentially
facilitating internalisation (137). A reduction in the core oligosaccharide may prevent 12-bis-THA
particles from transfecting B. thailandensis and potentially reduce the efficiency of TFD delivery
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resulting in a reduction of TFD activity. Future studies should be performed to investigate the
development of 12-bis-THA particle resistance and changes in LPS chemotype in response to repeat

subculture in sub-inhibitory concentrations of 12-bis-THA particles.

5.3.5 12-bis-THA particles cause the suppression of important virulence factors

The proteomic data set showed a decrease in the abundance of virulence factors by B.
thailandensis in response to 1X MIC of 12-bis-THA particles. Thirty-two flagella components were
identified and seventeen had deceased in abundance. Flagella are hair-like fibers that protrude
from the bacterial outer membrane where they rotate at high speed to drive locomotion (332). This
is driven by the motor proteins MotA and MotB which utilize PMF to rotate the flagella resulting in
movement (333). In B. pseudomallei, flagella are important virulence factors when delivered
intranasally in a mouse model (334). The proteomic data showed that the motor proteins MotA and
MotB, in addition to flagellin (BTH_I3196) which makes up the lash component, deceased in

abundance in response to 12-bis-THA particles.

We also identified fifteen proteins that were associated with the T3SS comprising of nine
apparatus proteins and six secretory proteins. The T3SS-3 is an important virulence factor in B.
pseudomallei, B. thailandensis, and B. mallei where it plays a role in cellular invasion and survival
(291). Only one protein associated with the secretion apparatus had deceased in abundance
whereas four secreted proteins deceased in abundance in response to 1X MIC of 12-bis-THA
particles. BipC and BipB both deceased in abundance and potentially form a complex in vivo which
is responsible for forming a translocation pore in the eukaryotic membrane. Deletion of either of
these proteins greatly attenuates the virulence of B. pseudomallei in a murine model (59,62). BicP
is a chaperone protein and is predicted to bind to BopA (296), both of which deceased in abundance
in the proteomic data set. BopA allows B. pseudomallei to escape from the phagosome prior to

fusion with the lysosome and is important for virulence in vivo (59).

Itis unknown as to why B. thailandensis might suppress important virulence factors in response
to drug stress. One potential reason is that dysregulation of respiration might induce oxidative
stress and deplete the cytoplasmic concentration of high-energy molecules resulting in the bacteria
needing to suppress superfluous pathways such as the T3SS. Additionally, the dissipation of PMF
resulting in a reduction in periplasmic protons uptake would likely prevent bacterial motility.
Alternatively, Chapter 4 suggested that 12-bis-THA particles might stimulate biofilm formation in B.
thailandensis at low concentrations. Suppresion of motility proteins has been associated with
biofilm maturation in P. aeruginosa which suggests that 12-bis-THA particles may induce biofilm
formation in B. thailandensis in response to 12-bis-THA due to the curtailment of motility.
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In summary, the multi-omics approach used in this chapter has provided insight into the
mechanism of action of 12-bis-THA particles against B. thailandensis. The data showed that particles
affected a diverse range of pathways including central metabolism, oxidative stress, antimicrobial
resistance mechanisms, and virulence factors. These will be considered in the next chapter when
developing TFDs with a particular focus on regulatory elements controlling metabolism and

oxidative stress in B. pseudomallei.
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CHAPTER 6 - THE DEVELOPMENT OF TFDS TO INHIBIT THE GROWTH OF
B. THAILANDENSIS
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6.1 INTRODUCTION

Burkholderia species are intrinsically resistant to many antimicrobials which makes
treating infections caused by these species clinically challenging. B. pseudomallei, the etiological agent
of melioidosis, is particularly challenging to treat due to its ability to invade host cells and to form
biofilms. Due to this, melioidosis requires a biphasic therapeutic approach that utilises oral and
intravenous antimicrobials to prevent patient mortality. The first phase is the treatment of the acute
phase of the disease and consists of intravenous ceftazidime or meropenem to prevent to
development of sepsis (80). This typically lasts up to fourteen days but can be extended to eight weeks
for infection with bone or neurological involvement (335). This is followed by the eradication phase
which consists of a three to six-month course of oral co-trimoxazole or co-amoxiclav to prevent relapse
(81). Despite the timely initiation of the appropriate treatment strategy, mortality still occurs in 10 to

40% of cases suggesting the need for new antimicrobials with improved efficacy (38,79).

Transcription factor decoys (TFDs) are a new class of precision antimicrobials that are
selectively engineered to target specific bacteria without affecting the host microbiota. Previous, They
are synthetic oligonucleotides that contain the transcription factor binding motif of an essential
bacterial transcription factor from the target species. Upon entering the bacterial cytoplasm, the TFDs
act as competitive inhibitors that sequester the target transcription factor. By doing so they inhibit the
transcription factor from binding to its genomic target, preventing expression of its regulon. As TFD
technology acts on novel targets, spares the host microbiota (139), and is refractory to traditional
antimicrobial resistance mechanisms, it is a potential alternative to small molecule-based

antimicrobials for the treatment of melioidosis.

One challenge for the development of TFD technology is the identification and
characterization of new transcription factors. To do so, the McArthur group have previously used two
approaches to identify new candidates for TFD development: by performing literature searches to
identify essential, characterised transcription factors, or by performing proteomic studies on the
target organism under varying conditions. Using the literature-based approach, the McArthur group
developed a TFD to target WalR in methicillin-resistant Staphylococcus aureus (336). Alternatively, a
combined proteomic and literature approach was used to develop a TFD to target FNR in

Enterobacteriaceae species (139). Using a combined approach, this chapter will:

e Identify transcription factors from the proteomic data set that regulated the 12-bis-THA stress

response that may be targeted using TFD technology
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Review the literature to identify characterised transcription factors in Burkholderia species

that can be developed into an anti-melioidosis TFD

To investigate the antimicrobial activity of TFDs against B. thailandensis to identify candidates

for further testing in B. pseudomallei
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6.2 RESULTS

6.2.1 Transcription factors that increased in abundance in the proteomic data set

Firstly, the proteomic data that was generated in Chapter 5 set was interrogated to identify
transcription factors that control the stress response to 12-bis-THA particles in B. thailandensis. These
will regulate genetic pathways necessary for bacteria to survive the treatment, giving insights into the
mechanism of action of the particles. The transcription factors represent a novel type of therapeutic
target that could be inhibited with the TFD approach. As such, there is potential for synergy between
the action of TFD delivery, mediated by the 12-bis-THA particles, and the inhibition of the induced
stress response by the selected TFD. A list of transcription factors and regulatory elements was

generated by manually curating the Proteome Discoverer outputs.

4 “"

Proteins with the keywords “transcription”, “factor”, “transcription factor”, “Regulatory”,
“DNA-binding protein”, “Sensory kinase” and “two-component system” were transferred to a new
database which was analysed with Perseus. Volcano plots with the statistical parameters of FDR: 0.01
and SO: 1 were used to identify differentially abundant regulatory elements in response to 12-bis-THA
particles. In response to 0.1X MIC of 12-bis-THA particles, two transcription factors increased in
abundance, and none decreased (Figure 6.1A). In contrast, fourteen increased in abundance and forty

decreased in abundance in response to incubation with 1X MIC of 12-bis-THA particles (Figure 6.1B)
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Figure 6.1: Volcano plots showing changes in transcription factor abundance in B. thailandensis
strain E555 following incubation with 12-bis-THA particles. (A) shows the transcription factor
proteome of bacteria treated with 0.1X MIC of 12-bis-THA particles compared to the untreated
control. (B) shows the transcription factor proteome of bacteria treated with 1X MIC of 12-bis-THA
particles when compared to the untreated control. Data points in green represents a significant
increase in protein abundance whereas data points in red show a significant reduction in protein

abundance. Fold change significance was determined using FDR of 0.01 and an SO value of 1.

The top ten regulatory factors that increased in abundance in response to 1X MIC of 12-bis-
THA are shown in Table 6.1. As in Chapter 5, this data is present as log, fold change which is centered
on 0. These include the two transcription factors that increased in abundance in response to 0.1X MIC
12-bis-THA particles and also increased in abundance in response to the higher concentration of 12-
bis-THA particles. Of the identified regulators, we identified eight transcription factors and two sigma
factors. Most of the regulatory factors in Table 6.1 were poorly annotated therefore blast analysis was
performed to better understand the potential biological function of the proteins and to identify

candidates for TFD development.
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Table 6.19: Top 10 regulatory elements that increased in abundance in response to 12-bis-THA
particles. Values in bold indicate statistical significance determined using the volcano parameters
FDR:0.01 and SO: 1.

Fold change
(Log,)
Annotation Accession Gene 0.1X 1X
number MiIC MiC
RNA polymerase Q2T2NO BTH_10088 -0.49 3.88
sigma factor
RpoD
TetR family Q2TOR4 BTH_I0679 1.43 1.72
transcriptional
regulator
LysR family Q2T3F3 BTH_112108 0.22 1.68
transcriptional
regulator
IcIR family Q2SYR2 BTH_I11391 -0.08 1.49
transcriptional
regulator
Transcription Q2T5S8 BTH_I11275 0.40 1.42
regulator LuxR
family protein
Regulator AmrR Q2SVT2 BTH_l12446 1.01 1.38
DNA-binding Q2T4G6 BTH_111739 0.65 1.36
response
regulator
RNA polymerase Q2T1D5 BTH_10456 -0.09 1.14
factor sigma-32
Transcriptional Q2SW09 BTH_I2369 -0.01 0.98
regulator
LysR family Q2TOWO0 BTH_10632 0.67 0.94
transcriptional
regulator
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6.2.2 Computational prediction of TF function

6.2.2.1 BTH_I0679 — Transcriptional regulator (TetR family)

BTH_I0679 is a TetR family transcriptional regulator that increased in abundance 1.43-fold and
1.72-fold in response to incubation with 0.1X MIC and 1X MIC of 12-bis-THA particles respectively. It
is conserved in B. pseudomallei sharing substantial amino acid homology with BpeR (coverage — 99%,
identity — 98.57%) which is a putative repressor that controls the expression of the BpeAB-OprB
resistance-nodulation-division (RND) efflux pump. BTH_I0679 is located upstream of BTH_l0680,
BTH_l0681 and BTH_I0682 which are homologues of BpeA, BpeB and OprB respectively. Following
exposure to 1X MIC of 12-bis-THA particles, BTH_l0680 and BTH_I0681, which are components of the

BpeAB-OprB pump, both increased in abundance in the whole proteomic data set (Chapter 5).

6.2.2.2 BTH_ 12446 - AmrR

BTH_12446 (AmrR) increased in abundance in B. thailandensis 1.01-fold and 1.38-fold when
challenged with 0.1X MIC and 1X MIC concentrations of 12-bis-THA particles respectively. It is
conserved in B. pseudomallei (coverage — 100%, identity — 95.22%) and is a transcriptional regulator
of the AmrAB-OprA RND pump that encodes for aminoglycoside and macrolide resistance (280). To a
lesser extent, there was similarity to MexZ (Coverage — 98%, ldentity — 59.33%) which is the
transcriptional repressor for the MexXY efflux pump in P. aeruginosa. AmrR is located upstream from
BTH_12444 and BTH_12445 which both increased in abundance in response to 1X MIC of 12-bis-THA

particles.

