EXAMINATION OF THE REGULATION OF BIOFILM-SPECIFIC

ANTIBIOTIC RESISTANCE GENES IN PSEUDOMONAS

AERUGINOSA

By

Jean-Paul Nadeau

A thesis submitted to The Faculty of Graduate and Postdoctoral Studies in partial
fulfillment of the requirements for the M.Sc. degree in Microbiology and
Immunology

Department of Biochemistry, Microbiology and Immunology
Faculty of Medicine

University of Ottawa

© Jean-Paul Nadeau, Ottawa, Canada, 2013



ABSTRACT

Upon contact with a surface, the bacterium Pseudomonas aeruginosa forms a bacterial
community encased in an exopolysaccaride matrix. One difference between this structure,
known as a biofilm, and free-swimming cells is its ability to be 10 to 1,000 times more resistant
to antibiotics. This increased resistance is partially due to the presence of six biofilm-specific
antibiotic resistance genes. Three of these genes, ndvB, PA1874-77 and tssC1 have been
characterized in terms of their role in antibiotic resistance, while the other three have not been
fully characterized. However, all six genes are more highly expressed in biofilm cells as
compared to planktonic cells and contribute to a biofilm-specific antibiotic resistance
phenotype. Previous in silico analysis found a 22 base pair consensus sequence upstream in the
promoters of all six biofilm-specific antibiotic resistance genes. It is hypothesized that this motif
controls the biofilm-specific expression of these genes.

Results from a DNA-affinity chromatography experiment suggest that several proteins
from a biofilm extract bound the 22bp motif of ndvB and PA1874-77. However, one major band
was consistently binding the 22bp motif. It is predicted that the regulatory protein that binds to
the 22bp motif will play a prominent role in conferring a biofilm-specific antibiotic resistance
phenotype. This protein was identified as a putative transcriptional regulator. Further
experimentation using this protein in the binding reaction found that this interaction may not
be specific to the 22bp motif and further investigation is warranted. A second separate but
related research goal was to analyze temporal expression of ndvB using promoter-fluorescent

protein constructs. The reason for this study was to examine the effects of heterogeneity within



biofilms on expression of biofilm-specific antibiotic resistance genes. Using fluorescence
microscopy it was found that planktonically, ndvB begins to be expressed at an ODggg of 2.0, an
ODgqo that corresponds to early stationary phase. In biofilms ndvB expression begins following
monolayer formation. These initial discoveries have highlighted the usefulness of this
experimental system and laid the groundwork for a more comprehensive study of spatial and
temporal expression of all six biofilm-specific antibiotic resistance genes in Pseudomonas

aeruginosa.
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CHAPTER 1. INTRODUCTION

1.1 Biofilms

1.1.1 General

Upon contact with a surface, individual bacterial cells known as planktonic cells can
form a community called a biofilm. Biofilms are ubiquitous across prokaryotes including both
bacterial and archaeal lineages (22, 43). Observances of biofilms in the environment via fossil
records date back as far as 3.5 billion years (114). Although biofilms have been around for a
very long time, only in the past century have we begun to acknowledge their increasing

importance in the modern world.

In the natural environment, cell growth within biofilms provides protection from
sudden changes in environmental conditions such as pH, temperature, nutrient and waste
levels which may threaten the cells (9). Biofilm cells are characterized by a unique
phenotypic profile that confers this enhanced protection. In the bacterium Pseudomonas
aeruginosa for example, this unique phenotypic profile includes upregulation of alginate and
other EPS synthesis genes, antibiotic resistance genes as well as quorum sensing genes (76).
The study of biofilms including the biofilm development cycle as well as antibiotic resistance
in biofilms is most commonly studied in P. aeruginosa. The study of biofilms is important as
they are the major cause of persistent bacterial infections across the prokaryotic world (24,
117). Some prominent biofilm-based infections are found in the lungs of CF patients, in the

middle ear and on medical implants (21, 24).



1.1.2 Biofilm matrix

The exopolysaccharide (EPS) matrix accounts for approximately 90% of the biomass in
biofilms and plays a very significant role in the overall biofilm phenotype (20, 35). It contains
a unique, diverse set of high molecular weight polysaccharides as well as smaller quantities
of proteins, lipids, and DNA that create a very viscous environment that surrounds cells that
are part of the biofilm. The EPS matrix reduces flowing velocities through and around the
biofilm leading to protection from liquid shearing forces as well as preventing penetration of
antibiotics (14, 24). The exact composition of the biofilm matrix depends on both overall
gene expression of the bacterial cells in the biofilm as well as the collection of environmental
signals present. Although traditional research has been focused on polysaccharides and
proteins, recent studies have determined that other components of the matrix, notably

extracellular DNA and cell debris may play an important role in biofilm physiology (113, 115).

In P. aeruginosa biofilms, alginate is the predominant EPS, and strains that
overproduce alginate are called mucoid strains (46). Alginate is composed of -1,4 linked
chains of L-guluronic and D-mannuronic acid monomers (34). The overproduction of alginate
is commonly found in clinical strains of P. aeruginosa and has been linked to increased
virulence (49). The EPS matrix also contains polysaccharides encoded by the ps/ and pel loci.
Although the structure of the pel-encoded polysaccharides remains undefined, they have
been shown to be required for development of mature biofilm structure, and promote
adherence and aggregation of individual bacterial cells (2, 36). The pel-encoded
polysaccharides are expressed at higher levels in PA14 biofilms which results in stronger

biofilms than PAO1 (36). The ps/ locus codes for the production of a polysaccharide chain



consisting of D-mannose, D-glucose and L-rhamnose (16). These polysaccharides allow for
initial attachment to surfaces, provide protection from the innate immune system and

provide structural stability to the biofilm as a whole (16, 70).

Extracellular DNA (eDNA) has also been found to be part of the EPS matrix of many
biofilms and has been reported to be involved in cell-to-cell communication in addition to

playing a role in the structure and antibiotic resistance properties of the biofilm (2, 71, 115).

Dead bacterial cells found in the EPS matrix have also been shown to be important
for biofilm physiology. A select group of P. aeruginosa genes derived from the Pfl prophage
present inside the P. aeruginosa genome have been shown to be linked to induction of cell
death within microcolonies which allows for differentiation as well as dispersal of

subpopulations of cells, a critical component of the biofilm development cycle (113).

1.1.3 Pseudomonas aeruginosa

P. aeruginosa is an aerobic, gram negative rod-shaped bacterium that is found
commonly in soil and water throughout the environment (117). P. aeruginosa is part of the
proteobacteria phylum, the largest and most diverse phylum which includes over 500 genera
including Escherichia coli and Neisseria gonorrhoeae (17, 117). Although ubiquitous in the
environment, P. aeruginosa poses a threat due to the presence of ideal environmental
conditions for growth of P. aerguinosa biofilms inside the human host, especially in
immunocompromised individuals (73). P. aeruginosa was chosen as a model organism for
biofilm growth and development because of its relevance to human infections, but also

because it was already a well studied planktonic model due to its basic nutritional and



environmental requirements (40, 117). As a result, a significant amount of the genome has

been characterized and a genome database has been developed (118).

The standard laboratory strain that is used is P. aeruginosa PAO1. However UCBPP-
PA14 (PA14), a strain that is more relevant to study due to its increased virulence in a variety
of model infection systems is currently used in our lab (45, 84). PA14 was isolated from a
patient with severe burns and consequently the use of PA14 in the lab will hopefully yield
results most relevant to the strains found during human infection (84). The increase in
virulence is derived from the presence of virulence genes that are mostly present on the
PAPI-1 pathogenicity island (45). This results in a slightly larger PA14 genome size (6.54
million base pairs versus 6.26 million base pairs) compared to PAO1 (105). The common
method of annotation of P. aeruginosa genes is by writing PA followed by the four digit gene
number. It is important to note that this “PA number” is then used to describe orthologous
genes present in other P. aeruginosa strains, even though they may have their own strain ID.
The PAO1 strain identification numbers will be used for the entirety of the thesis to describe

the genes regardless of the strain in which they are from.

1.1.4 Biofilm development cycle

A model of biofilm development was first presented by O’Toole et al at the turn of
the millennium (Figure 1) (76). It describes the changes that are observable through
microscopy to P. aeruginosa cells as they attach to a surface and form a biofilm and focuses
on the stages of biofilm development (76). Numerous genes have been identified that play a

role in biofilm formation. These are designated sad (surface attachment deficient) genes.



Study of individual sad mutants led to the discovery that each one was responsible for some
aspect of biofilm formation (76). The first step in the biofilm development cycle occurs when
cells reversibly attach to a surface. This is known as initial attachment. The sadB gene was
identified as important for the transition from reversible to irreversible attachment to the
surface, the second stage in biofilm development (17, 68). A sadB deletion mutant will only
reversibly attach to the surface which arrests the biofilm development cycle. The third stage
of the biofilm development cycle is microcolony formation. This stage is characterized by the
presence of larger aggregations of cells which can be seen under phase-contrast microscopy.
The presence of macrocolonies (large, three-dimensional aggregations of bacteria), indicates
that the biofilm has reached the fourth stage of development, macrocolony formation. The
final stage of the biofilm development cycle (spread) has also been studied. Spreading is
characterized by swarming dispersal and seeding of inner macrocolony cells, leaving behind a

hollow inner core (68, 93).
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Figure 1: Biofilm Development Cycle. Stages of the biofilm development cycle as described
by O’Toole et al (76). 1. Initial attachment. (2) Irreversible attachment. (3) Microcolony
formation. (4). Macrocolony formation. (5) Spread



1.1.5 Biofilm heterogeneity

Regions within developed biofilms vary significantly in their gene expression profiles
(77, 100). This is due to the heterogeneity in metabolic substrates, intermediaries and
products found inside well developed biofilms (102). Typically, substrates are found at higher
concentrations further away from the core of the biofilm, whereas products are found at
higher concentrations near the core of the biofilm. This simple phenomenon is explained in
an analysis of the reaction-diffusion model for diffusion in biofilms (103). Due to the
accumulation of meatbolic products at the core of the biofilm, it has been well established
that inner macrocolony cells exhibit very slow growth (58). Localized gene expression
measurements found that expression of housekeeping genes (such as acpP) was more
abundant in the upper layers of macrocolonies confirming the slow growth inside this area of

the biofilm (62).

Microscale gradients in biofilms have been established for over ten important
chemicals including carbon dioxide, chlorine, hydrogen peroxide as well as pH (25-28, 61,
86). The totality of these analyses confirmed the finding that substrates were found at higher
concentrations at the edges of the biofilm, whereas the opposite trend was found for
metabolic products. Approximately 60% of inner macrocolony cells grown under extremely
low oxygen conditions (a metabolic substrate) and are at a stage of arrested growth because
of these poor conditions and high levels of waste products. The opposite occurs at the edges
of the biofilm which have been shown to be metabolically active (102). The key point is that
bacterial cells respond to these local differences in chemical gradients which results in a

unique transcriptome based on where the cells are located in the biofilm.



1.2 Antibiotic resistance

It is widely known that cells within biofilms are much less sensitive to antibiotics than
individual planktonic cells (23, 73). One of the key aspects of biofilm-specific antibiotic
resistance is that there are multiple mechanisms that contribute to the overall antibiotic
resistance profile of a particular biofilm. The number and variety of species of bacteria
present and thus the chemical signals produced, the environment in which the biofilm is
found as well as the particular antibiotic that may be present all affect the phenotype of the
biofilm. All of these factors must be taken into account when determining the collection of
antibiotic resistance abilities of a particular biofilm as they influence the expression of genes
that may confer antibiotic resistance (62). These mechanisms add an additional level of

resistance to intrinsic resistance mechanisms that are well described in planktonic cells.