6.2.2.3 BTH_II2108 - Transcriptional regulator (LysR family)

BTH_112108 increased in abundance 1.68-fold in B. thailandensis following challenge with 1X
MIC of 12-bis-THA particles. It is highly conserved in B. pseudomallei sharing significant amino acid
homology with BPSS0290 (Coverage — 99%, identity — 97.90%) and encodes BpeT, a transcriptional
regulator that controls the expression of the bpeEF-oprC operon. bth 112109 is located downstream
of bth 112104, bth 112105, bth 112106 and bth_112107 which encode homologues of the CeoAB-OpcM

RND from B. cenocepacia. No components of these pumps were identified in the proteomic data set.
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6.2.2.4 BTH_I0632 — LysR family transcriptional regulator

BTH_10632 increased in abundance 0.94-fold in response to 1X MIC of 12-bis-THA particles. It
is conserved in B. pseudomallei (Coverage 100% and ldentity 95.06) where it is annotated as BpeS.
This transcription factor acts as a co-activator on the bpeEF-oprC operon in conjunction with BpeT
(337). The proteins components of the BpeEF-OprC RND pump were not identified in the proteomic
data set so it is not possible to infer whether BTH 10632 was functionally active in response to

incubation with 12-bis-THA particles.

6.2.2.5 BTH_11391 - Transcriptional regulator (IcIR family)

BTH_I1391 is an IcIR family transcriptional regulator that increased in abundance 1.49-fold in
B. thailandensis when challenged with 1X MIC of 12-bis-THA particles and is highly conserved in B.
pseudomallei (coverage — 99%, identity — 94.30%). Homologues of BTH_11391 were identified in E.

coli, P. aeruginosa and Salmonella typhi (Table 6.2).

Table 6.210: Identification of BTH_I1391 homologues in E. coli, P. aeruginosa and S. typhi using
BlastP.

Species

Coverage (%)

Identity (%)

E-value

Orthologue

E. coli

58

38.20

2e-14

PcaR

P. aeruginosa

92

42.21

2e-56

IcIR family
transcriptional

regulator

S. typhi

85

25.97

6e-12

Glyoxylate
bypass operon
transcriptional

regulator

PcaR is a transcriptional regulator of the pca operon which in Pseudomonas putida is
responsible for the degradation of aromatic compounds (338). It is a transcriptional activator that acts
in association with the pathway intermediate B-ketoadipate to allow for growth on benzoate (339).

Also, BTH_11391 shares homology with IcIR, a transcriptional repressor that acts on the glyoxylate
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bypass operon (aceBAK) which circumvents the two carbon dioxide evolving steps of the Tricarboxylic
acid (TCA) cycle (340,341). Proteins associacted with this pathway deceased in abundance in response

to 12-bis-THA particles as described in Chapter 5.

6.2.2.6 BTH_lI1275 — Transcriptional regulator (LuxR family)

The abundance of BTH_I11275 was increased by 1.42-fold following the challenge with 1X MIC
of 12-bis-THA particles. It is highly conserved in B. pseudomallei (coverage — 100%, identity — 97.39%)
but no homologues were identified in B. mallei, E. coli, S. typhi, P. aeruginosa or A. baumannii. It
contains a predicted Per-Arnt-Sim (PAS)-domain which are sensory domains of cytosolic proteins that
respond to stimuli such as light, oxygen and redox potential (342). BTH_I11273 and BTH_111274 encode
for 2, 4 dienoyl-CoA reductase and a hypothetical protein, both of which increased in abundance
following exposure to 1X MIC of 12-bis-THA particles (Table 6.3). The B. pseudomallei homologue
BPSS1131 is located upstream of fadH that encodes 2,4 dienoyl-CoA reductase, an auxiliary enzyme

involved in Beta-oxidation (343).

Table 6.3: Expression of differentially abundant proteins in the same operon as BTH_II1275 in
response to 12-bis-THA particles. Data were identified in the whole proteome data set with values in

bold representing statistical significance in the context of the volcano statistics.

Fold change
(Log2)
Accession Protein name Gene 0.1X MIC 1IX MIC
number
Q2T5T0 2,4 dienoyl-CoA BTH_111273 -0.02 245
reductase
Q2T5S9 Conserved BTH_111274 -0.10 1.85
hypothetical
transmembrane
protein
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6.2.2.7 BTH_II1739 - DNA-binding response regulator

The abundance of BTH_I11739 was increased 1.36-fold in B. thailandensis when challenged
with 1X MIC of 12-bis-THA particles. This protein shares considerable homology with BprR from B.
pseudomallei (coverage — 100%, identity — 96.67%). BprRS is a two component system (TCS) in which
BprR is the transcription factor activated by histidine kinase protein BprS. BTH_111740 is also
conserved in B. pseudomallei where it shares amino acid similarity with BprS (coverage — 100%,

identity — 91.86%) however it did not change in abundance in the proteomics data set.

6.2.2.8 BTH_ 12369 — Transcriptional regulator

BTH_I2369 is annotated as a transcriptional regulator and increased in abundance 0.98-fold
in response to 1X MIC of 12-bis-THA particles. It is not present in B. pseudomallei or B. mallei but was
identified in several BCC species where it was annotated as a AraC family transcriptional regulator.
These are transcriptional regulators controlling a diverse range of cellular functions such as carbon
metabolism, virulence, and stress (344). The amino acid sequence of BTH_12369 was compared to the
proteome of E. coli, P. aeruginosa, S. typhi, and A. baumannii using BlastP to identify possible
orthologues which may allow us to infer the function of Bth_I2369 however no characterised

orthologues were identified (Table 6.4).

Table 6.4: Identification of BTH_I2369 homologues in E. coli, P. aeruginosa and S. typhi using BlastP.

Species Coverage (%) Identity (%) E-value Orthologue

E. coli 23 43.68 le-16 AraC family
transcriptional

regulator

P. aeruginosa 75 25.94 3e-25 AraC family
transcriptional

regulator

S. typhi 29 33.94 le-12 AraC family
transcriptional

regulator

A. baumannii 23 43.68 7e-18 AraC family
transcriptional

regulator
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6.2.2.9 Sigma factors

Sigma factors are regulatory elements that facilitate the attachment of transcription factors
to genomic DNA and control the expression of different sets of genes. The transcription factor
database was interrogated to identify differentially abundant sigma factors in response to 12-bis-THA
particles (Table 6.5). Three sigma factors were differentially abundant in the transcription factor

database.

BTH_l0456 which is annotated as RpoH increased in abundance 1.14-fold in response to 1X
MIC of 12-bis-THA particles. The Burkholderia genome browser identified homologues of BTH_I0456
in B. pseudomallei, B. mallei and some BCC species where they were annotated as either RpoH or
Sigma-32. In E. coli, RpoH is an important regulatory factor that controls the expression of heat shock
associated proteins (345). Vanaporn et al showed that RpoH was induced in B. pseudomallei in
response to heat shock (346). In B. pseudomallei, RpoH slightly increased in abundance under hypoxic
conditions suggesting that it might play a role in respiratory adaption (347) or may be induced in

response to alternative stress sources.

RpoS (BTH_12226) was down regulated 1.18-fold in response to 1X MIC of 12-bis-THA particles.
As with RpoH, homologues of BTH_12226 were identified in B. pseudomallei, B. mallei and some BCC
species and all were annotated as RpoS. In B. pseudomallei, RpoS is induced in response to oxidative
stress and positively regulates the expression of OxyR, DpsA and KatG (348). This is consistent with
the observation in Chapter 5 that showed that DpsA and KatG decreased in abundance in response to

12-bis-THA particles.

BTH_I0088, which is annotated as RNA polymerase sigma factor RpoD, increased in
abundance 3.88-fold in response to 12-bis-THA particles. Homologues of BTH_I0088 were identified
in B. pseudomallei and B. mallei where they were annotated as RNA polymerase sigma factor RpoD or
RNA polymerase sigma factor. A homologue was also identified in B. cenocepacia 12315 that was
annotated as Sigl. A study Menard et al showed that SigJ is an auxiliary primary sigma factor that is
conserved exclusively in Burkholderia species making it a potential candidate for TFD development
(349). However, to date, no studies have been performed to identify its molecular function or binding

motif.
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Table 6.5: Sigma factors identified in the transcription factor database. Values in bold represent

statistical significance in the context of the volcano statistics

Fold change
(Log:)
Accession number Protein name Gene 0.1X MIC 1X MIC
Q2SU53 RpoA BTH_13042 -0.06 0.18
Q2sU19 RpoB BTH_I3076 -0.06 0.39
Q2suU20 RpoC BTH_I3075 -0.06 0.37
Q2T7M8 RpoD BTH_110621 -0.02 0.36
Q2T1D5 RpoH BTH_10456 -0.09 1.14
Q2SWF2 RpoS BTH_12226 -0.12 -1.18
Q2sY71 RpoZ BTH_11587 -0.06 0.08
Q2STT9 FliA BTH_I13166 -0.05 -0.68
Q2T2NO RNA polymerase BTH_10088 -0.49 3.88
sigma factor RpoD

Q2T1A6 RNA polymerase BTH_10486 -0.11 -0.35

sigma-54 factor
Q25zU8 RNA polymerase BTH_10997 -0.06 -0.20

sigma-70 factor,

ECF family

Q25zQ1 RNA polymerase BTH_11044 0.09 0.39

sigma-70 factor,

ECF family
Q2SXU1 RNA polymerase BTH_11723 0.02 0.41
sigma factor
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6.2.3 Identification of TFD candidates from the literature

One aim of the proteomics study was to identify regulatory elements that controlled the stress
response to 12-bis-THA particles in B. thailandensis. From this, strains deficient in these genes would
have been purchased from a transposon library generated Maniol et al and screened for exploitable
phenotypes such as sensitivity to 12-bis-THA particles or antimicrobials, or reduction of growth.
Unfortunately access to this resource had been discontinued and it was beyond the scope of the
project to create fresh knock-outs. Therefore, to identify additional TFD candidates | performed a
literature review of essential genes in Burkholderia species and computational analysis to deduce their

transcriptional regulation.

6.231 TEX

TEX (toxin expression) protein was first studied in Bordetella pertussis where it was shown to
be essential for the expression of toxin-associated genes (350). TEX family proteins are ubiquitous in
bacteria but exhibit a wide array of molecular functions (351). In Streptococcus pneumoniae, it does
not affect the expression of major pneumococcus toxin pneumolysin but instead is associated with
bacterial fitness (352). In P. aeruginous, it is important in establishing chronic lung infections but its
function is unknown but it may play an important role in the trafficking of ssRNA to the ribosome
(353). In B. pseudomallei, a ATEX strain was strongly attenuated in vivo and displayed a reduction in
the ability to invade and replicate within cells (354). Though the mechanism underpinning this

phenotype is unknown, it is clear that TEX plays an important role during in vivo colonisation

TEX is not a transcription factor but rather a transcriptional accessory protein that
preferentially binds single-stranded RNA (351) potentially through the S1 domain (350) contained
within the C-terminus of the protein. Spt6 is a eukaryotic elongation factor that interacts with RNAP
and mRNA processing factors (355). It has been proposed that TEX may be functionally similar to Spt6
as there is some sequence conservation particularly in important domains including S1 (355).
Combining this information with the knowledge that TEX is co-purified with RNAP, RNAse E or PNPase
(351) suggests that TEX may play a role in mRNA trafficking and homeostasis. The sequence used in
this study was based upon the crystal structure derived from a TEX orthologue in P. aeruginosa and

was shown to preferentially bind single stranded RNA molecules (351).
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6.2.3.2 Bcam1349 - Burkholderia FNR (BFNR)

Fumarate and nitrate reductase (FNR) was identified as a candidate for TFD development in
E. coli asitincreased in abundance in response to sub-inhibitory concentrations of 12-bis-THA particles
(data not shown). It is a member of the cyclic adenosine monophosphate (cCAMP) receptor protein
(CRP) family and a transcription factor that controls the switch from aerobic to anaerobic respiration.
The characteristics of the E. coli homologue have been thoroughly investigated and has been shown
to bind to a TTGATNATCAA consensus sequence (356). In E. coli, FNR becomes functionally active
through the formation of a homodimer that is held together by the formation of an Fe-S cluster which
forms between five conserved cysteine residues under anaerobic conditions (357). FNR family proteins
are conserved throughout prokaryotes and not only regulates respiration but also key virulence

factors including biofilm formation, motility, and cellular invasion (358).

Bcam1349 is a homologue of FNR in B. cenocepacia (359). Sequence searches on 385 partial
and 50 full sequenced B. pseudomallei genomes in addition to 26 partial and 22 full sequenced B.
thailandensis genomes show that Bcam1349 homologues are highly conserved in Burkholderia
species. However upon further investigation, B. cenocepacia (Bcam1349), B. pseudomallei (BPSL0617)
and B. thailandensis (BTH_l0534) homologues did not show conservation of Fe-S binding pocket-
forming cysteines as shown in Figure 6.2. Where characterised, the Fe-S binding domain detects the
presence of oxygen or other reactive oxygen species. The loss of this pocket suggests that FNR in
Burkholderia species is responding to a different stimulus which is consistent with studies by Fazli et

al which show that Bcam1349 binds to cycli- di-GMP (359).

E. coli strain K12 (FNR):MIPEKRITRRIQSGGCATHCQDCSTSQLCIPFTLNEHELDQLDNT
B. cenocepacia strain 12315 (Bcam1349):MLHLHSSYSANATLAALPEDS IRTIAPHLELVRIKAGMLDRVGEP
B. pseudomallei strain K96243 (BPSL0617): MRNGILRRGRAAPTNRDTNMLHQNNGFHANAL LGSLADDSLRALA

B. thailandensis strain E264 (BTH_I10534): MSGQCLYILRNRTNWHVNRLRVET PSQEGGAS VCKRT TRRAADTT

Figure 6.2: Amino acid sequence alignment of FNR in E. coli strain K12 with homologs in B.
cencocepacia strain J2315, B. pseudomallei strain K96243 and B. thailandensis strain E264.
Residues highlighted in red represent amino acids which are essential for the function of FNR in E.
coli through the formation of an Fe-S cluster.
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A literature review was performed to identify genes regulated by FNR in E. coli strain K12
(360,361). A list of these genes was compiled, and homologues were identified in B. pseudomallei.
Using respective genome browsers, homologous genes were identified with priority given to those
that shared comparable synteny based on the Burkholderia genome browser and had a known
biological function. The 500 bp sequences upstream of each selected gene were searched for potential
FNR binding sites using the E. coli consensus sequence and the Prodoric search function. Identified
sequences were then allocated a position weight matrix score with higher scores pertaining to
sequences that were highly similar to the characterised binding motif. For FNR, the maximum score
allocated to a newly identified pattern is 8.93 which denotes a sequence that is highly similar to the

known binding motif of FNR.

From the upstream regions of the seven genes analysed, Prodoric identified thirteen potential
FNR-like binding motifs (Table 6.6). Three FNR-like binding motifs were located upstream of cydA, a
gene that encodes an integral component of cytochrome D ubiquinone oxidase. Two of these motifs
displayed position weight matrix scores of 8.93 and 8.92 respectively indicating substantial similarity

to the FNR binding motif in E. coli.
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Table 6.6: The identification of FNR-like binding motifs in B. pseudomallei. A list of genes in B.
pseudomallei was produced by identifying homologues from the FNR regulon in E. coli. The 500 base
pair nucleotide sequence upstream of each B. pseudomallei gene was taken from the Burkholderia

genome browser and interrogated using Prodoric virtual footprint to identify possible FNR binding

domains.
Gene Start End Strand Position Sequence
position Position weight
matrix
score
X941_RS19270 245 258 + 6.63 ATGAGATGTATAAA
(HCP)
BURPS1710b_2060 190 203 + 6.49 TTGTTGTATCAAAA
(fimA)
BURPS1710b_2060 113 126 + 6.44 TTGCGAAAAATGAA
(fimA)
BPSL2865 (katG) 173 186 - 8.10 TTGATATATGTAAT
BPSL2865 (katG) 159 172 - 7.70 TTGATAAATTTTAT
BPSL2865 (katG) 471 484 + 7.68 TTGTTTCCCCGCAA
BPSL3304 (tsr) 413 426 - 8.34 TTGCTCGTCATCAG
BPSL3304 (tsr) 413 426 + 7.83 CTGATGACGAGCAA
BPSL1351 (carB) 482 495 - 8.21 TTGGGATTCAGAAA
BPSL2818 (purM) 410 423 + 8.76 TTGCTTTCCCTGAA
BPSL0502 (cydA) 233 246 + 8.93 TTGACTCTCATCAA
BPSL0502 (cydA) 233 246 - 8.92 TTGATGAGAGTCAA
BPSLO502 (cydA) 54 67 - 7.99 TTGCGTTTGCTCAA

A CydA homologue (BTH_10454) was identified in B. thailandensis and three possible binding
motifs were identified in its promoter region. All three showed considerable overlap which may result
in nucleotides being counted multiple times which might account for position weight matrix scores

above 8.93. The sequences highlighted in green showed substantial similarity to the reference FNR
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binding sequence from E. coli, and with those identified upstream of the cydA gene in B. pseudomallei
(Table 6.7). The conservation of these sequences in relation to each other but also the transcription
factor binding motif in E. coli suggests that these sequences may be useful in the development of TFDs

to inhibit Bcam1349.

Table 6.7: The identification of FNR-like binding motifs upstream of CydA in B. thailandensis strain
E264. The 500 base pair nucleotide sequence upstream of cydA in B. thailandensis was taken from
the Burkholderia genome browser and interrogated using Prodoric virtual footprint to identify
possible FNR binding domains.

Gene Start position | End Position Strand Position Sequence
weight

matrix score

BTH_10454 233 246 + 9.37 TTGACTTTCATCAA

BTH_10454 233 246 - 9.11 TTGATGAAAGTCAA

BTH_10454 239 252 - 8.07 TTCTTGTTGATGAA
6.2.3.3 GvmR

The global virulence and metabolism regulator (GvmR) is a LysR-type transcriptional regulator
in B. pseudomallei that controls the response to oxidative stress, cellular invasion, biofilm formation,
motility, and secondary metabolism. The proteomic study was performed with B. thailandensis with
the aim of understanding more about the mechanism of delivery of 12-bis-THA particles and to
identify transcription factors that control the stress response, as these would be targets for TFDs to
block the bacterium’s ability to recover. Interestingly, the data showed an upregulation of proteins
associated with the type 6 secretion system cluster 2 (T6SS-2) (15/15 detected) which is under the
regulation of GvmR. A homologue of GymR (BTH_10124) was also identified in the proteomics dataset

but it was not differentially abundant in response to 12-bis-THA particles.

To date, the binding motif of GvmR has not been published therefore we used Prodoric to
predict the potential transcription factor binding motif. Some transcriptional regulators including the
LysR-type transcriptional regulator have exhibited autoregulatory functions therefore Prodoric was
used to analyse the 500 base pair regions upstream of the GvmR promotor in an attempt to identify

putative binding sites. For this, the LysR-type transcriptional regulators CynR, CysB, NhaR and OxyR
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were selected in Prodoric as no others were available at the time of analysis. Three OxyR-like and one

NhaR-like binding motifs were identified in the promotor region of GvmR (Figure 6.3).

ATCTCGRAAGC AATTGAGCTT GCGGACGGCG TCCTGGTAGT CGTCGAGGAT GGCAATTTTC ATGGCGTGTT TCGGGATTCG
CGCGAGATGA GCGATGGAAG ACGGTGGCCG CCGCGCACTG TCGCGCGCCG GTCCGGTCCG GTTTGAGGGC CGTAATGATC
CTATGACGGC ACGGCAACAG GTGTATCTCT TTTTAACAGC TTGTTACGCG CGGCCGCAAG CGCCGCCGTC CGGGCGCGGA
TCGCGTTGTT CCGACCCCAC GCGATGCCGA GCCGACAGCG ATTCCGAC/ENENOIUENEG GGCAATTTCG GGAGTGAGAT
TGCTCAATTA TTT[NGSUGIPVNIWNSAATT GGTCTATCTA GCTAGGTAGG CTGAGCAAGT TCGAAGGTTT TTGTCGAGAT
TTCGCGGGAA GTTGAGCAAC TCTGCAT[HUBPUISECIETC GTAGGAAAAT TACTCATTTG CTTCATATTT TTGAAGCTGT
AACAGCGGTA GGAGCGGAGT

NhaR | E. coli (strain K12) 334 344 - 12.05 TCTTAAAAATG
OxyR | E. coli (strain K12) 336 346 - 4.30 GTTCTTAAAAA
OxyR | E. coli (strain K12) 428 438 - 4.07 CAGCGAAAAAG
OxyR | E. coli (strain K12) 289 299 - 4.05 AATCGAGAAAC

Figure 6.3: Identification of LysR type transcriptional regulator binding motif patterns in the 500
base pair region preceding GvmR in B. pseudomallei. The nucleotide sequence was taken from the

Burkholderia genome browse and interrogated using Prodoric virtual footprint.

Prodoric analysis of the promoter sequences of the 41 genes described in the GvmR regulon
was performed (275). All contained at least one potential OxyR binding sites to which GymR may
bind, with the majority containing doublets or triplets. For example, the gene encoding the T6SS-2,
that is positively regulated by GvmR, contained three sites. This may suggest that GvmR binds to the
promotor region as a multimer. As treatment with 12-bis-THA particles increases the abundance of
T6SS-2 (Chapter 5), potentially in response to oxidative stress induced by the particles, designing of a
TFD to block GvmR binding may have a synergistic effect with the particles: these induce oxidative

stress and the TFD inhibits GymR to diminish bacterial response.
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CTCACGCTGC CGTCGCCGAT ATGGTCGGGC ATCCTGCAGT CGTTCAGGTG TCCGTCGTGA TGCGTCGAGC ATCGGTATTC
ATGCGCCGCA GGGCGCGCAC ACTGGAAAGG AGCAAGACAT GATCGATCCG AAGGAAAT(GjgERNeldlelel NG CAACAACGCG
CACCAGTACG GGCAGGACGC GAGCGGCTCG ATGGCCAAGC CGTTCATGGA TTCGATCCCG GATCTGTCGA CGGCGTCGTC
GAGCAACGCG AGCAACCTGA TCGGCAACGT GCAGCAGGTG GGCTCGAAGA TGCTCGAGCA CATGTCGACG ATCAAGTCGG
CGGTGGACAA GCAGGTGATG ATCELNKOINE[ERPNONVACCAGCA G{OeRiOINEFVNEPNOCTACGACT TCAACGTCGA CATGCGGGAC
CTGCGGCCGA CCAACGCGGT CGGCTTCCCG GAGGAGATGC CGTCGATCTT CTTCGCGCCG TTCAGGACCG GCAAGTGACG
CGCTTCGGCT GCGTGGGCAG

OxyR | E. coli (strain K12) 139 149 - 3.34 ATGCCGCARAAG
OxyR | E. coli (strain K12) 362 372 + 3.29 CGTCAGAAGAC
OxyR | E. coli (strain K12) 344 354 + 3.23 CATCAGGACAA

Figure 6.4: Prodoric analysis of the intergenic region preceding BTH_11883 (TseM).

Considering that 12-bis-THA particles induce the production of T6SS-2 proteins, a TFD that
selectively inhibits GvmR might synergise with the delivery agent through suppression of the bacterial
stress response. However, TFDs have traditionally developed to inhibit transcription factors that have
well-characterized bind motifs such as FNR, NarL, and WalR. As the binding motif of GymR is currently
unknown, TFDs were developed to incorporate multiple predicted binding motifs and the

neighbouring sequence (Figure 6.4).

6.2.3.4 Zur

The zinc uptake regulator (Zur) is a ubiquitous bacterial transcriptional regulator that controls
zinc homeostasis and is a member of the ferric uptake regulatory (FUR) transcription factor family. It
predominantly acts as a transcriptional repressor when bound by Zn?*and prevents the expression of
downstream genes by blocking the RNAP from binding at the -35 consensus site (362). When the
cytoplasmic concentration of Zn?* declines, Zur loses binding activity relieving the repression of its

regulon (362).