1.2.1 EPS matrix

One of the most widespread mechanisms of initial resistance in biofilms is the
presence of the thick EPS matrix. This matrix acts as a protective barrier that can prevent the
penetration of some antibiotics to the cell surface, and especially to deep within the biofilm
(14, 27, 50). Recent findings have linked the structural role of certain components of the EPS
to antibiotic resistance. In P.aeruginosa, the glucose polysaccharide encoded by pel has been
shown to play a role in antibiotic resistance to aminoglycosides (20). eDNA has also been
found to be a cation chelator and has shown to be involved in antibiotic resistance to some

antibiotics (71).



1.2.2 Drug indifference

Due to the slow growth of cells within macrocolonies, a subset of cells present in
biofilms become unresponsive to antibiotic treatment due to their reduced growth rates
(59). These cells are termed drug indifferent cells. These dormant cells are naturally resistant
due to the fact that antibiotics typically work through interference with bacterial growth
strategies (protein translation, DNA replication etc). Thus, slow growing, nutrient deprived
cells are less likely to be affected (4). Interestingly, Evans et al found that P. aeruginosa
biofilms were more susceptible to a DNA replication inhibitor (ciprofloxacin) than planktonic
cells, but that slow growth rate only accounted for some of the difference in susceptibility
between these two phenotypes suggesting that more than one factor is responsible for this
effect (33). It is also known that the amount by which the intrinsic slow growth rate of cells
within biofilm affects antibiotic resistance is dependent on the specific class of antibiotic

used (15).

1.2.3 rpo general stress response

Although there is much variance when comparing individual microarray studies
looking at global transcription in biofilm, there are still some genes that are identified as
differentially expressed more consistently than others. One of those genes is rpoS. rpoS
codes for the sigma subunit of RNA polymerase, and has been shown to increase expression
of many biofilm development genes resulting in more robust biofilms (41). rpoS deleted
strains of bacteria are much less virulent than their wild type counterparts (108). Although

the mechanism of resistance due to increased rpoS expression remains unclear, rpoS may



play a role in increasing antibiotic resistance in biofilms due to its wide variety of

downstream targets (41).

1.2.4 Persister cells

In addition to the mechanisms described above, the concept of persistence may also
describe the antibiotic tolerance of a cell in both planktonic and biofilm cells. It is well
established in the bacteriology community that although treating a logarithmic phase culture
with antibiotics will significantly reduce the numbers of bacteria, it does not eliminate every
cell (39). The reason for this is due to the presence of persisters, which are a subset of cells
that at any given moment are not actively growing (53). There is still debate about the origin
of persister cells. One popular hypothesis claims that cells in the process of repairing
damaged DNA are not actively dividing and that they may be tolerant at that moment in
their life cycle (42). The mechanism of resistance of persister cells differs from that of drug
indifferent cells in the mechanism that is driving this tolerance. Persister cells are present in
very small numbers in both starved as well as well nourished planktonic and biofilms
cultures. Indifferent cells arise due to severe nutrient limitations present within

macrocolonies and thus can comprise a majority of cells within this region of the biofilm (59).

1.3 Biofilm-specific antibiotic resistance

Although the mechanisms above contribute towards antibiotic resistance in biofilms
the totality of the mechanisms described above account for only a part of the antibiotic
resistance ability of biofilms (65). There is also evidence that specific genetic loci may confer

biofilm-specific antibiotic resistance mechanisms. In order to identify specific genes that are

10



important for biofilm-specific antibiotic resistance, Mah et al took a genetic approach by
assaying approximately 4,000 random P. aeruginosa PA14 transposon insertion mutants for
decreased biofilm specific antibiotic resistance (64). These mutants could still produce
biofilms and had equivalent levels of planktonic resistance; however they were more
sensitive to antibiotics when growing in a biofilm. In total there were six mutants that were
identified in the screen. Determination of the genes that showed the desired phenotype has
laid the ground work for a series of experiments characterizing the genes that were affected.
gPCR results has found that all six genes identified in the screen are more highly expressed in
biofilms as compared to logarithmic-phase planktonic cells and confer a variety of

independent mechanisms of resistance (64, 126, 127)

Mah et al showed that the transposon in one of the mutants disrupted ndvB, a gene
that encodes a glucosyltransferase that is responsible for the production of cyclic glucans.
The glucans have been shown to bind and sequester antibiotics in the periplasm (64) (Figure
2). More specifically, it was found that the glucans bound tobramycin. This observation was
confirmed by Sadovskaya et al who elucidated the NMR structure of the ndvB-encoded
glucans as well as characterized the interaction between the glucans and a similar
aminoglycoside antibitiotic, kanamycin (91). ndvB has also been shown to be involved in the
expression of ethanol oxidation genes. Further study revealed that these genes are linked to
biofilm-specific antibiotic resistance (10). The ndvB transposon-insertion mutant had a
similar biofilm thickness, surface area as well as overall biomass as compared to wild type
which confirms that the transposon did not disrupt the structure of the biofilm. Additionally,
ndvB is expressed at higher levels in biofilm as compared to logarithmic phase planktonic
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cells further confirming its role as biofilm-specific (Figure 3). What remains to be known is
how ndvB is regulated as well as how its expression is affected by heterogeneity in biofilms,

two questions that will be addressed at length in this thesis.
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Figure 2: A model of the proposed mechanism of ndvB; sequestering of antibiotics in the
periplasm by cyclic glucans.
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Figure 3: ndvB is expressed at higher levels in biofilm cells as compared to logarithmic
phase planktonic cells. gPCR was performed using cDNA from logarithmically grown
planktonic PA14 cells (left) and biofilm cells in M63-arginine (right). cDNA was quantified
using SYBR-green. Biofilms were grown using the colony biofilm assay for 48 hours (Section
2.2.1.1). rpoD was used as a reference standard. Standard error bars are shown (10)
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The second locus to be characterized was PA1874-77. The transposon insertion
mutant of PA1874 was identified in the screen, and consequently the entire operon was
selected for study (64, 127). Analysis of the genes in the operon found that its components
had significant similarities to parts of well-characterized ABC and RND efflux pumps leading
Mah et al to study the role of the operon in the efflux of antibiotics (60, 127). They found
that the operon is involved in the efflux of multiple classes of antibiotics and is more highly
expressed in biofilms (127). Individual analysis of the four genes within the operon found
that only PA1875-77 showed an antibiotic resistance phenotype whereas PA1874 did not
(98). Additionally, they showed that doubly deleted ndvB and PA1874-77 strains resulted in a
mutant that was more sensitive to antibiotics that either mutant alone indicating separate

mechanisms of resistance at these genetic loci (64).

The third locus to be characterized was tssC1, a component of a newly described type
six secretion system (T6SS) (126). T6SS are widely known for the delivery of toxins from
pathogenic bacteria to their hosts (87, 126). However, Zhang et al show a novel role for T6SS
in biofilm-specific antibiotic resistance to multiple classes of antibiotics through assessing the
sensitivity of a tssC1 deletion to a set of antibiotics. It has been proposed that an
uncharacterized effector of the T6SS is responsible for this antibiotic resistance phenotype

(126).

The transposons from the other three mutants identified in the screen were
examined to determine the genetic loci that were affected by the transposon insertion. Two

of the genes (PA2070, PA5033) that were found encode proteins with unknown function
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(118). Whereas, the third gene found in the screen (PA0757) was part of a two-component
system. These genes were more highly expressed in biofilms as compared to logarithmic-
phase planktonic cells, confer independent mechanisms of resistance and show biofilm-

specific antibiotic resistance phenotypes (64, 125, 127)

To date, research in the lab suggests that each of the six genetic loci identified in the
original screen represents a different mechanism of antibiotic resistance (64, 125-127). This
was found not only through initial characterization of three of the six genes but also by
comparing the susceptibility of double mutants to a set of antibiotics. Results found that
double mutants of ndvB and PA1874-77 as well as ndvB and PA0756-0757 were doubly
sensitive to tobramycin and gentamycin suggesting that these genes code for independent

mechanisms (125, 127).

Very recently, research in the lab has found that these genes may be important in
vivo through experiments using a C.elegans slow killing model. In this type of experiment,
C.elegans was plated onto bacterial lawns containing E.coli (normal food), PA14 wild type
(kills C.elegans) or PA14 wt containing a deletion mutant of one of the biofilm-specific
antibiotic resistance genes. Following incubation, the amount of viable C.elegans was
counted to determine the persistence of each bacterial strain in C.elegans. All six biofilm-
specific antibiotic resistance gene deletion mutants were attenuated in their ability to
survive in the host indicating that they play a role in persistence in an in vivo model system
(125). This attenuation effect is hypothesized to occur due to the presence of antimicrobial

compounds from the innate immune system and the lack of expression of individual biofilm-
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specific antibiotic resistance genes in the deletion mutants that would normally protect the
biofilm cells against these antimicrobial compounds (125). These findings show that biofilm-

specific antibiotic resistance genes are important for persistence in vivo.

1.4 Biofilms and stationary phase planktonic cells

Cells in planktonically-grown cultures progress through typical phases (117). The first
phase consists of the lag phase which occurs after inoculation of the culture and is
characterized by slow growth as the cells adjust to the new environment. The second phase
is logarithmic growth which occurs when nutrient levels are high and waste levels are low. In
this phase, cells are in a state of rapid, continuous division where ODgqq increases rapidly
(117). Due to this increase in cell number, waste products begin to accumulate and nutrient
levels decrease. The rate of cell growth begins to slow down and eventually the culture
reaches a growth rate of zero, known as the stationary phase. Under further incubation, the

cell density decreases as the rate of cell death continues to increase (117).

Recent evidence suggests that stationary phase planktonic cells have gene expression
profiles more similar to biofilm cells as opposed to logarithmic cells (5). Many groups have
compared gene expression of P. aeruginosa cells in these three states (planktonic-
logarithmic, planktonic- stationary and biofilm) and found much closer levels of gene
expression between biofilms and stationary phase planktonic cells as compared to

logarithmic planktonic cells (5).

The six biofilm-specific antibiotic resistance genes were called biofilm-specific

because of their phenotypes as described by their initial discovery in Mah et al’s transposon-
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insertion mutant screen (64). The six mutants all grew well as wild-type, could grow biofilms
and had equivalent levels of planktonic resistance, but when grown in biofilms were more
sensitive to a set of antibiotics. Additionally, all six biofilm-specific antibiotic resistance genes
are more highly expressed in stationary-phase planktonic cells and biofilms as compared to
logarithmic-phase planktonic cells (same trend as Figure 3) (125). This led us to examine if
these six genes are regulated by cell density and/or respond to quorum sensing. Despite the
fact that none of the six have been identified in screens looking for quorum-sensed genes,
cell density will be examined as a possible avenue of biofilm-specific antibiotic resistance

gene expression (94, 111, 116).

My thesis is split into two data chapters each focused on the analysis of two separate
but related research questions. The focus of the first chapter (chapter 2) is dedicated to the
study of a newly discovered DNA motif present in the putative promoters of the six biofilm-
specific antibiotic resistance genes found by the transposon-insertion screen. A previous
post-doctoral fellow used an in silico program called MEME to identify the strong 22bp motif
(Figure 4) (7). The 22bp motif is found between 26 to approximately 200 bases upstream of
the transcriptional start site in five of the six biofilm-specific antibiotic resistance genes. It is
hypothesized that the expression of the six biofilm specific antibiotic resistance genetic loci is
controlled by a protein that binds to this motif. An affinity chromatography based approach
was used and a protein was identified that bound to the 22bp consensus motif. Direct
binding of this protein to the motif was analyzed by creating a His-tagged version of the

protein and repeating the affinity chromatography experiment with pure protein.
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Figure 4: A 22 base pair motif was identified in the promoter regions of the biofilm specific
antibiotic resistance genes. Analysis was performed by Sine Svenningen using MEME (7).
Height of the letters indicates certainty of that particular base pair at each position in the
motif. No consensus was found at base pair 16.
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The second data chapter (chapter 3) examines spatial and temporal expression of one
of the biofilm-specific antibiotic resistance genes, ndvB. Due to the heterogeneous nature of
biofilms (Section 1.1.5), it is hypothesized that expression of ndvB will vary spatially and
temporally. Fluorescent proteins were used as reporters to indirectly measure promoter
activity through the creation of promoter-fluorescent protein constructs. A previously
created ndvBp-GFP construct was used to analyze temporal expression of ndvB in both
stationary phase planktonic cells as well as in biofilms. The study of spatial and temporal
gene expression of biofilm antibiotic resistance genes is a new approach for not only the lab
but for the scientific community. To my knowledge, there are no published papers that
examine spatial and temporal expression of antibiotic resistance genes in biofilms. The
results in this chapter are exciting but at the same time only preliminary and a lengthy
discussion of future experiments as well as improvements to the current approach will be

included.
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CHAPTER 2. DISCOVERY OF A POTENTIAL REGULATOR OF
BIOFILM SPECIFIC ANTIBIOTIC RESISTANCE IN
PSEUDOMONAS AERUGINOSA

2.1 Introduction

2.1.1 Overview

As described in chapter 1, six biofilm-specific antibiotic resistance genes were
identified in a screen by Mah et al (64). Since this original screen, three of the six genes have
been characterized, while three more are currently being characterized (64, 125-127).
Together, all six biofilm-specific antibiotic resistance genes are expressed at higher levels in
biofilms as compared to logarithmic-phase planktonic cells (64, 125, 127). The fact that each
of the six genes is expressed at high levels in biofilms but not in logarithmic-phase planktonic
cells (Figure 4) suggests that these genes may be regulated by a common regulatory
mechanism. In order to assess this possibility a previous post-doctoral fellow in the lab, Sine
Lo Svenningsen studied the predicted promoters of the six biofilm-specific antibiotic
resistance genes. The results from this study identified a 22bp DNA motif present in the
predicted promoters from these six genes. The binding of an unknown protein to this
regulatory element may be responsible for the increased expression of the six biofilm-
specific antibiotic resistance genes in biofilms. The goal of this chapter was to identify

proteins that bind to the 22bp motif and confirm that they interact directly.

2.1.2 Identification of a DNA motif
An in-silico approach was used to discover the 22bp motif. The input sequence into

MEME was the region of DNA upstream of the transcriptional start site (TSS) from the six
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biofilm-specific antibiotic resistance genes. The program that was used was called MEME
(Multiple Em for Motif Elignment) (7). MEME used this data to create a probability-based
matrix that described the likelihood of having one of the four bases at each position in
comparison to the other sets of imputed data (7). The output of this analysis was the most
relevant consensus motifs based on a derivative of the p-value but for multiple sets of data.
This was called the E-value. The MEME analysis retrieved one significant motif found in the
upstream region of all six biofilm-specific antibiotic resistance genes, and a total of 18 times
in upstream regions in the entire P. aeruginosa genome (unpublished data- Sine Lo
Svenningsen). This motif was 22 bases long (Figure 4). Based on the strength of the
consensus motif found using MEME and the low number of hits of the motif in the genome
as a whole, this motif was selected for use in the identification of a DNA-binding protein that

may play a role in regulating biofilm-specific antibiotic resistance.

2.1.3 Activation in biofilms cells versus repression in planktonic cells.

In this chapter, an analysis of proteins that bind the 22bp motif found using MEME
will be done in an attempt to explain the increased expression of these genes in biofilms.
However, the increased level of expression of these antibiotic-resistance genes in biofilm
cells could be the result of either activation in biofilms, or repression in planktonic cells. In
order to determine which of these two scenarios was more likely, previous studies using a
chromosomal deletion of the 22bp motif from ndvB was analyzed. gPCR experiments using
this deletion mutant suggested that the biofilm-specific antibiotic resistance genes are more
likely activated in biofilm cells as opposed to repressed in planktonic cells. This is supported
by the finding that ndvB expression was low in the ndvB 22bp motif deletion mutant in
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biofilms, whereas typically ndvB is more highly expressed in biofilms (64). In the deletion
mutant, it is hypothesized that a potential activator binding the 22bp motif can no longer

bind and induce expression of ndvB, which explains low ndvB expression.

If there was a repressor of the biofilm-specific antibiotic resistance genes in
planktonic cells, one would expect ndvB expression to be higher in the 22bp motif deletion in
planktonic cells as the repressor would not have a binding site. However, planktonic ndvB
expression is relatively unchanged between the 22bp deletion mutant and wt indicating that
it is not binding the motif in planktonic cells (unpublished data- Li Zhang). This finding helped
narrow the focus of the experimental protocol to analysis of biofilm extract for an activator

of biofilm-specific antibiotic resistance.

2.1.4 Regulation of gene expression in bacteria

Typically, bacterial promoters contain a core promoter which includes a -10 region
and a -35 region upstream of the TSS (117). These are highly conserved sequences that act as
binding locations for the o subunit of RNA polymerase (44). Besides the core promoter,
there are additional nucleotides that act as binding sites for other subunits of RNA
polymerase or for a number of transcription factors (32). These sites are generally found
anywhere from 35 to over 1000 bases upstream of the TSS (90). Some of these sites are
referred to as an UP element which is a binding site for the C-terminal domain of the alpha
subunit of RNA polymerase, thus playing a direct role in transcription (13). The strongest of
UP elements’ are usually found within 100 bases of the TSS and can increase promoter

activity over 300 fold (32). UP elements are also usually A-T rich (~¥90%) (32).
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Regulation of gene expression is a very complex process, with approximately 8% of
the P. aeruginosa genome coding predicted regulatory proteins (118). This equals over 400
regulatory proteins in the PAO1 genome (105). Although most binding sites for these
regulatory proteins in E.coli and P. aeruginosa are within 65 bases of the TSS, they have been
shown to be up to 350 or more bases upstream of the TSS. For example, Huang et al
discovered an OmpR binding site over 350 bases upstream of the TSS to which OmpR bound
and interacted with proteins bound at 50 bases upstream of the TSS (51). They found that

this strong protein interaction bent the DNA into a loop which repressed ompF transcription.

It is hypothesized that the 22bp motif may act as a binding site for an unknown
activator of biofilm-specific antibiotic resistance. Binding of this unknown protein to the
motif may increase the likelihood that RNA polymerase will bind to the core promoter and
begin transcription, just as OmpR was able to influence transcription by binding to an

upstream regulatory element (51).

2.1.5 22bp Motif

The 22bp motif consensus is located between 20 to 500 bases upstream of the TSS in
the promoters of the six biofilm-specific antibiotic resistance genes (Table 1). Although there
is significant variability in the location of the motif with respect to the TSS, this is not
uncommon, as is shown with the discovery of binding sites for OmpR (51). The 22bp motif of
ndvB was shown in reference to their TSS and predicted -10 and -35 core promoter (Figure

5).
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Table 1: 22bp motif in the putative promoters of the six biofilm-specific antibiotic
resistance genes.

22bp motif 22bp motif
Distance
(PAO1 gene (PA14 gene upstream from
number) number) Sense TSS (bp) Sequence

1874-1877 40230-40260 _ 1181* GCTTCGCGGGATGCCCGGCGAT
1163 49360 + 191 GAATCGCGGATTGCCGCGCGCA
5033 66540 + 26 GTGTCCAGGGATGTCCGTCGAG
2070 37730 + 45 GGCCGGCCGGATGCCGGCCGCA
0756-0757 54510 - 86 GGATTGCTGAAAGCCTGGCGAA
0082-0084 00990-01010 + 143 GCCTTGCGGCATGCCACAAGAA

* 423 bp in PAO1 and is + sense
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Figure 5: The putative promoter of ndvB showing the 22bp motif in comparison to the core
promoter and TSS. The 22 bp motif is underlined. The predicted-10, -35 and the TSS are in
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As not a lot is known about the promoters of the biofilm-specific antibiotic resistance
genes, it is possible that there is a novel regulatory site that influences transcription of these
genes that has not yet been identified. For example, a novel P. geruginosa regulator that
bound to the DNA sequence approximately 50 bases upstream of the TSS that activated
expression of type three secretion system effectors (54). Consequently, the discovery of a
novel proximal control element in P. aeruginosa is quite possible and may explain why the

biofilm-specific antibiotic resistance genes are upregulated in biofilms.

Based on the low E-value (section 2.4.1) of the 22bp motif found in MEME and the
fact that all six genes are more highly expressed in biofilms, the initial goal of my project was
to use the 22bp motif consensus to identify a regulator of biofilm-specific antibiotic
resistance genes in P.aeruginosa. Amongst the different methods to assess DNA-protein
interactions, DNA-affinity chromatography was used mainly due to the fact that there was
expertise in the lab. Affinity chromatography was also cost-effective, and has been used
successfully to identify novel DNA-protein interactions in numerous occasions (18, 79, 80, 99,
121, 124). A schematic depicting the main steps involved in the affinity chromatography

experiment is presented (Figure 6).
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Figure 6: Overview of affinity chromatography methodology. Coloured symbols are meant to
represent hypothetical proteins found in biofilm extract. Green crosses represent a protein
from biofilm extract that has affinity for the 22bp motif.
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2.2 Materials and methods

Table 2: Bacterial strains and plasmids used in Chapter 2

Strains, plasmids Stock location Relevant Characteristics Source
E.coli
DH5a JPP5
S17-1 JPP6
c41s TFM Baezinger Lab
BL21 Rosetta JPP30 ClorR Couture Lab,
Novagen
P.aeruginosa JPP1 (64)
PA14
Plasmids
pQE30 JPP23 Expression vector,
AmpR, His tag
pHisparallel JPP34 Expression vecgtor, Couture Lab
AmpR, His tag
pET30a JPP35 Expression vector, KnR, = Ramirez-Arcos Lab
His tag
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2.2.1 Affinity chromatography pull down and identification of DNA binding proteins

2.2.1.1 Preparation of PA14 Biofilm Extract

PA14 biofilm cells were grown using a colony biofilm assay. This method is much
simpler than other biofilm growth methods and produces cells with similar phenotypes to
biofilms grown using more complex methods (112). To grow a colony biofilm, overnight
cultures of PA14 wt were grown and 100uL of the cultures were inoculated into 5ul circular
colonies onto 1xM63 plates. The plates were incubated for 16 hours at 37°C, followed by
incubation at room temperature for 24 hours. The biofilms were removed from the agar
plate surface by gently pipetting 1xM63 liquid media multiple times over the biofilms. The
resuspended biofilm cells were collected into 1.5mL microcentrifuge tubes and spun down at
4,000 rpm for 5 minutes. Cell pellets were resuspended in 2mL of 0.8M NaCl affinity

chromatography buffer (ACB) (78).

Cell lysates were prepared in a high concentration of NaCl in order to elute most of
the DNA-binding proteins off chromosomal DNA (124). 10uL of 100X Bacterial Protease
Inhibitor (BioLynx) was added per mL of suspended cells solution. Lyzozyme was added as
necessary to help in the breakdown of the cell wall (Img/mL) Cells were sonicated six times
in 10 second pulses. The lysates were centrifuged at 20,000 rpm in 1.5mL microcentrifuge
tubes for 15 minutes at 4°C. The collected supernatants were then dialyzed into 0.1M NacCl
ACB for a minimum of 4 hours, switching the buffer once midway through. The dialyzed cell
supernatants were mixed with glycerol to a final concentration of 35%. Salmon sperm DNA

(ssDNA) was added to a final concentration of 0.05 mg/mL in order to bind the abundant
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ssDNA binding proteins and reduce non-specific interactions during the affinity
chromatography experiment. 2uL of 1M MgCl, was also added to the extract. The extracts

were either immediately loaded onto the affinity column or stored at -20 °C.