Zur also has a role in controlling the expression of ribosomal proteins, transcription factors
and signal peptides in addition to affecting amino acid metabolism (363). In Listeria monocytogenes
mutation of Zur results in retardation of growth and reduction of motility in vitro, and slight
attenuation in vivo. However, this attenuation was not observed in mutant strains of S. enterica

suggesting that the function and importance of Zur can vary depending on the bacterial species
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studied (364). It has been proposed that Zur, along with GvmR, OxyR and TctR, regulate the
homeostasis of Zn** and potentially manganese in B. pseudomallei through the regulation of the T6SS-
2 (365). As 12-bis-THA particles induce the expression of the T6SS-2, Zur is an interesting candidate
for TFD development as it may interfere with the ability of B. thailandensis and potentially B.

pseudomallei to induce important stress systems to respond to 12-bis-THA particles.

6.2.4 Phenotypic investigations of TFD activity against B. thailandensis

6.2.4.1 The sequences used in this study

Table 6.8 shows the sequences and structures of the TFDs used in this thesis. BFNR1 and
BFNR3 were prepared by IDT in the hairpin format where the final three nucleotides were
phosphorothioate to prevent endonuclease degradation. TEX1 and TEX2 were also synthesized by IDT
but as ssRNA. TEX1 was formed as normal nucleotides whereas TEX2 was formed of O-2 Methyl
nucleotides to reduce enzymatic degradation and to improve binding affinity. Alternatively, the Zur

and GvmR TFD polymeric particles were made by Professor McArthur using rolling circle amplification.

Table 6.8: The sequence and structure of TFDs tested in this study

TFD Nucleotide sequence Structure

BFNR 1 TGG CTT TGA CTT TCA TCA ACA AGA/HEG/TCT TGT TGA TGA Hairpin structure
AAG TCA AAG* C*C*A with three
phosphorothioate
nucleotides on the

3’ end

BFNR 3 TTC TAA ATT CCT AGG GTA CAG TCA/HEG/TGA CTG TAC CCT Hairpin structure
AGG AAT TTA* G*A*A with three
phosphorothioate

nucleotides on the

3’ end
TEX1 rUrCrUrUrUrUrCrCrUrGrUrGrUrUrUrUrUrCrCrGrCrArArUrC sSRNA
TEX 2 rumCmUmUmUmUmCmCmUmGmUmGmMmUmUmUmUmUmC sSRNA with 2’-0
MCmMGmMCmAmMAmMUrC methylation

modifications
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Zur active Sequences withheld TFD polymeric
particle

Zur Sequences withheld TFD polymeric
scrambled particle

GvmR Sequences withheld TFD polymeric
active particle

GvmR Sequences withheld TFD polymeric
scrambled particle

6.2.4.2 MiIC testing of TEX and BFNR TFDs delivered using 12-bis-THA particles

MIC testing was performed to investigate if TEX or BFNR TFDs exhibited antimicrobial activity

against B. thailandensis strain E555. Table 6.9 shows that no difference was observed between the

MIC of empty 12-bis-THA particles and those loaded with active or scrambled TFD.

Table 6.9: The MIC of empty 12-bis-THA particles and particles loaded with TEX or BFNR targeting

TFDs in B. thailandensis. MICs were performed in CAMHB and data are representative of at least 3

independent experiments.

Compound Minimum inhibitory concentration
(ug/ml)
BFNR1 2-4
BFNR3 2-4
TEX1 2-4
TEX2 4
12-bis-THA particles 2
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6.2.4.3 Delivery of TFDs B. thailandensis strain E555 using 12-bis-THA particles

In Chapter 3, we showed that 12-bis-THA particles accumulated in the cytoplasm of both
capsulated and unencapsulated strains of B. thailandensis, However, no difference in the antimicrobial
activity of empty and loaded particles was observed during MIC testing. This may occur if 12-bis-THA
is unable to deliver TFD to the bacterial cytoplasm. Confocal microscopy was performed to investigate

if 12-bis-THA was able to deliver TFD to the cytoplasm of capsulated B. thailandensis.

Figure 6.5A-D shows that no fluorescence was detected in the green (TFD) and blue (12-bis-
THA particles) channels with the selected laser settings. This indicates that any fluorescence observed
in these channels in the test samples is representative of TFD and 12-bis-THA particles not
autofluorescence or bleeding from the red channel (membrane stain FM4-64 FX). Figure 6.5E-H shows
B. thailandensis stained with FM4-64 FX and incubated with 12-bis-THA particles loaded with
rhodamine-labelled FUR TFD. As previously observed in Chapter 3, the membrane resolution of
bacterial cells treated with 12-bis-THA particles was considerably lower than the untreated control.
Chapter 3 showed that 12-bis-THA particles may accumulate within the bacterial membrane
potentially causing displacement of FM4-64 FX. However, no membrane binding or accumulation was
observed in Figure 6.5E-H. Despite this, the fluorescence of the TFDs and 12-bis-THA particles were
observed Figure 6.5E-H and could be seen to overlap with most but not all the fluorescently labelled
B. thailandensis cells. Several bacterial cells, such as those highlighted in Figure 6.5F using the yellow
arrows contained both green and blue fluorescence suggesting accumulation of both 12-bis-THA
particles and TFD within the bacterial cytoplasm. Some of the cells demonstrate a high intensity of
green signal indicating high levels of TFDs present within this bacterial cell. In contrast, some cells
contained only the blue signal suggesting that only 12-bis-THA was present and not TFD (shown by the
white arrows in Figure 6.5G). This may if the concentration of TFD is low and is not detected with the
laser settings used. Alternatively, it may represent the accumulation of 12-bis-THA particles that were

not loaded with TFD
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Membrane TFD 12-b|%_THA Merged
particles

Figure 6.5: Confocal microscopy of TFD delivery to encapsulated B. thailandensis strain E555 using 12-bis-THA particles. Bacterial cells grown to mid-log
phase were incubated with 50 pg/mL of 12-bis-THA loaded with 5 pg/mL of alexa-488 labelled FUR TFD for 1.5 h. Red, green and blue show the bacteria, TFD

and 12-bis-THA particles respectively. Images were captured with a Zeiss LSM 800 microscope and represent 5 fields of view from 3 independent replicates.
Scale bars show 5 um.
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6.2.4.4 The activity of BFNR and TEX TFDs against mature B. thailandensis biofilms
Both Bcam1349 and TEX have been associated with biofilm formation in Burkholderia species

(243,359). Therefore, we investigated if TFDs that targeted BFNR, and TEX demonstrated activity
against mature B. thailandensis biofilms using the method developed in Chapter 4. The data in Figure
6.6 shows no difference between empty 12-bis-THA particles and those loaded with any of the TFD
oligonucleotides. The MBEC curve observed in Figure 6.6 is remarkably different to that observed in
the biofilm chapter (Figure 4.3 and 4.4) which is presented as an inverted sigmoidal curve whereas
the data in Figure 6.6 suggests a linear reduction in biofilm biomass when exposed to doubling

concentrations of 12-bis-THA particles.

- 12-bis-THA particles
®- BFNR1

-+ BFNRS3

v- TEX1

-~ TEX2

Biomass
(% of control)

Concentration
(ng/mL)

Figure 6.6: Activity of TFD loaded 12-bis-THA particles against preformed B. thailandensis strain
E555 biofilms. Biofilms were formed using the Calgary biofilm and tested for 24 h in the present of
TFD before crystal violet staining and quantification. The values shown are relative to the untreated
control. Data are representative of 2 independent replicates and error bars show standard

deviation.
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The pMIC values for empty and loaded 12-bis-THA particles were also calculated by observing
the concentration that inhibited the shedding of the mature biofilms and prevented visible planktonic
growth (Table 6.10). No difference in the pMIC was observed between any of the treatments.
Additionally, the pMIC value for empty 12-bis-THA particles was consistent with that observed in
Chapter 4.

Table 6.10: The pMIC of empty 12-bis-THA particles and those loaded with TEX or FNR targeting

TFDs in B. thailandensis. Data are representative of 2 independent experiments.

Compound Planktonic minimum inhibitory concentration
(ng/ml)
BFNR1 2
BFNR3 2-4
TEX1 2
TEX2 2
12-bis-THA particles 2-4

6.2.4.5 The minimum biofilm inhibitory concentration of BFNR and TEX TFDs against planktonic B.
thailandensis

The minimum biofilm inhibitory concentration of each compound was investigated to
determine whether the TFDs prevented biofilm formation in planktonic B. thailandensis. This was
performed by placing the Calgary device lid onto a 96-well plate that had been prepared in the same
way as the broth microdilution MIC using modified Vogel Bonner medium (MVBM). Planktonic
bacteria treated with halving dilutions of empty and loaded 12-bis-THA particles were incubated under
agitation before quantification using crystal violet. No significant difference in biofilm formation was

observed when comparing cultures incubated with empty and loaded 12-bis-THA particles (Figure 6.7)
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Figure 6.7: Investigation of the minimum biofilm inhibitory concentration (MBIC) for BFNR or TEX targeting
TFD in B. thailandensis. Empty 12-bis-THA particles or those loaded with TFD were incubated with
planktonic bacteria within the Calgary biofilm device and incubated at 37°C for 24 h before using crystal
violet staining to quantify the biofilm biomass. The values shown are relative to the untreated control. Data

are representative of 2 independent experiment and error bars show the standard deviation.

6.2.4.6 The MIC of GvmR and Zur polymeric TFD particles

Polymeric TFD particles are the next iteration of TFD technology that allows the delivery of
exponentially more TFBS sequences without the need for 12-bis-THA particles. Polymeric TFD particles
were made by Professor McArthur and contained either the TFBS for Zur or GvmR. Scrambled variants
were also produced to act as controls. Additional polymeric particles were made containing a
scrambled TFBS to act as negative controls. Broth microdilution MIC assays were performed to
investigate if the GvmR and Zur polymeric TFD particles demonstrated antimicrobial activity against

B. thailandensis E555.

Table 6.11 shows that all of the polymeric TFD particles inhibited bacterial growth. The
polymeric TFD particle containing the active GvmR sequence had an MIC of 2.5 pg/mL which was 4-

fold lower than the scrambled version which had an MIC of 10 pg/mL. Similarly, the active version of
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the Zur TFD particles had MIC values of 0.16 — 0.32 pg/mL that were 16 to 32-fold lower than the

scrambles version which had an MIC of 5 pg/mL.

Table 6.1111: The MIC of TFD polymeric particles against B. thailandensis strain E555. Assays were

performed in CAMHB and data are representative of 2 independent experiments.

Compound Minimum inhibitory concentration (ug/mL)
GvmR 2.5
GvmR (Scrambled) 10
Zur 0.16-0.31
Zur (Scrambled) 5

6.2.4.7 Confocal microscopy of polymeric TFD particle delivery to B. thailandensis strain E555
Confocal Microscopy was performed to investigate the transfection efficiency of polymeric
TFD particles. Fluorescent microscopy can be used to measure polymeric TFD particle internalization
as the delivery moiety, which is TAMRA labelled nucleotides, are intrinsically fluorescent. Figure 6.8A-
C shows untreated B. thailandensis stained with FM4-64. No signal was observed in the green channel
(Figure 6.8B) indicating that the selected laser parameters had not caused bleeding between the red

and green channels or had stimulated bacterial autofluorescence.