2.2.1.2 Preparation of streptavidin-agarose slurry

6% beaded straptavidin agarose (Invitrogen) was used as the column. 200ulL of the
streptavidin-agarose slurry was pipetted into 1.5mL microcentrifuge tubes per column. The
slurry was added to 40mL of 0.1M NaCl ACB, spun down and resuspended in ImL 0.1M NaCl
ACB and a final concentration of 500 pug/mL of BSA in 1.5mL microcentrifuge tubes. The
tubes were incubated on a rotating wheel for 5 minutes at 4°C. They were then briefly
centrifuged and the buffer was replaced with 1.5 M NaCl ACB in order to remove BSA
proteins. Tubes were once again incubated for 5 minutes at 4°C, briefly centrifuged and

resuspended in 300ul of 0.1M NaCl ACB.

2.2.1.3 Preparation of biotinylated oligos

Individual single stranded oligonucleotides representing the 22bp motifs from the
PA1874-77 and ndvB promoters were designed so that the 22bp motifs were flanked on each
side by 10bp of DNA chosen at random in order to prevent steric interactions with biotin.
The forward oligonucleotides were biotinylated, while the complementary reverse
oligonucleotides were not (Figure 6). Both the forward and reverse oligonucleotides were
diluted to a concentration of 400pmol/uL and mixed together at a 1:1 molar ratio. The
forward and reverse oligonucleotides were annealed in a thermocycler. The oligos were first

heated at 95°C for 5 minutes, decreasing by 1°C every minute to 4°C. Annealed oligos were
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stored at 4°C. The main differences were in the length of the nucleotides placed between the
motif and biotin as well as the number of 22bp motifs present on one oligonucleotide. In the

end, AFFCHRO-F/R 8, 9 and 10 were used for the identification of PA0564.
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Table 3: Description of the oligonucleotides used for affinity chromatography

Name

MOTIF-
AFFROCHRO
MOTIF-
AFFROCHRO
MOTIF-
AFFROCHRO-F2
(PAGE)

MOTIF-
AFFROCHRO-R
(PAGE)
AFFCHRO-F3/4
(HPLC)

AFFCHRO-R3
(HPLC)
AFFROCHRO-F6

AFFROCHRO-R6

AFFROCHRO-F7

AFFROCHRO-R7

AFFROCHRO-F8

AFFROCHRO-R8

AFFROCHRO-F9

AFFROCHRO-R9

AFFROCHRO-F10

AFFROCHRO-R10

Description

PA1874-77 motif
with 10bp flanking
sequence

PA1874-77 motif x2
with 15bp flanking
sequence

PA1874-77 motif
with 14bp flanking
sequence

Negative control
motif with 10 bp
flanking sequence

Negative control
motif with 10bp
flanking sequence

ndvB motif with
10bp flanking
sequence

PA1874-77 motif
with 10bp flanking
sequence

Negative control
motif with 10bp
flanking sequence

Sequence (5’ to 3°)

Biotin-GCTAGTTGCAGCTTCGCGGGA
TGCCCGGCCATGTGCGAGTAA
Reverse complement of above

Biotin-GGATAGACCAGCTAGTTGCAC

GTAGGCTTCGCGGGATGCCCGGCGA

TGTGCGAGTAATTTATGCTTCGCGGG
ATGCCCGG

Reverse complement of above (minus 10bp
beside biotin)

BiotinGGATAGCTAGTTGCACGTAGCT
TCGCGGGATGCCCGGCGATGTGCGA
GTAATTTA

Reverse complement of above (minus 5bp
bedide biotin)

Biotin-
GATGCGTAGTTTGCATAATTCGTTAG
ATTAGGTTGTCCATCC

Reverse complement of above

Biotin-
GATGCGTAGTTTGCATAATTCGTT
AGATTAGGTTGTCCATCC

Reverse complement of above

Biotin-
GATGCGTAGTGAATCGCGGATTGC
CGCGCGCATTGTCCATCC

Reverse complement of above

Biotin-
GATGCGTAGTCGTTCGCGGGATGC
CCGGCGATTTGTCCATCC

Reverse complement of above

Biotin-
GATGCGTAGTTTGCATAATTCGTTA
GATTGGGTTGTCCATCC

Reverse complement of above

Direction

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse
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2.2.1.4 Affinity Chromatography:

The prepared resin (in 300uL 0.1M NaCl ACB) was incubated with each individual
annealed biotinylated oligo (40uL of 400pmol/uL) for 15 minutes at 4°C on a rotating wheel.
Following incubation, the oligonucleotide-bound resin was briefly spun down in a centrifuge
and washed with 1.5M NaCl ACB twice to remove unannealed oligonucleotides. After the
final wash, the oligo-bound resin was resuspended in 1.5M NaCl ACB. Glass beads (Sigma)
were loaded into the column (a standard 200uL pipette tip) up to the 10uL mark. The oligo-
bound streptavidin-agarose resin (already blocked with BSA) was loaded onto the column up
to the 50uL mark (40uL of resin). 1.5M NaCl ACB was run through the column to equilibrate
it. The oligo-bound resin was resuspended one time by pipetting the buffer in the column up
and down. Once settled (as seen in Figure 7), the column was washed with 10 x column
volumes (total 500 pL) of 1.5M NaCl ACB. Following this wash, the column was washed with
10 column volumes (total 500ul) of 0.1 M NaCl ACB. 250uL of PA14 biofilm cell extract was
loaded onto the column and incubated at 4°C for 1.5 hours. The PA14 biofilm extract slowly
moved through the column over the span of 1.5 hours. When the extract had completely run
through the column, the column was washed with 10 column volumes of 0.1M NaCl ACB
(low salt wash). 50ulL of 1.5M NaCl ACB was added to the column to elute proteins from the
extract that had bound to the column (high salt elution). A final elution with 0.1% SDS to

clear the column was performed (SDS).
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Figure 7: Set-up of Affinity Chromatography. (A) Columns were kept on ice during the
affinity chromatography. (B). Close-up of the column showing the layers. The glass beads
were present on the bottom of the column followed by the strepavidin agarose slurry.
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Fractions that were collected and analyzed by SDS-PAGE electrophoresis included the
flow through (extract), low salt wash, high salt elution, and SDS elution. The collected
fractions were kept on ice and mixed in a 4:1 ratio with 5x SDS-PAGE loading buffer and
immediately heated to 95°C for 4 minutes. The remaining elutes were kept at -20°C after
being mixed with glycerol to a final concentration of 35%. All buffers were kept at 4°C, and

columns were kept on ice during washing.

2.2.1.5 SDS-PAGE

10% SDS-PAGE gels consisting of both a stacking and resolving gel were made. The
resolving gel contained 4mL ddH20, 3.33mL acrylamide, 2.5 mL of 1.5M Tris pH 8.8, 100uL
10% SDS, 100pL 10% ammonium persulfate and 5uL TEMED. These components were mixed
in an erlenmeyer flask and poured into an SDS-PAGE holding cassette (BioRad) by a Pasteur
pipette. The gel was immediately covered by a thin layer of 0.1% SDS to facilitate
polymerization of the gel. Gels were allowed to solidify for 45 minutes. Following
polymerization, the 0.1% SDS layer was washed off and the tops of the gels were quickly
rinsed with ddH20. The stacking gel which consisted of 3.1mL ddH20, 670uL acrylamide,
1.25mL 0.5M Tris pH6.8, 50uL 10% SDS, 25uL 10% ammonium persulfate and 5uL TEMED
was prepared and poured over the resolving gel. Combs were placed at the surface of the gel
and the gel was left to polymerize for 45 minutes. Once polymerized, the gels were loaded
into the gel electrophoresis apparatus and immersed in 1X SDS-PAGE running buffer. Gels

were run at 110V until the dye front reached the end of the gel.
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2.2.1.6 Silver stain

After running the SDS-PAGE, gels were fixed for at least one hour in a 10% acetic acid,
40% methanol solution on a shaker at room temperature. Following fixing, the gels were
washed for 10 minutes in 30% ethanol three times. Following the wash, the gels were
incubated in a 1.3mM solution of sodium thiosulfate for 1 minute. The gels were washed
with ddH,0 for 20 seconds three times. Following the wash the gels were incubated with a
0.1M solution of silver nitrate for 20 minutes. Following this incubation, the gels were
washed with ddH,0 for 20 seconds three times. The wash was removed and the gels were
incubated with a develop solution (6g of sodium carbonate, 100uL formaldehyde, and 5mL of
sodium thiosulfate) for up to 10 minutes until the appropriate level of staining was

completed. To stop the developing, the gels were incubated in a 0.5% solution of glycine.

2.2.1.7 Digestion and mass spectrophotometry analysis
In-gel digestion and mass spectrometry analysis were performed at the Ottawa
Institute of Systems Biology (OISB) proteomics resource centre. The LTQ mass

spectrophotometer (Thermo Fisher) was used.

2.2.2 Protein induction

2.2.2.1 PCR of PA0564

PCR was used to amplify the open reading frame of PA0564 for cloning. PA14
genomic DNA was first isolated using a genomic DNA isolation kit (Invitrogen). It was then
PCR amplified using primers PA0564-pET30-F-1 and PA0564-pET30-R-1 (Table 4). The PCR

master mix consisted of the following components in 50ul final reaction volume: 2uL PA14
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genomic DNA, 6uL Band Sharpener, 2uL 10mM dNTPs, 2uL forward primer (10pmol/uL), 2pL
reverse primer (10pmol/ pL), 4.5uL DMSO, 10uL 10X buffer and 1.5uL TAQ. All components
were from Feldan. The PCR was run in the MyCycler thermocycler (Bio-Rad) with the
following reaction conditions: an initial denaturation at 95°C for 3 minutes followed by 30
cycles of denaturation at 95°C for 30 seconds, annealing at 74°C for 30 seconds and
extension at 72°C for 2 minutes. A final extension was run for 10 minutes following the
cycles. PCR products were run on a 1.0% DNA agarose gel to verify amplicon size. PCR

products were purified using a PCR purification kit (Invitrogen).

2.2.2.2 Cloning of PA0564 into pET30

The purified PA0564 PCR product and pET30a vector were digested with Ncol and
Xbal at 37°C for 1.5 hours. Digests were performed in duplicate in 25 pL final volume
consisting of 2.5ul buffer, 1uL Ncol, 1uL Xbal and 8uL DNA. Following digestion, the duplicate
reactions were combined, PCR purified (Invitrogen), and eluted in 30uL. Duplicates were
performed and elution was in a small volume in order to maximize the DNA content of the
samples prior to ligation. Samples were run on a 1.0% DNA agarose gel prior to ligation to
visualize the DNA and confirm the digestion. Ligations were performed at both a 1:1 and 4:1
vector to insert ratio at 16°C for 20 hours in 15uL final volume consisting of 4 uL ligase
buffer, 1.5uL T7 ligase, 1uL PA0564 fragment, and 8ul pET30a vector. Ligations were diluted
5:1 in ddH,0 and 10uL of the diluted ligation mix was added to 100ulL competent DH5a cells
and this mixture was incubated for 30 minutes on ice. The cells were heat shocked for 90

seconds at 42°C and then put back on ice. The cells were added to 800uL LB and incubated
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on a shaker at 37°C for 75 minutes. 150ul of the incubated broth was plated on 50ug/mL

kanamycin and placed at 37°C for 16 hours to allow for colony growth.

In order to check for correct clones, individual colonies were numbered and used to
inoculate overnight cultures with LB+50ug/mL kanamycin and as template DNA in a colony
PCR reaction. This method of growing overnight cultures with antibiotic (along with
subsequent miniprep, and digest) as well as using the same colony in a PCR reaction with
primers specific for the insert allowed for careful, efficient screening of transformants by two
different methods. The colony PCR reaction consisted of initial denaturation at 95°C (10 min)
followed by 30 cycles of denaturation at 95°C (30 sec), annealing at 67°C (1min) and
extension at 72°C (3 min). The PCR products were run on a 1% agarose gel. Transformants
that gave both a positive colony PCR result and a 900bp fragment in the digestion reaction
continued in the process. Minipreps of these transformants were PCR purified (Invitrogen)
and their Aysg was taken to calculate DNA concentration. DNA from several positive clones
was sent for sequencing using T7 promoter and terminator primers (StemCore- OHRI) until a
positive clone was found. Positive clones were transformed into c41s and BL21 Rosetta E.coli
and screened using the same method as above. Both BL21 Rosetta and c41s strains were

made competent through the calcium—chloride method (Molecular Cloning).