Figure 6.8D-F shows B. thailandensis strain E555 that were incubated with 5 pg/mL of
polymeric TFD particles for 1.5 h and stained with FM4-64 FX. Green fluorescence which represents
the polymeric TFD particles were observed to co-localise with bacterial cells stained in red. The TFD
signal was observed within the boundaries of the membrane stain suggesting accumulation within the

bacterial cytoplasm.
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Membrane TFD Polymeric particle Merged

: L WA & 2
Figure 6.8: TFD polymeric particle delivery to B. thailandensis strain E555. Bacterial cells grown to mid-log phase were incubated with 5 pg/mL of TAMRA labelled
TFD polymeric particles for 1.5 h. Red and green show the bacteria and TFD respectively. Images were captured with a Zeiss LSM 800 microscope and represent 5
fields of view from 3 independent experiment. Scale bars show 5 um.
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6.3 DISCUSSION

6.3.1 The identification of transcription factors using a proteomic approach

Transcription factor decoys (TFD) are precision oligonucleotide antimicrobials that contain the
binding motif of a target transcription factor. This acts as a competitive inhibitor that selectively
inhibits the targets resulting in the prevention of downstream gene expression. The main challenge
for this technology is identifying new transcription factor candidates particularly in unusual or poorly
characterised bacteria. Previously, the McArthur group has performed bottom-up proteomic studies
to identify transcription factors that increased in abundance in response to the delivery molecule 12-
bis-THA with the perspective that delivery of a TFD that inhibits a transcription factor that controls the
stress response. By doing so, the bacteria will be sensitized to 12-bis-THA particles through the
prevention of essential gene expression. This has been used to identify transcription factors such as

FNR, FUR, and NarPL in E. coli and BrIR in P. aeruginosa.

In Chapter 5, a proteomic study was performed to investigate the stress response in B.
thailandensis strain E555 to provide insight into its mechanism of action of 12-bis-THA particles in this
bacterial species. In this chapter, we mined the proteomic data set to investigate transcription factors
that increased in abundance in response to 12-bis-THA particles. This generated a new protein data
base containing proteins with annotations such as “Transcription factor”, “regulator” or “DNA-
binding” which was then processed using Perseus as previously described in Chapter 5. Using this
approach, two transcription factors and regulatory elements that increased in abundance in response

to 0.1X MIC and fourteen following exposure to 1X MIC of 12-bis-THA particles were identified.

The data shows that four transcription factors which increased in abundance in response to 12-
bis-THA particles control the expression of RND efflux pumps in Burkholderia species. AmrR and BpeR
(BTH_10679) increased in abundance in response to both 0.1X MIC and 1X MIC concentrations of 12-
bis-THA particles and act as transcriptional repressors of AmrAB-OprM and BpeAB-OprB respectively
in B. pseudomallei. Mutation of these repressors leads to constitutive expression of their respective
RND pumps resulting in reduced susceptibility to antimicrobials including clinically important
meropenem (366—368). Conversely, the data from the whole proteomic database (Chapter 5) showed
that downstream genes of both AmrR and BpeR increased in abundance in a response to 12-bis-THA
particles regardless of the increased presence of their transcriptional repressors. Homologues of BpeT
(BTH_112108) and BpeS (BTH_l0632) were also identified in the transcription factor database and
increased in abundance by B. thailandensis in response to 1X MIC of 12-bis-THA particles. In B.

pseudomallei, BpeT and BpeS co-organize the expression of the BpeEF-OprC pump by binding to LTTR
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box upstream of the RND pump (337). The BpeEF-OprC RND efflux system is responsible for the efflux
of clinically relevant antimicrobials trimethoprim and sulfamethoxazole (167,369). These proteins
were not identified in the proteomic dataset, but it is reasonable to anticipate their upregulation due

to anincrease in the abundance of their transcription activator in response to 12-bis-THA particles.

Itis clear that 12-bis-THA induces changes in the regulation and abundance of RND efflux proteins
however the mechanism is not understood. Previously it has been shown that 12-bis-THA particles
interact with the membrane of capsulated and unencapsulated strains of B. thailandensis which leads
to varying degrees of permeabilisation. Both membrane permeability and efflux act together and
influence antimicrobial diffusion across the membrane in Gram-negative species including B.
thailandensis and B. cepacia (91). This suggests that 12-bis-THA particles may induce changes in RND
efflux activity and regulation for two reasons. Firstly, 12-bis-THA particles may cause a temporary
upregulation in efflux activity to expel 12-bis-THA from the cytoplasm or particles passing through the
membrane may increase membrane permeability. It was observed in Chapter 3 that 12-bis-THA
particles did not cause the leakage of cytoplasmic enzymes in capsulated B. thailandensis strain E555.
However, 12-bis-THA particles may still form membrane pores that are too small or transient to allow
cytoplasmic proteins to be released but still allow water and metabolites to leak out. The metabolomic
data in Chapter 5 supports this hypothesis as a reduction in osmotically active molecules was observed
in response to 12-bis-THA particles. Secondly, the upregulation of transcriptional repressors AmrR and
BpeR may act to limit the over activation of efflux pumps which may further increase membrane

permeability.

The impact of 12-bis-THA particles on the regulation of RND efflux systems in B. thailandensis is
not fully understood. Our data suggest that there is a strong link between the two however the
proteomic assay performed only provides a snapshot of a single time point. To better understand the
role of 12-bis-THA particles plays on RND efflux pumps further times points are required. Alternatively,
the activity of efflux pumps could be monitored in response to 12-bis-THA particles using a method
described by Paixdo et al (370). In the context of TFD development, transcriptional activators such as
BpeT and BpeS are potential candidates for TFD development as their inhibition would likely give rise
to increased sensitivity to antimicrobials such as trimethoprim that would otherwise be expelled (102).
However further work is required to identify the transcription binding motifs of these transcription

factors.

Four other transcription factors increased in abundance in response to 12-bis-THA particles but
required further analysis as those identified were less characterised. For example, BTH 11391
increased in abundance 1.49-fold in response to 12-bis-THA particles and was annotated as an IcIR
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family transcriptional regulator. While it is conserved in both B. pseudomallei and B. mallei, it is not
characterised and has no known function in Burkholderia species. To provide insight into its possible
molecular function, the amino acid sequence for BTH_I1391 was analysed using BlastP to identify
homologues in well-characterised species, such as E. coli and P. aeruginosa, to infer its function. An
uncharacterised homologue was identified in P. aeruginosa whereas characterised ones were

observed in E. coli (PcaR) and S. typhi (glyoxylate bypass operon regulator).

PcaR is an IcIR family transcriptional regulator that is best characterised in P. putida where it
enables bacteria to grow using benzoate derivatives as a carbon source (339). No evidence of changes
to benzoate metabolism was observed in the proteomic or metabolomic data set which suggests that
PcaR is functionally different in B. thailandensis. Alternatively, the S. typhi homologue glyoxylate
bypass operon regulator, which is called IcIR in E. coli, is responsible for suppressing the activity of the
glyoxylate bypass (340,371). This is consistent with the observation in Chapter 5 where the
downregulation of the glyoxylate bypass in response to 12-bis-THA particles was observed. Overall, it
is difficult to predict the function of BTH_I1391 from the BlastP output as the coverage and E-values
were low. However, it is interesting to note that possible homologues identified were associated with
central metabolism. With the data that is currently available, BTH_11391 is not a good candidate for

TFD development as its function and binding site are unknown.

BTH_I11275 is a LuxR family transcriptional regulator that increased in abundance 1.42-fold in
response to 1X MIC of 12-bis-THA particles. The Burkholderia genome browser showed that this
protein was conserved in B. pseudomallei but not B. mallei. Additionally, BlastP identified no
homologue in E. coli, A. baummanni, P. aeruginosa, or S. typhi, however it did identify a PAS-domain
within the amino acid sequence. These sensory domains can control the dimerisation and activity of
their transcription factors as they respond to a wide range of environmental stimuli including oxygen
and redox potential. For example, Aer is a PAS-domain containing protein in E. coli that senses changes
in proton motive force through FAD binding (372,373). Another remarkable feature of BTH_111275 and
its B. pseudomallei homologue (BPSS 1131) was its location upstream of two genes associated with
fatty acid metabolism both of which had increased in abundance when the proteomic data set was
analysed. As with BTH_11391, it is challenging to predict the function of BTH_I11275 as it has no
characterised homologue. Interestingly, the data suggests that it could have a role in B-oxidation and
fatty acid metabolism however further studies are needed to substantiate this. In the context of TFD
development, considerably more work is required to investigate the potential of BTH_[11275 as a
candidate particularly the characterisation of its molecular function however this lies beyond the

scope of this project.
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BTH_111739 increased in abundance 1.36-fold in response to 1X MIC of 12-bis-THA particles and is
a homologue of BprR in B. pseudomallei. BprR is a part of the BprRS two-component system that
regulates virulence in addition to being an important virulence factor in vivo (374). Deletion of either
or both components resulted in moderate attenuation in intranasally infected mice. Adler et al
showed that a AbprR strain of B. pseudomallei displayed reduced swimming motility aligning with
transcriptomic data showing an increase in the abundance of mRNA transcripts associated with
motility (374). This suggests that BprR acts as a transcriptional repressor for these genes which is
consistent with the findings in Chapter 5 which show a reduction in the abundance of flagella proteins
combined with an increase in the abundance of BprR. BprR is a potential candidate for TFD
development as the deletion of this gene results in a reduction in virulence both in vivo and in vitro

however further studies are required to identify its transcription factor binding motif.

BTH_I2369 is annotated as a transcriptional regulator and increased in abundance 0.98-fold in
response to 1X MIC of 12-bis-THA particles. The Burkholderia genome browser showed that it is not
conserved in B. pseudomallei or B. mallei but can be found in some BCC species including B. cepacia,
B. dolosa and B, vietnamiensis where it is annotated as an AraC family transcriptional regulator.
Additionally, no characterised homologue was detected in E. coli, P. aeruginosa, A. baummanni or S.

typhi as homologues were also annotated as an AraC family transcriptional regulator

6.3.2 Sigma factors as potential TFD candidates.

Of the ten regulatory elements to increase in abundance in response to 12-bis-THA particles,
two were sigma factors. Sigma factors are transcription initiation proteins that reversibly bind to RNA
polymerase to direct its binding to DNA and initiate transcription. Hence, they affect the specificity of
the polymerase via the selection of binding site, and its efficiency by controlling the rate of RNA
synthesis. First characterised in E. coli they are historically grouped by their mass, structure and
binding site. For example, RpoD is a primary sigma factor and regulates the transcription of
‘housekeeping’ genes that are required for growth (375,376). It controls the expression of important
genes by recognising two binding motifs (—35 5-TTGACA-3' and —10 5'-TATAAT-3') (377) and is
essential for viability in multiple species (378—380). Sigma factors are potentially attractive candidates
for TFD development as they are functionally similar to traditional TFDs with the difference that a
sigma factor decoy may suppressor a larger array of genes. The caveat of this is that sigma factor
binding motifs are conserved across bacterial species resulting in a reduction or loss in precision

antimicrobial activity compared to a traditional TFD. Additionally, the very large number of RNA
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polymerases within a bacterial cell will require efficient delivery of the TFD so it can act as a

competitive inhibitor.

SigJ) increased in abundance 3.88-fold in response to 12-bis-THA particles. It is annotated by
Menard et al as a novel lineage of the primary sigma factor RpoD (349). This is consistent with the
finding in this chapter that showes the presence of both Sig) and RpoD. It is difficult to determine
whether Sigl is a good candidate for TFD development as its function is unknown. Mutations of
primary sigma factors can be lethal (381) but deletion of sig/ in has been observed in Burkholderia sp.
383 and B. cenocepacia PC184 suggesting that it is not essential for bacterial viability (349). The
function of SigJ is unknown but it has been proposed to act as an auxiliary primary factor to support
the function of RpoD (349). Further studies are required to investigate the molecular function and

binding motif of Sig) before a TFD can be developed.