2.2.2.3 Protein Induction
Protein expression was completed in BL21 Rosetta E.coli cells. In order to check for
appropriate induction conditions, a 1:100 subculture of an overnight culture containing

pET30a-PA0564 was grown to an ODgy of 0.5 on a shaker at 37°C. Cultures were induced
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with 0.1mM and 0.5mM IPTG for 3 more hours, and then pelleted. Cell pellets were vortexed
with 100ul of H,0 and 25ul of 5x sample buffer. The samples were heated at 100°C for 5
minutes and then loaded onto an SDS-PAGE gel. The gels were Coomassie stained to visualize

the protein bands

The solubility of the induced His-PA0564 protein was first verified before large-scale
production. Induced cultures were split into 8 eppendorf tubes and spun down at 5000 rpm
for 5 minutes at 4°C. The supernatant was removed, and cell pellets were vortexed with
different buffers to test for the best conditions for solubility (Buffer 1: 50mM Na,PO4 pH7.0,
500mM NacCl. Buffer 2: 50mM Na,PO4 pH7.0, 100mM NaCl. Buffer 3: 50mM Na,PO,4 pH7.0,
100mM NaCl, 10% glycerol. Buffer 4: 50mM Tris pH8.0, 100mM NaCl. Buffer 5: 50mM Tris
pH8.0, 100mM NaCl, 10% glycerol. Buffer 6: citrate pH 6.0, 100mM Nacl. Buffer 7: 50mM Tris
pH9.0, 100mM NaCl.) BugBuster© Master Mix (Novagen) was used as a detergent for
maximum recovery of soluble proteins. Solutions were supplemented with 4 pg/mL of
lyzozyme (Sigma) to assist in bacterial cell wall breakdown. Following vortexing, tubes were
placed on a rotating wheel at 4°C for 20 minutes. 20 pL (whole cell fraction) was removed,
and the remaining 80uL was spun down at 13,000 rpm for 5 minutes at 4°C to collect the
soluble fraction. Both the soluble and whole cell fractions were subjected to SDS-PAGE to

confirm solubility of the recombinant protein.

For large scale induction, a 25mL overnight culture was grown in appropriate
antibiotic. Two 500mL LB cultures were inoculated with the appropriate culture and grown

to an ODgg of 0.5 and then induced with 0.1mM IPTG for 3 hours at 37°C on a shaker. The
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cells were spun down for 30 minutes at 3000 rpm at 4°C. Pelleted cells were vortexed in
100mL of Buffer 6 (50mM citrate, pH6.3, 250mM NaCl), lyzozyme (4 pg/mL) and sonicated 3
pulses x 1 minute on ice. Sonicated cells were spun down at 16,000 rpm for 30 minutes at
4°C. Cell supernatants were incubated with rinsed TALON resin (ClonTech) for purification
and eluted with 50mM citrate pH6.3, 250mM NaCl, 0.5M Imidazole. Purified recombinant
protein was dialyzed overnight into 50mM citrate pH 6.3, 250mM NaCl and concentrated
using an ultracentrifuge concentrator (Amicon). Concentrated proteins were flash frozen by
immersing in liquid nitrogen. Concentrates were run on a 10% SDS-PAGE gel (as described

above) to examine the level of purity.

2.2.2.4 Coomassie Staining

After running the SDS-PAGE, gels were fixed in a 45% methanol/10% acetic acid
solution for one hour. They were then stained in a 0.1% Coomassie blue, 40% methanol, 10%
acetic acid solution for approximately one hour. Gels were destained in a 45% methanaol,
10% acetic acid solution and then soaked in 5% acetic acid following the destain. Stained gels
were soaked in a 10% glycerol, 90% ethanol solution for drying and then were placed

between two layers of plastic and dried overnight.

2.2.2.5 Induction Strains:

c41s is a popular strain used for induction of recombinant proteins in E.coli due to its
ability to express a wider variety of proteins including proteins that may be toxic in E.coli,
and proteins that are induced at low levels(69). Miroux et al (1996) tested expression of 7

membrane and 10 soluble proteins in BL21 and c41s and confirmed the higher expression in
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c41s without toxic effects. The uncharacterized mutations of C41(DE3) and C43(DE3)
occurred by a spontaneous process, followed by a phenotypic selection based on the ability

to survive after inducing the expression of a toxic recombinant protein(69).

BL21 Rosetta strain is a derivative of BL21 E.coli, a strain specifically adapted for
protein induction due to the loss of lon and ompT proteases (81). BL21 Rosetta adds an
additional benefit in that it contains a chloramphenicol-marked plasmid encoding genes for
six tRNAs which allows for expression of a wider variety of proteins. DE3 indicates that the
strain contains a chromosomal copy of the T7 RNA polymerase (81). pLysS indicates that the
strain contains a plasmid that encodes T7 lysozyme which inhibits T7 polymerase. This allows
for suppression of expression and thus stabilization of pET recombinants that contain insert

(107, 128).
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Table 4: Primers used in Chapter 2

Name

pQE30_PAO564SEQR
pQE30_PAOS64SEQF

PAO564clon-F

PAO564clon-R

PAO564clon-F2
PAO564clon-R2
pHIS-PAO564SEQ-R
pHIS-PAO564SEQ-F
PA0564-clon-R3
PA0564-clon-R-5
PAO564clon-F-6
PAO564-pET30-F-1

PA0564-pET30-R-1

Sequence (5’ to 3’)

ACCGAGCGTTCTGAACAAAT
GCGGATAACAATTTCACACAG

GCAAGCTTTCAGCGAGCGGAG
TCGGCCT

CGAGTCTATGGACCCACTCGA
CCGGCT

GCGAATTCTGATGGACCCACT
CGACCGGCT
CGTCTAGCATCAGCGAGCGGA
GTCGGCCT
CCCCAAGGGGTTATGCTAGC

TCCCGCGAAATTAATACGAC

CATGTCGACTCAGCGAGCGGA
GTCGGCCT
GCTCGAGTCAGCGAGCGGAG
TCGGCCT
GCCCATGGTATGGACCCACTC
GACCGGCT
GCTCCATGGTCATGGACCCAC
TCGACCGG
CATCTCGAGTCAGCGAGCGGA
GTCGGC

Direction

Reverse
Forward

Forward

Reverse

Forward

Reverse

Reverse

Forward

Reverse

Reverse

Forward

Reverse

Forward

Usage

Sequencing clones
Sequencing clones

Cloning PA0564 into pQE30
(Hind1)

Cloning PA0564 into pQE30
(Sacl)

Cloning PA0564 into pHis
(EcoRl)

Cloning PA0564 into pHis
(Xbal)

Sequencing clones

Sequencing clones

Cloning PA0564 into pHis
(Sall)

Cloning PA0564 into pHis
(Sacl)

Cloning PAQ564 into pHis
(Ncol)

Cloning PA0564 into pET30a
(Ncol)

Cloning PA0564 into pET30a
(Xbal)
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2.3 Results

2.3.1 Identification of proteins that bind the 22bp motif consensus

The overall goal of this chapter was to identify proteins with affinity to the 22bp
motif. An overview of the steps of this chapter is presented in Figure 8. The 22bp PA1874-77
motif was selected to be used in the first affinity chromatography experiment as it was
closest in sequence to the consensus motif (Figure 4). Initial affinity chromatography
experiments revealed that only a single candidate protein (PA4232) was binding to the
PA1874-77 22bp motif (data not shown). Mass spectrometry analysis identified this protein
as Ssb, single-stranded DNA-binding protein. This result suggested one of two possibilities;
that Ssb was non-specifically binding single stranded DNA that was present in the column, or
that it had affinity for the PA1874-77 22bp motif. Further experimentation revealed that Ssb
was binding single stranded DNA and not binding the 22bp motif (data not shown).
Continuous optimization and the inclusion of a single stranded negative control motif

resulted in the discovery of a 33kDa protein binding the PA1874-77 motif.
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The silver stained protein gels containing the fractions from the affinity
chromatography experiment discovering a 33kDa protein are shown in The flow through and
low salt washes are shown for the affinity chromatography experiment shown in Figure 9,
but not for the remainder of affinity chromatography experiments in this chapter due to
repetition in the results obtained. The flow through fractions always showed that the biofilm
extract was not degraded, and that the amount loaded did not vary between columns in the
same experiment (Figure 9A, lanes 2-4). Analysis of the low salt washes confirmed that there
were no eluted proteins prior to addition of the high ionic strength buffer in each
experiment. Initial affinity chromatography experiments were run with columns containing
1x (15 nmol) and 4x (60 nmol) biotinylated motifs. In Figure 9, Figure 10, and Figure 11, the
eluates from these two columns were shown as replicates as there were minimal differences

in the proteins eluted between the two.

Analysis of the high salt eluates from the PA1874-77 22bp motif columns (Figure 9B)
revealed approximately 10 proteins that were found to be consistently binding to the
PA1874-77 22bp motif. This experiment was repeated in order to confirm this observation
(Figure 9C). Results from this experiment suggest that the most consistent, as well as the

most intense band was at 33kDa. This band was selected for future study.
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Figure 9: A 33kDa protein is binding the PA1874-77 22bp motif. Silver-stained SDS-
PAGE gels containing elution fractions from three separate affinity chromatography columns. (A)
Flow through showing un-degraded PA14 biofilm extract that was loaded onto each column. Low
salt washes showing that there were no eluted proteins prior to addition of the high salt buffer.
Ladder (lanel), no DNA negative control (lane 2), PA1874-77 22bp motif (lanes 3 and 4), no DNA
negative control (lane 5), PA1874-77 22bp motif (lanes 6 and 7). (B) Proteins eluted from the
addition of a high salt buffer to the columns. The most prominent band on this gel was at 33 kDa.
No DNA negative control (lane 1), PA1874-77 22bp motif (lanes 2 and 3), ladder (lane 4). (C)
Proteins eluted from the addition of a high salt buffer to duplicate columns to (B). DNA in each
column was the same as in (B). Once again, a band at 33 kDa was the most prominent.
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The next step was to confirm that the 33kDa protein was able to bind a motif from
the promoter of a different biofilm-specific antibiotic resistance gene in order to confirm the
specificity of the interaction. An affinity chromatography experiment was performed using
ndvB 22bp motif instead of the PA1874-77 22bp motif as the DNA in the column. The high
salt eluates from the columns containing the ndvB motif showed the same major band at
33kDa along with several minor bands (Figure 10). A comparison of the bands in the high salt
elutes from the PA1874-77 and ndvB motifs revealed that the 33kDa protein was the most

abundant and most consistent band being eluted (Figure 9, Figure 10)
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Figure 10: The 33kDa protein is eluted from the ndvB motif. Silver-stained SDS-PAGE gel
showing the high salt eluates from three separate affinity chromatography experiments.
Ladder (lane 1) no DNA negative control (lane 2), ndvB 22bp motif (lanes 3 and 4). A band at
33 kDa is visible in lane 3 and 4.
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Due to some inconsistencies in running the SDS-PAGE and the silver staining
procedure, it was still unclear if the band present at 33kDa was the same in the high salt
elutes from both the PA1874-77 and ndvB motifs as these were run on separate gels.
Although it was not possible to be certain of the identity of each protein without mass
spectrometry, running the high salt eluates from the affinity chromatography experiments
using the 22bp motifs from PA1874-77 and ndvB on the same gel helped minimize
differences in running separate gels. Therefore, the eluates from both the ndvB and PA1874-
77 22-bp motifs (duplicate experiments of each) were run together on a single gel along with
high salt eluate from the affinity chromatography experiment using single stranded
biotinylated ndvB DNA negative control (Figure 11). This gel showed that the 33kDa band
present in the high salt elutes from both the ndvB and PA1874-77 22bp motif appears to run
at the same location. The two 33kDa bands eluted from the ndvB motif were pooled (lanes 6
and 7) and sent for in-gel digestion and subsequent analysis via mass spectrometry (Figure

11).