BTH_10456 which is annotated as RpoH also increased in abundance 1.14-fold in response to 12-bis-
THA particles. In E. coli, RpoH is a sigma factor that increased in abundance in response to heat stress
and controls the expression of chaperone proteins and proteases to counter the accumulation of
misfolded proteins (382). This is consistent with our findings which showed that HslUV, which are
known members of the RpoH regulon (383), were significantly increased in abundance in response to
1X MIC of 12-bis-THA particles (1.32-fold and 2.13-fold, respectively). In B. pseudomallei, the
expression of RpoH and its regulon is coregulated by RpoE (384). A mutant of RpoE was constructed
in B. pseudomallei which exhibited sensitivity to oxidative and osmotic shock (385) in addition to a
reduction in intracellular viability and biofilm formation suggesting a function outside of heat-induced
stress. This is consistent with the findings in Chapter 5 which suggests that 12-bis-THA particles induce
oxidative stress in B. thailandensis. Further, in E. coli the consensus binding site for RpoH is distinct
from that of the housekeeping RpoD making it possible to design TFDs just to target the RpoH regulon
however further studies are required to gain insight into the role and binding specificity of RpoH in B.

pseudomallei.

6.3.3 Using the literature to identify candidates for TFD development

Though the proteomics assay successfully identified several candidates for TFD development,
all required further characterisation which is beyond the scope of this project. As an alternative
approach, a literature review was performed to identify alternative TFD candidates that had been
characterised in Burkholderia species. By doing so, we identified four candidates for a B. pseudomallei

specific TFD.
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Zur is a transcription factor that is ubiquitous in bacteria and is responsible for regulating
cytoplasmic zinc homeostasis (386). It is proposed that Zur regulates cytoplasmic zinc levels in B.
pseudomallei by acting on the T6SS-4 as the promoter region contains a Zur binding box which had
considerable similarity to that identified in E. coli (365). Deletion of zur in B. thailandensis results in an
increase in the expression of T655-4 genes suggesting that it acts as a transcriptional repressor on this
operon (365). However, there is evidence in Caulobacter crescentus that also acts as a transcriptional
activator but it can also, directly or indirectly, activate genes in the FUR regulon which is responsible
for orchestrating iron homeostasis(387). Though the Zur regulon is not fully characterised in B.
thailandensis or B. pseudomallei, it is an attractive candidate for TFD development due to its

conservation in Burkholderia species, known binding box and understood phenotype.

TEX is another candidate for TFD development as a ATEX strain of B. pseudomallei showed
attenuation of virulence in a mouse model (354). TEX is a unique target for TFD development as it is
not a traditional transcription factor but rather a transcriptional accessory protein that preferentially
binds single-stranded RNA (351). TEX shares sequence and structural homology with Spt6 which is a
eukaryotic elongation factor that supports the processing of mRNA into a polypeptide chain (355).
Though Spt6 is considerably larger than TEX, Johnson et al propose that both proteins share the same
molecular function based on the conservation of an S1 domain that is responsible for binding nucleic
acids (355). Additionally, TEX has been co-purified with RNAP, RNAse E or PNPase further implicating
it with a role in mRNA processing (351). In this study, a TFD was developed using the nucleotide bind
motif identified based upon the crystal structure derived from the crystal structure of the TEX

orthologue in P. aeruginosa binding to a single-stranded RNA molecule (351).

GvmR is a transcription factor in B. pseudomallei that acts globally to control the expression
genes involved with of metabolism and virulence (275). In addition, GvmR was found to positively
regulate the T6SS-2 secretion system in B. pseudomallei, which itself is regulated by sensing levels of
zinc (365). A AgvmR strain of B. pseudomallei demonstrated attenuation in a mouse model with in
vitro studies showing that the mutant strain displayed a reduction in the ability to invade and replicate
inside cells (275). Due to its phenotype and conservation in B. thailandensis and B. mallei, in addition

to BCC species, GvmR is an excellent candidate for TFD development (365).

Bcam1349 is an FNR family transcriptional regulator in B. cenocepacia that regulates biofilm
formation and virulence in vivo. In E. coli, FNR is a global transcriptional regulator that controls the
switch from aerobic to anaerobic respiration. Under anaerobic conditions, FNR forms a homodimer
thatis held together by a Fe-S cluster which forms disulfide bridges at conserved cysteines (388). These
cysteines are not conserved in B. thailandensis or B. pseudomallei which is consistent with studies by
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Fazli et al which showed that Bcam1349 controls the production and export of extracellular
polysaccharides for biofilm formation and is regulated by cytoplasmic levels of cyclic-di-GMP (389).
Previously, the McArthur group has focused on developing a TFD the selectivity inhibits FNR in
Enterobacteriaceae to counter gut dysbiosis and complicated urinary tract infections therefore FNR-
family transcriptional regulators in Burkholderia are possible candidates for the development of an
anti-melioidosis TFD termed BFNR. For both GvmR and Bcam1349, suitable transcription binding

motifs had not been identified at the time of the study.

Therefore, to predict the transcription factor binding motif of both GvmR and Bcam1349, a
computational tool called Prodoric was used to identify potential conserved nucleotide sequences
upstream of genes within the transcription factors regulon. Prodoric compares new nucleotide
sequences to a database of known bacterial transcription factor binding motifs (149,390). New binding

motifs are then allocated a score based on their similarity to a reference sequence.

To identify a possible transcription factor binding motif the upstream nucleotide sequences
of all genes within the GvmR regulon (275) were interrogated with Prodoric. By doing so, an OxyR-like
binding domain similar to that found in E. coli was identified. All genes within the regulon contained
at least one OxyR-like binding motif however the promotor domains consistently contained two or
three motifs including upstream of itself and the T6SS-2. In this study, TFD particles were produced

from synthetic, circular DNA containing the binding site found using a proprietary methodology.

In parallel, a list of promoters found in the E. coli FNR regulon was compiled using papers
published by Constantinidou et a/ (360) and Myers et al (361). The Burkholderia genome browser and
BlastN were used to identify homologues in B. pseudomallei depending on sequence conservation and
gene synteny. Prodoric was then used to interrogate the upstream regions of conserved B.
pseudomallei homologues to investigate the presence of FNR-like binding motifs. Using this approach,
thirteen potential transcription factor binding motifs were identified for Bcam1349. For TFD
development, the sequence upstream of cydA was selected as the Prodoric score was the maximum

possible (8.93/8.93) indicating a match to the FNR binding motif in E. coli.

6.3.4 TFD platforms: 12-bis-THA vs polymeric TFD particles

Next, we investigated the antimicrobial activity of the TFDs against B. thailandensis strain E555.
No difference was observed between empty 12-bis-THA particles and those loaded with active or
scrambled TFD. This was not unexpected as both TEX and Bcam1349 do not regulate genes that are

essential for viability but rather those which are associated with biofilm formation (243,359).
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However, whether the TFD was delivered in sufficient quantity or were stable enough to assert a

biological effect needs to be investigated.

No TFD specific activity may have been observed if 12-bis-THA particles were unable to deliver
TFD to the cytoplasm of encapsulated B. thailandensis. In Chapter 3, 12-bis-THA particles were shown
to rapidly accumulate within the cytoplasm of encapsulated and unencapsulated strains of B.
thailandensis. Using the method described in this chapter, it was determined whether 12-bis-THA
particles could deliver TFD to the bacterial cytoplasm of encapsulated B. thailandensis strain E555.
Using CLSM, 12-bis-THA particles were shown to deliver TFD to the cytoplasm. This suggested that 12-
bis-THA would be a suitable delivery agent for delivery of TFDs to B. pseudomallei due to the similarity
between the polysaccharide capsules (391). This could be formed using several methods. Radiolabeled
TFD oligonucleotides could be used to determine their presence in the cytoplasm. Alternatively,
bacterial reporter strains could be used to evaluate whether they are functionally active whilst in the
cytoplasm. This method would also allow for the further optimization of TFDs by changing nucleotide

sequences and using chemically modified nucleotides such as phosphorothioate nucleotides.

TEX and BFNR TFDs were tested for antibiofilm activity against B. thailandensis strain E555 using
two methods. Firstly, the MBEC method described in Chapter 4 was used to assess the antimicrobial
properties of 12-bis-THA particles loaded with TFD against mature B. thailandensis biofilms grown on
the Calgary biofilm device. The data showed no difference between empty 12-bis-THA particles and
those loaded with active or scrambled TFD suggesting that the TFD are not active against mature B.
thailandensis biofilms. This may occur as the crystal violet method is not sensitive to changes in
bacterial viability. The TFDs may exhibit antimicrobial activity against cells within the biofilm but this
is not recorded as crystal violet staining binds to viable and dead cells indiscriminately in addition to
the biofilm matrix. It is important to note that the MBEC curves observed in this chapter are
considerably different to those in Chapter 4. Bacterial biofilms are labile and sensitive to changes in
media batch or stock culture. The minimum biofilm inhibition concentration (MBIC) was measured by
suspending B. thailandensis in halving concentrations of empty and loaded 12-bis-THA particles. A
Calgary biofilm device was then added to the lid of the 96-well plate and incubated for 16 h before
biofilms were quantified using crystal violet staining. This was performed to investigate if the TEX and
BFNR TFDs prevented planktonic cultures from forming biofilms. The MBIC studies showed that no
difference was observed in biofilm formation following incubation with empty or loaded 12-bis-THA
particles. This may occur if TFD activity is transient. Biofilm growth kinetics in the presence of absence

active and scrambled TFD are required to further investigate the activity of TEX and BFNR TFDs.

192



As these assays have only been performed twice, no strong conclusion can be drawn from this
data until further replicates have been performed. However, the current data suggest that TEX and
BFNR TFDs are not active against B. thailandensis when loaded into 12-bis-THA particles. This raises
several questions: (1) does the TFD activity persist long enough to observe activity at 24 h? (2) Do 12-
bis-THA particles mask TFD activity as it is endowed with its antimicrobial properties? (3) Does 12-bis-

THA particles deliver enough TFD to B. thailandensis stain E555 to elicit activity?

Polymeric TFD particles are the next generation of TFD technology which allow for exponentially
more TFD delivery without the need for 12-bis-THA particles. Polymeric TFD particles were produced
by Professor McArthur that contained either the binding site of GvmR or Zur. Antimicrobial
susceptibility testing was then performed to investigate the MIC of the TFD particles. Table 6.11
showed the MIC values of active and scrambled polymeric TFD particles against B. thailandensis. The
active GymR TFD particle had an MIC of 2.5 ug/mL which was 4-fold lower than the MIC of the
scrambled version which was 10 ug/mL. Similarly, the TFD particle containing the active Zur sequence
had an MIC of 0.16/0.32 pg/mL. This was 16 to 32-fold lower than the MIC of the scrambled version
which was 5 ug/mL. Itis not clear why the MIC of the Zur TFD particles was much lower than the active
GvmR TFD particle. One reason may be that the Zur transcription factor binding motif (365) is better
characterised in multiple bacteria whereas there are no in vivo studies, such as electrophoretic
mobility shift assay or DNAase footprinting, studying the GvmR binding site (392). The GvmR TFD
particles may have the potential to produce comparable MIC values but likely requires further
optimisation following the characterisation of its binding site. Alternatively, the difference in MICs

may indicate that Zur is a better candidate than GvmR in the conditions tested.

CLSM showed that polymeric TFD particles transfected B. thailandensis E555 in the absence
of 12-bis-THA particles. It is not possible to determine if there is a difference in transfection efficiency
when compared to those delivered by 12-bis-THA particles as microscopy on the polymeric TFD
particles has only been performed once. Despite this, Figure 6.8 provides evidence that polymeric TFD
particles containing TAMRA-labelled nucleotides are sufficient to deliver large volumes of TFD across
the Gram-negative membrane in addition to the polysaccharide capsule of B. thailandensis, and

potentially B. pseudomallei.

To conclude, in this chapter using a proteomic and literature review approach, eighteen transcription
factors were identified to be considered for TFD development. As few had been characterised, four
were taken forward for TFD testing. The TEX and the BFNR TFDs were tested in the traditional format
using 12-bis-THA particles as a delivery platform, and no TFD specific activity was observed. In
contrast, polymeric TFD particles were produced by Professor McArthur which contained the binding
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sites of GvmR and Zur. Both demonstrated TFD specific activity against B. thailandensis strain E555 in
the absence of 12-bis-THA particles. Further studies should be performed to further optimise the
antimicrobial activity of the GvmR polymeric TFD particle through characterisation of the GvmR bind

motif. In addition, further in vitro screening is required for Zur using time-kill and biofilm assays.