Further analysis of the silver stained gel revealed other bands binding as was
mentioned previously. Figure 11 reveals that many of these bands were also binding the
single stranded DNA control (lane 10) and were not analyzed. For example, the band at
approximately 15kDa that was found in all of the eluates appears to be also be present in the
single stranded negative control DNA, although the resolution at the bottom of the gel is not
ideal. Regardless, the band present at 33kDa is not only the strongest, but is also the only

band that is clearly not present in the eluate from the negative control motif.
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Figure 11: A 33kDa protein is binding the PA1874-77 and ndvB 22bp maotifs. Silver-stained
SDS-PAGE gel containing the high salt elutes from Figure 9(PA1874-77 22bp motif) and Figure
10 (ndvB 22bp motif) as well as the high salt elutes from duplicate columns containing the
ndvB 22bp motif. Ladder (lane 1), PA1874-77 22bp motif (lanes 2-5) (Figure 9B and C), ndvB
motif (lanes 6-7) (Figure 10), high salt eluates from a duplicate experiment using ndvB 22
motif (lane 8 and 9), single stranded biotinylated oligo negative control (lane 10). The 33kDa
band appears to be running to the same location in the gel and the two bands that eluted
from the ndvB motif were digested and sent for mass spectrometry.
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The digested band from Figure 11 was identified as PA0564 using mass spectrometry
with a p-value of <0.05. This protein is a putative transcriptional regulator based on in silico
data (119). Due to the fact that PA0564 had affinity for the 22bp motifs from the promoter
regions of two different genes and was a probable transcriptional regulator, it was cloned
into an expression vector in order to create a His-tagged version of the protein. This His-
tagged protein was used in an affinity chromatography experiment to assay for a direct

interaction between PA0564 and the 22bp motif.

2.3.2 PA0564 is cloned into pET30a and induced in c41s E.coli cells

Following unsuccessful induction of PA0564 in pQE30 and unsuccessful cloning of
PA0564 into pHisparallel2, a different His-tagged vector (pET30a) was chosen for cloning of
PA0564 (Figure 12A). Cloning was successful, and the new plasmid (PA0564-pET30) was
transformed into DH5a, BL21 Rosetta and c41s E.coli cells (Figure 12A). However, sequencing
revealed a missense mutation in the gene, which explained the truncated protein found
when looking at Coomassie stained SDS-PAGE gels of induced protein (data not shown).
Eventually, a positive clone was found that expressed a protein of 33kDa (Figure 12B). This

successful cloning result was also verified by sequencing.
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Figure 12: PA0564 is cloned into pET30a and induced in E.coli BL21 Rosetta. (A) pET30a
MCS. PA0564 was cloned using Ncol and Xhol. (B) Coomassie-stained SDS-PAGE gel showing
induced PA0564 at 33kDa in pET30-PA0564 but not in pET30a.

un=uninduced. 0.1=0.1mM IPTG. 0.5 = 0.5 mM IPTG.
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Following confirmation of successful cloning, an assortment of buffers were used
during purification in order to determine the conditions in which His-PA0564 was most
soluble. Induction in BL21 Rosetta E.coli cells revealed that most of the protein was present
in the insoluble fraction (Figure 13A). Induction in c4ls E.coli cells showed what appears to be
a slightly larger fraction of His-PA0564 in the soluble fraction when using a low ionic
strength, low pH buffer (Figure 13B, lane 4). It was difficult to determine how much PA0564
was in the soluble fraction as there was a band present in uninduced c41s cells at around the
same size. However, it was determined that even though only a small amount of protein may
be soluble (Figure 13B, lane 4), these conditions could be used in a large scale purification in

order to purify a sufficient quantity of protein.
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Figure 13: PA0564 purification using various buffers in order to optimize purification
conditions. Coomassie-stained SDS-PAGE gel showing whole cell protein and solubilised

protein under various buffer conditions in BL21 Ro
(B). The conditions used in (B) lane 4 appear to
PA0564.
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2.3.3 PA0564 is purified using TALON affinity resin

His-PA0564 was induced with IPTG and purified in 50mM citrate pH6, 100 mM NaCl
(Figure 13B, lane 4). A small-scale purification using TALON resin revealed that a significant
amount of PA0O564 was eluted from the resin (Figure 14, lane 4). However, numerous
attempts to repeat this purification were not successful and a sufficient quantity of pure His-

PAO564 was not collected.
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Figure 14: PA0564 is purified using TALON resin. Coomassie-stained SDS-PAGE gel showing
fractions following protein purification using TALON resin. A band at 33 kDa is eluted from
the TALON resin using 0.5M imidazole and is shown in lane 4.
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Throughout the numerous attempts to purify the protein, it was determined that
PAO564 requires very specific buffer conditions during the purification in order to remain
stable. Through experimentation with an assortment of buffers, it was determined that His-
PAO564 was most stable and highly soluble in high ionic strength buffers (> 500mM NaCl),
but that purification using the TALON resin under these conditions was not optimal (see

discussion) (Figure 15, lane 5).
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Figure 15: PA0564 is most soluble in high ionic strength buffers but could not be purified.
Coomassie-stained SDS-PAGE gel showing the fractions following purification using TALON
resin. There is a large amount of PA0564 present in the supernatant prior to purification
(lane 1). However, the majority of it does not bind the resin as is shown by the large amount
of protein in the flow through (lane 2)
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An experiment was designed where His-PA0564 was purified under high ionic
strength conditions to maximize solubility. It was then dialyzed from this buffer into a lower
ionic strength buffer that is more compatible with the TALON resin. However, the results of

this experiment were not successful (data not shown).

Due to that fact that attempts to purify His-PA0564 by collecting large quantities of
soluble protein under high ionic strength conditions and subsequent dialysis to a lower ionic
strength buffer for purification were unsuccessful, His-PA0564 was induced and purified in
moderate (250mM NaCl) ionic strength conditions. Under these conditions a lower quantity
of PA0564 was solubilised due to the reduced ionic strength of the buffer. However, this
buffer was compatible with the TALON resin for the purification step. Overall, very careful
attention was paid to the preparation of buffers for purification. The eluates collected
following TALON resin purification from c41s and BL21 Rosetta E.coli (Figure 16A, lanes 4 and
8) were pooled prior to dialysis to increase overall protein yield. Following many
unsuccessful purification attempts, PA0564 was finally purified, concentrated and

successfully stored (Figure 16, lane 3).
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Figure 16: PA0564 is purified, concentrated, and stored at -80°C. Coomassie-stained SDS-
PAGE gels containing fractions from the purification of PA0564. (A) Eluates from purification
using both c41s and BL21 Rosetta E.coli. Lanes 4 and 8 were pooled, dialyzed and ran in (B)
lane 1, concentrated (B) lane 2 and stored at -80°C (B) lane 3.
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In order to confirm a direct interaction between PA0564 and the 22bp consensus
motif, affinity chromatography was performed using purified His-PA0564 from Figure 16B,
lane 3. The methodology and conditions for affinity chromatography that was used was
identical to the original affinity chromatography that identified PA0564 as binding the 22bp
motif from total PA14 biofilm extract. A silver stain of purified PA0564 is shown in Figure
17A. The experiment found that PA0564 bound to the ndvB motif (Figure 17B, lane 3), but
also bound to the negative control motif (Figure 17B, lane 2). The negative control motif was
double stranded and biotinylated and was used as a control for non-specific interactions
(Table 3) PA0564 did not bind a negative control column containing no DNA (Figure 17).

These results suggest that His-PA0564 is binding non-specifically to double stranded DNA.
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Figure 17: PA0564 binds to both the ndvB and negative control 22bp motif. (A) Silver-
stained SDS-PAGE gel showing purified PA0564. (B) Silver-stained SDS-PAGE gel showing the
fractions from three affinity chromatography columns. A band at 33 kDa representing

PA0564 was present in the high salt elutes from both the negative control motif (lane 2) and
the ndvB motif (lane 3).
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2.4 Discussion

In this chapter, it was shown that a putative transcriptional regulator was binding the
22bp motif from two different biofilm-specific antibiotic resistance genes. Although this
discovery was novel and contributes data to a future paper describing the possibility of a
regulator of biofilm-specific antibiotic resistance, the specificity of its interaction to the motif
remains in question and consequently additional experiments are required to confirm this
interaction. The results from this chapter will be discussed herein, in addition to optimization

and troubleshooting that occurred at each step in the progress of the experimental work.

2.4.1 MEME

The consensus 22bp motif was found by imputing promoter regions from other genes
that contain a known motif into MEME and using the E-value to compare the strength of
these motifs to the 22bp motif to determine its significance. For example, the upstream
sequences for grrl, qrr2, qrr3 and grr4, four genes that were worked on previously by Sine
were imputed into MEME to see how efficiently it could find a known motif, the binding site
for sigma-54. MEME identified the known motif with an E-value of 5.4x107. Additionally, an
E-value of 1.4x10” was found for a previously studied, less conserved motif present that acts
as a binding site for LuxO (unpublished data- Sine Lo Svenningsen). The E-value for the 22bp
motif consensus was 9.1x10". This motif’s E-value indicates that it is slightly more conserved
than the LuxO binding site previously described but not as strong as the sigma-54 binding
site. This data confirmed that the 22bp motif is a good candidate to be a regulatory sequence

for tandem expression of biofilm-specific antibiotic resistance genes.
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2.4.2 Affinity Chromatography

The affinity chromatography experiment and subsequent analysis of the fractions
represented in Figure 9, Figure 10 and Figure 11 revealed that a 33kDa protein was binding
the ndvB and PA1874-77 22-base pair motifs. The band representing the 33kDa protein was
cut out of the gel and sent for mass spectrometry. Mass spectrometry matched three
polypeptides from the sample to a single protein, PA0564. However, there were other bands
present in the eluates that were visible in the silver stain that were not analyzed, but not
without appropriate reasoning. Many of the bands that were present were very small (<
15kDa), are out of the range of the typical size of prokaryotic transcription factors (117). In
addition, there was significant variation in the bands present in the eluates between
duplicate experiments using the same conditions. Finally, many of the proteins smaller than
15 kDa, were being eluted from the single stranded oligo negative control suggesting that
they were not specifically binding the double stranded motif. In contrast, PA0564 was
consistently found to be present in the eluates from experiments with both the ndvB and
PA1874-77 22bp motifs and as a result was chosen for cloning into the His-tagged vector in
order to be studied further. Alternatively, the affinity chromatography with biofilm extract
could have been repeated paying special attention to smaller molecular weight proteins
binding the column in order to assure that no specific DNA-protein interactions were left

unanalyzed.

Although PA0564 was found to bind two different motifs, when P. aeruginosa biofilm
extract was loaded onto the DNA affinity columns, it was not confirmed whether or not it
binds the 22bp motifs from the four other biofilm-specific antibiotic resistance genes. For the

65



purposes of this thesis, it was decided that using two of the motifs to verify binding of
PAO564 was sufficient evidence to clone the gene into a His-tagged vector for analysis of a

direct interaction to the 22bp motif consensus.

In order to assay for a direct interaction, purified His-PA0564 was created. Although it
is referred to as purified protein, analysis of the Coomassie stained SDS-PAGE gel containing
the prepared, frozen elutes reveals that there were other proteins present, albeit in smaller
guantities (Figure 16B, lane 3). As a result, it is possible that there is not a direct interaction
between PA0564 and the 22bp motif due to the fact that one of the less abundant proteins
in the purified PA0564 fraction is acting as an intermediary for this interaction. In order to
confirm a direct interaction, purification of PA0564 would need to be repeated paying special
attention to non-specific interactions during the purification in to order to create pure
PA0564. However, the level of purity was considered sufficient for the experiments using

purified PA0564 in this chapter.