194



CHAPTER 7 - GENERAL DISCUSSION, CONCLUSIONS, AND FUTURE WORK
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GENERAL DISCUSSION

This thesis aimed to determine if 12-bis-THA particles loaded with transcription factor decoys
(TFDs) were suitable for the development as Burkholderia specific antimicrobials to treat melioidosis.
The data detailed in this thesis demonstrates that 12-bis-THA particles are a suitable delivery molecule
to transfect the surrogate organism B. thailandensis strain E555 when complexed with TFDs.
Additionally, these can to some extent penetrate B. thailandensis biofilms. A combinatory approach
using proteomic and computational analysis in parallel with a literature review identified candidates
for TFD development Candidate sequences were tested for activity with initial results demonstrating
the need to optimise the formulation of the TFD. A novel polyplex formulation did show considerable

activity and future work will investigate this agent further.

7.1.1 Do 12-bis-THA particles alone inhibit the growth of Burkholderia species?

The aim of Chapter 3 was to investigate the antimicrobial activity of 12-bis-THA particles
against Burkholderia species and to investigate if the bacterial cell wall affected antimicrobial activity
and transfection efficiency. 12-bis-THA particles had an MIC of 2-8 pg/mL against both capsulated
(E555) and unencapsulated (E264) B. thailandensis strains tested. MIC testing against a panel of BCC
clinical isolates was performed by Dr Laura Rushton in collaboration with Professor Eshwar

Mahenthiralingam at Cardiff University.

12-bis-THA particles had MICs against the BCC panel that were comparable to those
determined for B. thailandensis, with the exception of B. cenocepacia strains which were up to 32
pg/mL. It may be that the different LPS typical of BCC species (218) affected the antimicrobial activity
of 12-bis-THA particles as they are known to interact with the lipid A (137) component of the LPS layer.
The proteomic data in Chapter 5 studying the stress response of B. thailandensis to 12-bis-THA
particles showed a decrease in the abundance of proteins involved with O-antigen production of the
LPS layer suggesting that the particles may induce changes in the LPS as part of emerging resistance
or as a consequence of 12-bis-THA disrupting the LPS layer. It was not possible to determine from the
clinical panel data if LPS chemotypes influence the activity as the isolates were from different species
within the BCC. A better approach would be to test the antimicrobial activity and transfection
efficiency against a panel of deep-rough LPS mutants that had been derived from the same B. cepacia

strain as described by Gronow et al (222).

CLSM studies showed that the capsule present in B. thailandensis strain E555 did not affect
the transfection of 12-bis-THA particles into the cell. The 12-bis-THA particles are weakly fluorescent
so high concentrations (50 pg/mL) are required to be used to get sufficient signal for the CLSM studies,

and this may mask a difference in transfection efficiency. It is notable that even after prolonged
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exposure of bacteria to 10-20x MIC of particles no lysis was observed. A better approach to investigate
if the capsule influences particle uptake would be to treat capsulated, and unencapsulated cells with
MIC concentrations of a radiolabelled version of 12-bis-THA. The cytoplasm could be extracted and
analysed using LC-MS to investigate the presence of 12-bis-THA particles in the cytoplasm. Additionally
it would also provide insight into the uptake kinetics in the presence of absence of the polysaccharide

capsule.

The capsule did influence whether 12-bis-THA particles were bacteriostatic or bactericidal: A
difference was observed in the time-kill studies which showed that 12-bis-THA particles were
bactericidal against the unencapsulated strain but bacteriostatic against the capsulated strain. This
suggests that the polysaccharide capsule found in B. thailandensis strain E555 affects the transfection
of the particles and perturb their internalization. The time-kill studies showed that strain E264 regrew
following 24 h of incubation with the particles whereas strain E555 did not. This may have occurred
due to the density of the polysaccharide capsule acting as a physical barrier to the 12-bis-THA particles,

or if the anionic phosphates within the capsule sequestered the particles.

This suggests that the polysaccharide capsule may absorb the 12-bis-THA particles resulting in
bacteriostatic action that is sustained, unlike the unencapsulated strain E264 which showed an initial
reduction in CFU counts prior to regrowing at 24 h (Chapter 3). B. thailandensis cultures that had been
exposed to 12-bis-THA particles produced small and normal sized colonies. The small colonies showed
no change in growth kinetics or susceptibility to 12-bis-THA particles suggesting that these were not
true SCVs. Instead, the formation of the smaller colonies may have occurred the induction of damage
to respiratory changes which is known to induce SCV morphology in S. aureus (196). This is consistent
with the observation in the proteomic data set which showed that 12-bis-THA particles caused a
decrease in the abundance of proteins within the ETC which might result in smaller than usual B.

thailandensis colonies.

The proteomic study performed and is described in Chapter 5 provided insight into the
mechanism of action of 12-bis-THA particles in B. thailandensis strain E555. The data indicated that B.
thailandensis switched from carbon metabolism to fatty acid metabolism by suppressing glycolysis
and upregulating B-oxidation. Metabolomic analysis, using NMR, showed a reduction in the
cytoplasmic concentration of osmotically active molecules following incubation with 12-bis-THA
particles. The switch from glucose metabolism to fatty-acid metabolism may occur if 12-bis-THA
particles permeabilise the membrane causing glucose to be released into the supernatant. The
proteomic data also showed that 12-bis-THA particles suppressed the glyoxylate shunt forcing the
completion of the TCA cycle which may result in the increased production of NADH. In contrast, 12-
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bis-THA particles caused the suppression of respiratory complexes cytochrome c reductase,
cytochrome c oxidase and ATP synthase. This is consistent with the literature that shows the parental

dequalinium molecule inhibits the activity of cytochrome c reductase (197) and ATP synthase (313).

Suppression of the glyoxylate shunt and increased production of NADH may stimulate the ETC
in response to 12-bis-THA. An increase in the abundance of the T6SS-2, which is responsible for
scavenging extracellular zinc and manganese in response to oxidative stress, suggests that 12-bis-THA
particles induce oxidative stress in B. thailandensis. The proteomic data suggests that 12-bis-THA
particles induce changes in central metabolism through the inhibition of ETC resulting in oxidative
stress. Although the mechanism is not fully clear, the data in Chapter 5 suggests that 12-bis-THA
particles may inhibit bacterial growth through the suppression of ATP synthesis and inhibition of the
ETC. Further testing is ongoing to quantify the cytoplasmic concentrations of AMP, ADP and ATP in B.

thailandensis following incubation with 12-bis-THA particles.

7.1.2 Do 12-bis-THA particles synergise with small molecule antimicrobials?

Di Blasio et al previously showed that 12-bis-THA particles combined with colistin and
tobramycin produced a synergistic effect against P. aeruginosa (138). Therefore, synergy testing was
performed to investigate interactions between 12-bis-THA particles and antimicrobials against B.
thailandensis. The data presented in Chapter 3 provided evidence that 12-bis-THA particles synergise

with trimethoprim and co-trimoxazole and have an additive effect with rifampin and tobramycin.

Further studies were planned to assess the antimicrobial activity of the antimicrobial
combinations against a panel of clinical BCC isolates by performing MIC testing in collaboration with
Professor Eshwar Mahenthiralingam. Due to time restraints, we were unable to perform checkerboard
assays on BCC clinical isolates therefore we performed testing to identify which, if any, ratio of
antimicrobial to 12-bis-THA particles retained the synergism. The data showed that combining
antimicrobials with 12-bis-THA particles in a 3:1 ratio (weight per weight) resulted in the lowest MICs
in B. thailandensis. Possible synergy of the 3:1 combinations was investigated by performing time-kill
studies where synergy was defined as a >2 logio reduction in CFU at 24 h compared to the most
effective monotherapy (145). The time-kills also showed that the tobramycin, and rifampin
combinations were bactericidal, whilst the trimethoprim, and co-trimoxazole combinations were

bacteriostatic.

Interestingly, the time-kill studies showed that the tobramycin combination was rapidly
bactericidal, but bacteria regrew at 24 h and produced colonies that were both normal and smaller in

size. Tobramycin is a cationic molecule that exploits PMF to penetrate E. coli and P. aeruginosa
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(393,394). The proteomic data in Chapter 5 suggests that 12-bis-THA particles may increase
membrane potential which could account for the synergy observed between 12-bis-THA particles and

tobramycin. The rapid regrowth was observed after 6 h suggesting that the additive effect is transient.

In Chapter 3, MIC testing of the antimicrobial combinations was performed on the panel of
clinical BCC isolates. The tobramycin combination showed the greatest activity against the panel and
improved activity against 9 of 11 bacteria tested. In contrast, the rifampin, and trimethoprim
combinations showed little difference in relation to the relevant monotherapies. The combinations of
rifampin, and trimethoprim only showed improved antimicrobial activity against 1 of 11 and 2 of 11
panel members respectively. This suggests that 12-bis-THA particles do not synergise with rifampin,
and trimethoprim against BCC species, or that they do not synergise in the used ratios. Further studies
would seek to optimise combinations and determine whether or not this could lead to a synergistic

effect against BCC species.

7.1.3  Are 12-bis-THA particles able to deliver TFD to Burkholderia biofilms?

In Chapter 3, it was established that 12-bis-THA particles and the antimicrobial combinations
inhibited the growth of planktonic B. thailandensis. As B. thailandensis and B. pseudomallei form
biofilms, Chapter 4 investigated if 12-bis-THA particles and the antimicrobial combinations
demonstrated activity against B. thailandensis biofilms. An assay was developed using the Calgary
biofilm device to produce biofilms that had a starting inoculum equivalent to an MIC plate (5 x 10°
CFU/mL) to allow for a fair comparison between MBEC and MIC values. MBECsq values were calculated
using non-linear regression to identify the concentration of a compound that reduced the biomass of
biofilm by 50% relative to an untreated control. 12-bis-THA particles had an MBECso of 2.17 pg/mL
which was similar to its MIC of 2 — 8 pug/mL. The antimicrobial combinations also showed good
antimicrobial activity but it was not possible to determine if this was synergistic. To do so, a synergy
time-kill assay described in Chapter 3 could be performed using bacterial biofilms instead of planktonic

cultures (145).

It was interesting to observe that the MBEC values detailed in this thesis were considerably
lower than those identified in the literature. This is likely due to methodological differences as the
biofilm testing in this thesis was optimised to generate biofilms with starting densities equivalent to
an MIC plate whereas the methods used in the literature use generate biofilms with a higher bacterial
density (234). Additionally, studies by Sawasdidoln et al and Anutrakunchai et a/ define MBEC as the
concentration of a compound that chemically sterilises a peg preventing bacterial regrowth in a
nutrient-rich medium whereas the investigations in Chapter 4 measures changes in biofilm biomass
(234,252).
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Another aim of Chapter 4 was to investigate if 12-bis-THA particles could deliver TFD to
bacteria within a biofilm. A longitudinal study was performed using a B. thailandensis strain E555 that
expressed RFP to allow the bacteria to be visualised when contained within biofilms. These were
formed on a glass slide in MVBM medium in a time-dependent manner. Biofilms that were grown for
72 h were 13 and 22 um thick which was sufficient for the penetration studies. Though this study was
performed once, the 72 h old biofilm in this study and those in the penetration studies showed the
formation of three-dimensional structures indicating that they were mature. To further characterise
this model fluorescent dyes could be used to detect the presence of extracellular matrix components

such as DNA and polysaccharides (230,232).