The affinity chromatography experiment using His-PA0564 (Figure 17B) revealed that
although the protein may be directly binding the 22bp motif, it may also be directly binding
any double stranded DNA (Figure 17B, lane 2 and 3). The negative control motif (double
stranded) had been used previously in affinity chromatography experiments alongside the
ndvB and PA1874-77 22bp motifs in order to ensure specificity of the interaction between
binding factors out of extract and the 22bp motif. These experiments showed that at times
the 33kDa protein bound the negative control motif while at other times it did not, indicating

that the conditions for this interaction were very important (data not shown). However, it

66



was found that PA0564 bound to the ndvB and PA1874-77 22bp motif consistently. It was
determined from these results that there was sufficient evidence to continue analysis of
PAO564 and that the use of His-tagged PA0564 would better determine the specificity of the

interaction of PA0564 to the 22bp motif.

In the end, it was found that the interaction between PA0564 and the 22bp motif is
likely non-specific due to the interaction between His-PA0564 and the negative control motif
(Figure 17B). In order to confirm that this interaction is non-specific, the affinity
chromatography experiment should be repeated but with additional negative controls. For
example, in addition to the ndvB and PA1874-77 motifs, three or more negative control
motifs (containing a random sequence of DNA) should be included. Consistent binding
between PA0564 and all of the negative control motifs would indicate that PA0564 is non-
specifically binding double-stranded DNA. As consistency between experiments was a
concern, the running of more than one negative control column would make it easier to

determine the specificity of the binding of PA0564 to the 22bp motif consensus.

An alternative method to assay for DNA-protein interactions would be to use an
electrophoretic mobility shift assay (EMSA). As there have been difficulties with replicating
results as well as specificity between PA0564 and the 22bp motif, the use of a different
experimental model would help to decide whether or not PA0564 is important in biofilm-

specific antibiotic resistance.
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2.4.3 AraC transcription factors

Following the initial identification of PA0564 from affinity chromatography, the
protein was analyzed in silico using the Pseudomonas genome database (120). PA0564 was
predicted to be a transcriptional regulator due to a conserved AraC DNA-binding motif
shown to be involved in transcriptional regulation in gram negative bacteria (118). In
addition, the collection of protein structural prediction databases listed on the genome
database predicted three transcriptional activation domains and no repression domains,
consistent with the hypothesis that this protein is acting as an activator in biofilms and not as

a repressor in planktonic cells (118).

Transcriptional regulation via AraC-like proteins in P. aeruginosa is not a novel
concept. AraC-like transcription factors have been found to play significant roles in the
regulation of many type three secretion systems (T3SS) through interaction via their AraC-
like structure (123). AraC transcriptional activators are characterized by two helix-turn-helix
DNA binding motifs (66). In addition to this domain, many AraC proteins contain an N-
terminal ligand binding domain that has been found to interact with low molecular weight

proteins that act as ligands and can activate transcription (83).

2.4.4 Optimization of the affinity chromatography experiment

In order to determine proteins that have affinity for the 22bp motif, an affinity
chromatography-based approach was used to assess potential binding interactions. In
comparison to the more common use of DNA-protein interaction methods such as affinity

chromatography to isolate and purify known proteins, this procedure was used to isolate and
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purify an unknown protein. Consequently, optimization of binding conditions to a specific
protein was not possible. Alternatively, binding conditions were initially used in which a large
proportion of proteins were stable in order to increase the chances that a binding factor
would bind the motif (52) (see Table 5, column 2). Mass spectrometry of the band present in
the eluate of the affinity chromatography experiment under these conditions identified the
protein as single-stranded DNA binding protein (PA4232), a protein which as its name
suggests, binds single stranded DNA non-specifically. Further analysis of the interaction
found that it is most likely that PA4232 was not binding the motif, but was actually binding

single stranded biotinylated oligo that was in the column.

Once it was determined that the interaction between PA4233 was most likely non-
specific (due to the presence of single stranded DNA in the column) the conditions were
manipulated individually in order to create a more favorable environment for DNA-protein
interactions. In addition to optimizing for an unknown protein, the protocol itself was
optimized as it was the first time that such a protocol had been used in the lab. The
experimental protocol that was used was created by myself and comprised of parts of past
experimental protocols from my supervisor as well as numerous sources that used affinity
chromatography in a similar manner (18, 52, 79, 99, 121). There was no established protocol
for the experiment that was designed, and as a result various sources were used in order to
create a novel protocol. This required additional time and optimization. Table 5 describes
some of the parameters of the affinity chromatography experiment that were adjusted
through the troubleshooting steps in order to achieve optimal conditions for binding of
proteins to the 22bp motif in vitro.
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Some important parameters that needed to be varied include the preparation and
concentration of proteins in the biofilm extract, the amount of biotinylated oligos added to
the column, oligo design as well as the blocking of non-specific interactions. It was found that
the concentration of proteins in the extract was important in determining the outcome of
the binding interaction. The interaction between DNA-binding proteins and their targets has
been studied extensively (85, 89). An important aspect of this interaction is the amount of
free protein versus free DNA targets. Every binding factor has a unique binding curve and as
a result a unique Kp that describes the equilibrium between bound and unbound DNA (89).
Understanding the relationship between protein concentration and the amount of binding
sites was important in order to optimize the amount of protein for the amount of available
targets on the column. Oversaturation of the column with protein would result in forcing

DNA-protein interactions that would not naturally occur.

Other important parameters of the affinity chromatography had to do with the
streptavidin-agarose column. In order to reduce protein degradation, column preparation,
binding and elution in the column was completed at 4°C. This was one of the major changes
between some of the older attempts that did not purify any protein, and successful attempts
that found PAQ564. In order to add the appropriate amount of DNA to saturate the column,
the total amount of available binding sites on the column was calculated. In order to prevent
proteins from binding single stranded DNA that may be present on the column, oligos were
annealed in a thermocycler at equivalent concentrations. This reduced the amount of single

stranded DNA that might be present on the column. Additionally, sheared single stranded
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DNA was added to the protein extract to allow for non-specific proteins to bind the single

stranded DNA and reduce interaction to the 22-bp motif.

The design of the oligonucleotides was also a critical component of the affinity
chromatography experiment. PA0564 was successfully purified using AFFROCHOM 8 and 9,
which were designed with ten base pairs added on each side of the motif to minimize the
possibility of steric hinderance. However, prior to this successful experiment other oligos
were designed and used. These included the addition of a second motif, as well as the

addition of more bases adjacent to the 22bp motif (Figure 18)
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Figure 18: Construction of oligonucleotides
chromatography

containing the 22bp
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In order to reduce non-specificity on the column, bovine serum albumin (BSA) was
added to the streptavidin-agarose slurry before the binding reaction to block non-specific
protein sites. Sheared salmon sperm DNA was also added to some experiments to block non-
specific nucleic acid binding sites. The majority of protocols surveyed suggested <0.1M NaCl
for washing and 1.0M NaCl elution during the affinity chromatography (18, 52). Due to the
small volume of elution for my column (40ul), it was necessary to increase the concentration
of NaCl for elution in order to assure that the actual concentration present in the column

would be sufficient for elution.

In addition to optimization of the pull-down experiment, the choice of buffer was also
important. Since we did not know the identity of the protein being pulled-down, a general
buffer in which wide assortment of proteins are stable was chosen. The buffer that was
chosen was affinity chromatography buffer (ACB) due to the fact that many proteins are
stable and also due to the success my supervisor had using this buffer for protein
purifications (63). This buffer was similar in composition to the buffers used by other groups
that also purified transcription factors from bacterial extract (18, 80, 99). It was additionally
important to use a buffer with high ionic strength due to the fact that PA0564 is a
transcription factor and has affinity for chromosomal DNA. Use of a low ionic strength buffer
would significantly reduce the amount of transcription factors available for binding to the

column as they would have affinity for their binding sites on chromosomal DNA (124).
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The totality of the changes listed above in addition to other changes that were not
discussed resulted in the discovery of PA0O564 binding to the 22bp motif consensus. The

specific parameters used in the identification of PA4232 and PA0564 are listed in Table 5.
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Table 5: Specific parameters used in Affinity chromatography for the purification of

PA0564 and PA4232

Parameter
pH (buffer)
BSA (blocking)

Carrier DNA

DNA amount added to column

Oligo Identity (Figure 18)

Protein Extract Preparation

Protein Extract Concentration
Elution conditions

Protease Inhibition

Binding Time/ Temperature

Cofactors

PA0564

6.7

Added to column

Added to biofilm extract

250pmol/uL x 40pL loaded /

column

AFFROCHROM 8/9/10

Colony Biofilm assay

(2.2.1.1)
1.0 mg/mL

1.5M NaCl ACB

Protease Inhibitor Cocktail

2 hours, 4°C

5mM MgCI2

PA4232 (Initial conditions)
7.0

Added to column

Added to column

5 pmol/uL x 20uL loaded /
column

AFFROCHROM 3/4

Colony Biofilm assay
(2.2.1.1)

0.4 mg/mL

2.0M NaCl ACB

PMSF

30 minutes, 22°C

5mM MgCI2
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It became apparent during the affinity chromatography experiments using purified
PAO564 that the ionic strength of the buffer was very important. Through experimentation
with different buffers and protocols, it became clear that the solubility of induced protein
was greatly increased under high ionic strength conditions. This makes sense as high ionic
strength conditions disturbs protein-DNA interactions and releases the most amount of
protein during cell purification. However, the use of high ionic strength buffers during the
cell preparation stage made it difficult to purify using the TALON resin as the eluates did not
contain the desired protein (19). When low ionic strength conditions were used, the
solubility was low, and purification would yield a small amount of protein. In the end, the
perfect conditions were found that balanced solubility during cell preparation and a low

enough ionic strength buffer to allow for His-tag- cobalt interaction on the resin.

2.4.5 Troubleshooting with cloning/ induction

In addition to the optimization that occurred with the affinity chromatography,
significant troubleshooting was completed in order to create a His-tagged PA0564. In the
end, cloning was completed with three different His-tagged vectors. However, a successfully
cloned and induced PA0564 could only be completed with pET30a which was used for the

production of pure PA0564.

2.4.5.1 Cloning of PA0564 in pQE30
Once PA0564 was identified as binding the 22bp motif of both ndvB and PA1874-77,

it was cloned into a His-tagged expression vector (pQE30 from Qiagen) for eventual
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expression and purification. Following confirmation of successful cloning through PCR and
restriction digests, the new plasmid was transformed into BL21 Rosetta, DH5a and c41s E.coli
cells. Numerous attempts at inducing PA0O564 were unsuccessful, and it was suggested to try

cloning the gene in a different vector.

2.4.5.2 Cloning of PA0564 into pHisparallel2

PAO564 was then cloned into a His-tagged vector (pHisparallel2) in order to try and
induce protein expression. PA0O564 cloning was confirmed by PCR and restriction digests.
PA0564 was transformed into BL21 Rosetta, DH5a and c41s E.coli cells. Initial induction of
PAO564 was not successful. pHisparallel2_PA0564 was sequenced which revealed that the
gene had not been cloned in properly. More clones were sequenced, which revealed
negative results. It was at this point that pET30a was chosen for the cloning of PA0564,

which eventually resulted in the creation of a successful construct.