The penetration studies showed that both empty 12-bis-THA particles and those loaded with
fluorescently labelled TFD rapidly interacted with B. thailandensis biofilms. However, empty 12-bis-
THA particles were homogenously dispersed throughout the body of the biofilm whereas loaded
particles penetrated the biofilm in a time-dependent manner. The data showed that 12-bis-THA
particles and TFD were mostly co-localised however some diffusion of the TFD was observed. It was
not possible to determine whether the 12-bis-THA particles and the TFD were within the bacteria
cytoplasm or in the extracellular matrix of the biofilm. Some penetration of 12-bis-THA in the absence
of TFD suggested bacterial internalization but may only represent the bacteria on the surface of the
biofilm. Further studies with later time points and counterstains for biofilm matrix are required to
better investigate the location of 12-bis-THA particles and their TFD cargo. Additionally, the inclusion
of a polymeric TFD particle study would provide information on whether this technology was suitable

for TFD delivery to biofilms.

TFD-rhodamine conjugates have shown good transfection efficiency against Gram-negative
organisms including E. coli and P. aeruginosa. It shares functional similarities with 12-bis-THA particles
as rhodamine is a lipophilic cation able to cross prokaryotic and mitochondrial membranes using PMF
(141). Polymeric TFD particles are modified to contain nucleotides labelled with rhodamine molecules
which showed moderate transfection efficiency in B. thailandensis (Chapter 6). TFD-rhodamine
conjugates were used as a surrogate for polymeric TFD particles as the cost associated with producing
a sufficient concentration of thesis particles was prohibitive. The data in Chapter 4 suggests that the
TFD-rhodamine conjugates did not significantly interact with B. thailandensis biofilms however this
study was limited to one independent experiment meaning more replicates are required before

drawing conclusions.
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7.1.4 Identifying candidates for TFD development

In Chapter 6, a proteomic and computational workflow was combined with a review of the
literature to identify transcription factors and other regulatory elements that were conserved in
Burkholderia species for TFD development. The proteomic dataset described in Chapter 5 was
interrogated for regulatory elements using a keyword search that identified 217 proteins. Statistical
analysis showed that two increased in abundance in response to 0.1X MIC of 12-bis-THA particles
whereas fourteen increased in abundance in response to 1X MIC. Further computational
characterization was required to investigate the molecular functions of the identified regulatory
factors. To do so, Blast searches were performed to identify homologues in organisms such as E. coli
and P. aeruginosa. Chapter 6 showed that Sig) (BTH_l0088) was an auxiliary group one sigma factor
that was conserved in Burkholderia species. It is a potential candidate for TFD development but further
investigations are required to determine its molecular function and whether it has a unique TFBS.
Ultimately, no candidates were identified in the proteomic data set for immediate TFD development
as few had been characterised on a molecular level and no transcription factor binding had been

identified.

As a complementary approach, a literature review was performed to identify characterised
transcription factors with known phenotypes and binding motifs which could be candidates for TFD
development. TEX and Zur were both identified using the literature and were taken forward due to
their known binding motif. Additionally, Bcam1349 and GvmR were identified in the literature as both
being important in vivo by regulating virulence factors however, neither had a characterised
transcription factor binding motif (275,359). In Chapter 6, Prodoric was used to identify potential
transcription factor binding motifs GvmR and Bcam1349 by interrogating the promoter of genes
within the transcriptional factors regulon. Potential transcription factor binding sequences that had
been identified using this method were selected based on the importance of the downstream gene.
The caveat of this approach is that these are computationally predicted sequences and there is no
experimental data in Burkholderia species validating them meaning that an absence of TFD activity

may be representative of a falsely predicted binding motif.

7.1.5 Testing the antimicrobial activity of novel anti-Burkholderia TFDs

In Chapter 6, it was demonstrated using CLSM that 12-bis-THA particles loaded with TFD
accumulated in the cytoplasm of capsulated B. thailandensis strain E555. TFD polymeric particles are
a new iteration of TFD technology and CLSM showed that these particles transfected strain E555 in
the absence of 12-bis-THA particles. Phenotypic assays were performed to investigate the activity of

TFDs against B. thailandensis. MIC studies of Bcam1349 and TEX TFDs that were delivered by 12-bis-
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THA particles showed no difference in the antimicrobial activity of empty particles or those loaded
with scrambled TFD. Similar observations were made in the MBEC and MBIC studies which also
showed that Bcam1349 and TEX exhibited no difference in antimicrobial activities when compared to

the scrambled and empty controls.

Data in Chapter 4 showed that 12-bis-THA particles loaded with fluorescently labelled TFD
could penetrate the biofilm but it was not possible to determine whether the TFD was in the bacterial
cytoplasm or within the extracellular matrix. One possibility is that TFDs are sequestered by the
extracellular matrix preventing their transfection. Alternatively, 12-bis-THA particles may transfect
both planktonic and sessile bacterial cells with levels of TFD that are not sufficient to produce a
phenotypic shift. It is also possible that 12-bis-THA particles may mask the effect of the TFD as the

particles demonstrate their own antimicrobial activity (Chapter 3).

In contrast, MIC testing in Chapter 6 polymeric TFD particles containing the transcription
factor binding motifs of Zur and GvmR demonstrated sequence-specific activity. The polymeric TFD
particles containing the Zur binding domain had an MIC of 0.16 — 0.31 pg/mL which was 16 — 32 fold
lower than the scrambled control. Similarly, the MIC of the GvmR polymeric TFD particle had an MIC
of 2.5 pg/mL. This was 4-fold lower than the MIC of the scrambled control which was 10 pg/mL. The
Zur TFD may have a lower MIC than the GvmR TFD particle as its transcription factor binding motif is
better characterised whereas the sequence used to develop the GvmR was based on a computational
prediction using Prodoric. Further characterization of the structure and binding motif of GymR may
identify an alternative transcription factor binding motif that produces a lower MIC. Overall, the
polymeric TFD particles demonstrated superior antimicrobial activity compared to TFDs delivered by

12-bis-THA particles. This may occur for several reasons:

e 12-bis-THA particles may deliver insufficient TFD to the bacterial cytoplasm compared
to the polymeric TFD particles whose mass is predominantly comprised of TFD

sequences

e 12-bis-THA particles have their own antimicrobial activity which masks the activity of

the TFD

e characterisation of Bcam1349 and TEX mutants are required to identify the

appropriate conditions to observe TFD activity.

202



7.2 FUTURE STUDIES

7.2.1 Development and characterization of polymeric TFD particles

The data presented in this thesis showed that polymeric TFD particles demonstrated better
antimicrobial activity compared to TFDs delivered by 12-bis-THA particles. The reason for this is
unknown but is discussed in section 7.1.5. To allow for a fair comparison of TFD activity, polymeric
TFD particles containing the transcription factor binding motifs of Bcam1349 and TEX should be

prepared, and their MIC determined.

In general, to better understand polymeric TFD particles, further characterization should be
performed using DLS to determine their biophysical characteristics including size and z-potential. A
longitudinal study should be performed to provide insight into their stability which will inform the
frequency of their preparation. Additionally, studies should be performed to assess the stability of

polymeric TFD particles in biological fluids as described by Marin-Menéndez et al (132).

7.2.2 Characterisation of SigJ, GvmR and Zur as therapeutic targets in Burkholderia species

It is important when developing TFDs to identify a robust and conserved candidate. For these
reasons, SigJ, GymR and Zur are strong candidates for TFD development. However, development has
been slow as data on these transcription factors characterizing their molecular function and binding
motifs in B. pseudomallei is limited. A mutant strain of AgvmR has been constructed in B. pseudomallei
by Duong et al (275) however we were unable to study this as we did not have access to Containment
Level 3 facilities. Although this is beyond the scope of this project, recombinant expression, and
structural characterisation of Sig), GvmR and Zur are required. Recombinantly expressed proteins can
be used to perform DNAse footprinting (116) and electrophoretic motility shift assays (395) to identify
the transcription factor binding motifs of these proteins which will allow for the optimisation of TFD
sequences. Additionally, the generation of 4sigJ strain of B.thailandensis could provide insight into the
molecular function of this sigma factor and help determine whether it is a good candidate for TFD

development.

7.2.3 Investigating the antimicrobial activity of TFDs against B. pseudomallei

The main aim of this project was to identify TFDs that demonstrated antimicrobial activity
against B. pseudomallei. Due to the lack of Containment Level 3 facilities and the impact of Covid-19,
we were unable to perform studies using this organism and instead performed studies on the
surrogate organism B. thailandensis. Despite this, TFDs were developed based on candidates
conserved in B. pseudomallei and preliminary MIC testing showing that the polymeric TFD particles
inhibit B. thailandensis growth at ng/mL concentrations. MIC testing of Zur and GvmR polymeric TFD
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particles should be performed on strains of B. pseudomallei to determine if the antimicrobial activity
is conserved within this species. The inclusion of B. mallei strains would help determine if these

polymeric TFD particles demonstrated broad-spectrum activity against both Burkholderia species.

CONCLUSIONS

TFD based antimicrobials have the potential to be good alternatives to traditional small
molecule therapies as they act on novel targets, can spare the host microbiota, and can circumvent
antimicrobial resistances mechanisms. The multi-omic workflow presented in this thesis successfully
provided insight into the mechanism of action of 12-bis-THA particles against B. thailandensis and
identified possible candidates for TFD development that were conserved in multiple Burkholderia
species including B. pseudomallei. However, this approach may be more useful in organisms where

transcription factors are better characterised.

The data presented also shows that 12-bis-THA particles exhibit antimicrobial activity against
planktonic and sessile B. thailandensis, they synergises with small molecule antimicrobials, and can
deliver TFDs to the cytoplasm of B. thailandensis. However, no TFD activity was observed when
delivered with 12-bis-THA particles raising questions regarding its suitability as a delivery agent to
Burkholderia species. In contrast, polymeric TFD particles transfected B. thailandensis in the absence
of 12-bis-THA particles and had comparatively lower MICs however further testing is required to

assess the antimicrobial of polymeric TFD particles in the target organism B. pseudomallei.
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Figure 10.1: Physical characterisation of rifampin suspending in water at 300 pg/mL using dynamic
light scatter. (A) is a correlogram showing the correlation coefficient of rifampin suggesting it forms
unstable, polydispersed particles. (B) shows the predicted size of the populations present.
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Figure 10.2: Isoboles representative of compounds that did not interact with 12-bis-THA particles in
the checkerboard assay. A and B show interactions between 12-bis-THA particles and meropenem, C
and D show interactions between 12-bis-THA particles and ciprofloxacin, and E and F show
interactions between 12-bis-THA particles and ceftazidime. Data representative of 1/3 independent
replicates.
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Table 10.1: LPS chemotypes of BCC isolates used in Table 3.5.

Species Strain ID Alternative ID LPS chemotype Source

B. multivorans 17616 LMG 17588 Smooth 449

B. multivorans BCC764 LMG 13010 Rough 450

B. multivorans BCC710 Al-4 - -

B. multivorans BCC008 LMG 16660 Smooth 450
C1576

B. multivorans BCC032 HA1l - -

B. cenocepacia J2315 LMG 16656 Rough 451

B. cenocepacia K56-2 Smooth 451

B. cenocepacia AU1054

B. cenocepacia BCC0018 LMG16659 Partial rough 450
C1394

B. cenocepacia BCC0020 LMG18830 Partial rough 451

CEPO511
B. cepacia BCCO01 --- Smooth 452
B. Gladioli MA4

Table 10.2: A comparrison of BCC and B. gladioli LPS chemotype with the MIC of 12-bis-THA.

Strain ID LPS chemotype 12-bis-THA particles MIC
(ng/mL)
17616 Smooth 8
BCC008 Smooth 8
K56-2 Smooth 32
BCC001 Smooth 4-8
BCC764 Rough 4-8
12315 Rough 16
BCC0020 Partial rough 8
BCC0018 Partial rough 8-16
BCC710 Unknown 4
BCC032 Unknown 2
AU1054 Unknown 16
MA4 Unknown 1
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