2.4.6 Final thoughts

Taken together, the concepts discussed suggest that a protein that binds the 22bp
motif from the ndvB and PA1874-77 promoter was identified, but that this interaction may
not be specific. Therefore, this regulator needs to be studied more extensively in order to
determine its specificity for the 22bp motif consensus, keeping in mind the importance of
binding conditions in this interaction. The potential outcomes following determination of a
specific reaction between PA0564 and this motif may be large. Targeting a regulator that has
many downstream effectors is a very important approach to the treatment of biofilm-based

antibiotic resistance in the future. The Mah lab has shown that individually assessing biofilm-
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specific mechanisms of antibiotic resistance does not fully explain the importance of these
genes. Biofilm-specific antibiotic resistance assays using deletion mutants of individual genes
usually only shows a two- to four- fold difference in sensitivity between the wild type and the
deletion mutant depending on the antibiotic (125, 127). This is in contrast to similar
sensitivity testing done with deletion mutants of planktonic mechanisms where the
difference in sensitivity may be as high as 50 to 100 fold or more (64). Potentially, a deletion
mutant of a regulator of biofilm-specific antibiotic may be able to show a similar sensitivity
profile to that found in planktonic cells, where a large increase in sensitivity to a panel of
antibiotics occurs. Not only will this have important implications in understanding antibiotic
resistance, but it will also have an impact on the status of biofilm-driven antibiotic resistance

in the field as a whole.

The diversity of antibiotic resistance mechanisms in biofilms makes it difficult to
approach potential methods to treat biofilm-based diseases. Targeting the regulator of
biofilm-specific antibiotic resistance genes has the potential to transform our understanding
and treatment of antibiotic resistance in biofilms. The results laid out in this chapter are just
the very beginning of an investigation into how the biofilm-specific antibiotic resistance
genes studied in the lab are regulated. Following confirmation that PAO564 (or another yet
to be discovered protein) binds to the 22bp motif, the next step is to confirm that a deletion
mutant of this gene has an effect on antibiotic resistance through the use of antibiotic
resistance assays and gPCR. These critical experiments will determine how important of a
role the regulator plays in triggering expression of the six biofilm-specific antibiotic
resistance genes. It is expected that deletion of PA0564 may have drastic effects on
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antibiotic resistance in biofilms as there will be cessation of activation of all 6 independent
mechanisms of antibiotic resistance in biofilms. A large drop in resistance of the deletion
mutant to antibiotics will open the door for a numerous experiments to not only determine
the mechanism of activation but also to quantify the resistance effects based on the
antibiotic class that is used in order to pinpoint particular antibiotics that may be of use to
the treatment of P. aeruginosa biofilm infections. It will also be important to discover

methods to upregulate the expression of the regulatory protein.

Upon confirming that the protein has the ability to regulate antibiotic resistance, it
should be established that it binds to all six 22bp motifs through either affinity
chromatography or EMSA experiments. Successful binding to other motifs and the finding of
a strong antibiotic sensitivity phenotype in the deletion mutant would certainly confirm the
importance of this finding and lay down the rationale for future studies on the mechanism of

action of it as an activator of biofilm-specific antibiotic resistance.
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CHAPTER 3. TEMPORAL AND SPATIAL GENE EXPRESSION OF
BIOFILM-SPECIFIC ANTIBIOTIC RESISTANCE GENES IN
PSEUDOMONAS AERUGINOSA

3.1 Introduction

3.1.1 Heterogeneity in biofilms

The goal of the experiments described in this chapter is to examine the usefulness of
promoter-fluorescent protein constructs in the analysis of spatial and temporal gene
expression in biofilms. The rationale for this chapter comes from the difficulties in studying
gene expression within regions of cells, especially within biofilms. Biofilms are unique in that
there are numerous microgradients of nutrients and waste products that create a diversity of
chemical environments within the biofilm itself (102, 104). This diversity of chemical
environments has effects on gene expression of regions of cells depending on where they are
located in the biofilm. The result is differences in gene expression between cells depending
on their exact location in the biofilm. Thus, analysis of gene expression from the whole
biofilm does not accurately represent gene expression of individual cells within a biofilm, and
simply represents the average pattern of expression. The use of promoter-fluorescent
protein constructs allows for the study of gene expression within small regions of cells, a

technique that is useful to resolve the heterogeneity of the biofilm.

Commonly used techniques to analyze gene expression such as qPCR negates the
unique heterogeneity present within biofilms. Another method to study gene expression in
biofilms is the use of a DNA microarray. However, previous studies have identified numerous

concerns with this method including the large effect of the culturing methodology on gene
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expression as well as loss of unique differences in gene expression when averaging from a
biofilm sample (5). Heterogeneity in biofilms is important as it may explain why the biofilm-
specific antibiotic resistance genes may be expressed at different levels within the same

biofilm, which is the focus of study in this chapter (11).

The creation of promoter-fluorescent protein constructs presents an alternative
approach to study spatial and temporal gene expression in biofilms. This technique can be
paired with the use of new technologies that can isolate certain components of the biofilm.
Laser-capture microdissection microscopy is one of those techniques used to both isolate
small sections of a biofilm and analyze gene expression through PCR (31, 58). For example,
within mature macrocolonies the fast growing areas can be isolated from the slow growing
areas of the biofilm. Although this is a powerful technique that allows quantitative analysis of
gene expression between areas within the same biofilm, it is limited in the amount of areas

that can be compared within a single biofilm (102).

Although it is known that the six biofilm-specific antibiotic resistance genes studied in
the Mah lab are expressed at a higher level in biofilms as compared to planktonic cells, it is
unknown exactly how expression is distributed amongst individual cells within the biofilms
(10, 56, 64, 72, 126, 127). Are there differences in gene expression between more rapidly
dividing cells versus slower growing cells due to their location in the biofiim? The
physiological heterogeneity of small regions of cells within a biofilm is the result of numerous
factors that affect gene expression. One of the main factors that governs heterogeneity in

biofilms is the presence of large chemical gradients in nutrients, signals and waste products
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(67). In addition to chemical gradients, stochastic gene expression, and genotype differences
due to mutations also affect gene expression in biofilms resulting in a very complex
heterogeneous environment in biofilms (1, 38, 67). For example, small differences in oxygen
concentration are further exacerbated as the biofilm develops and becomes more complex
(28). Once these chemical gradients are established, the physiology of cells within the biofilm

is uniquely affected depending on where they are located.

Analysis of spatial expression will reveal the locations in which biofilm-specific
antibiotic resistance genes are expressed within a developed biofilm. This will be examined
using promoter-fluorescent protein constructs. Analysis of temporal expression will reveal
the stage in the biofilm development cycle in which biofilm-specific antibiotic resistance
genes begin to be expressed. As discussed in the chapter 1, there is a well defined
development cycle that characterizes P. aeruginosa biofilms (Figure 1) (76). Understanding
the specific stages at which these genes are expressed will help with overall understanding of

biofilm-specific antibiotic resistance.

3.1.2 Fluorescent-protein constructs

Promoter fluorescent-protein constructs are created by cloning the promoter of the
gene of interest into a vector upstream of a fluorescent protein. Activators and repressors
bind the promoter which either increases or decreases transcription of the gene encoding
the fluorescent protein. Overall transcription from that promoter can be visualized through
fluorescence microscopy. Thus, fluorescence is a reporter for gene expression within each

cell.
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In addition to spatial differences, the fluorescent-protein constructs can be used to
assay temporal differences in gene expression of groups of cells within the biofilm
microenvironments keeping in mind that the maturation of the fluorescent protein is
dependent upon factors that may not be consistent across all regions of the biofilm. Analysis
of temporal differences will not only help to determine collectively whether or not the genes
are expressed at a particular cell density, but also when the genes are active in specific
regions of the biofilm. Biofilms containing the promoter-fluorescent protein constructs were
grown and visualized at set time-points over the course of biofilm development to analyze
expression of biofilm-specific antibiotic resistance genes in the different microenvironments.
It is hypothesized that biofilm-specific antibiotic gene expression will differ temporally due to

the heterogeneous nature of biofilms.

3.1.3 Yeast cloning to create promoter-fluorescent protein constructs

The creation of the promoter-fluorescent protein constructs was completed using
homologous recombination in Saccharomyces cerevisiae (herein referred to as yeast). This is
a unique method of cloning DNA that does not require restriction sites on each side of the
insertion location. Homologous recombination in yeast was first identified in 1979 (106).
However, this technique was not used in molecular biology laboratories for cloning until the
late 1990’s when Oldenberg et al began harnessing the power of yeast to create new plasmid
constructs (75). This method is very useful because multiple pieces of DNA can be cloned
into a plasmid in one reaction as long as the primers for the PCR of each fragment include
15-20 bases on homology to the plasmid to the fragment on either side to allow for yeast to
perform homologous recombination of the PCR amplicon into the plasmid (97).
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Recently, Shanks et al have developed numerous yeast-Escherichia coli-Pseudomonas
aeruginosa shuttle vectors containing various features including inducible promoters that
drive the expression of GFP. Some critical components of these inducible plasmids include
URA3 which allows for the synthesis of uracil and aaCl which provides gentamicin
resistance. These genes allowed for plasmid selection in yeast and bacteria respectively.
Following the creation of novel constructs in yeast, they can be easily transformed into E.coli

and subsequently conjugated to P.aeruginosa.

The first promoter-fluorescent protein construct created in the lab was made by Sarah
Copeland (former technician). Sarah created an ndvBp-GFP construct by replacing the
endogenous araC-inducible promoter Pgyg, with the ndvB promoter region thereby creating
pSCO1 (Figure 19) (74, 97). Normally, the Pg,q promoter is positively regulated by AraC
protein in the presence of arabinose, whereas AraC binds the promoter and blocks
transcription when arabinose is not present (74). However, Pg,q was removed during
homologous recombination in the creation of pSCO01 and thus GFP expression is solely under
the control of the newly cloned ndvB promoter region. pSC01 was used to analyze activity of
the ndvB promoter and also acted as the basis for the cloning of promoters and fluorescent
proteins to create novel constructs including the design for a PA1874-77p-mCherry
construct. ndvB and PA1874-77 were both chosen as the first genetic loci to study spatially
and temporally due to their well characterized biofilm-specific antibiotic resistance

phenotypes (64, 127).
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mCherry was chosen as a second fluorescent protein to be used in our system due to
its minimal excitation (587 nm) and emission (610 nm) peak spectrum overlap with GFP (95).
It was also chosen due to its low half-life of 45 minutes, making it ideal for real-time analysis
of spatial and temporal gene expression as well as it being ten times more photo-stable as
compared to its parent, RFP (95). Additionally, mCherry has been shown to be expressed

successfully in Pseudomonas aeruginosa (57).

The original goal of this project was to use the differences in absorption between GFP
and mCherry to our advantage by growing mixed biofilms (both constructs together in one
biofilm) in order to compare spatial and temporal expression of these two genes. However as
the project progressed this approach was revised to encompass only individual assessment
of spatial and temporal expression of biofilm-specific antibiotic resistance genes due to the
recognition of complicating factors most notably the difference in the maturation between

mCherry and GFP that will be discussed throughout this chapter.
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Figure 19: Plasmid Organization for chapter 3
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3.1.4 Biofilm-specific antibiotic resistance genes

The biofilm-specific antibiotic resistance genes that are studied in the lab are ideal
candidates for study of spatial and temporal variations. Individually, biofilm formation and
antibiotic resistance genes are believed to be controlled by some of the more complex
regulatory networks in the Pseudomonas genome although the details of these networks
remains vague (8). Numerous regulators have been identified that play a role in both biofilm
formation and antibiotic resistance and are described in Balasubramaniam et al (8). As a
result, it is likely that expression of biofilm-specific antibiotic resistance genes will be
influenced by the diverse heterogeneity that is found in biofilms due to the complexity of
regulatory networks found. Furthermore, the 22bp motif that was analyzed in chapter 2 is
part of the promoter region of all six biofilm-specific antibiotic resistance genes. The results
from the analysis of promoter-fluorescent constructs and the discovery of regulators binding
the 22bp motif can be used together to better understand regulation of expression of

biofilm-specific antibiotic resistance genes in biofilms.

Together the results presented in this chapter both describe temporal expression of
ndvB using pSCO1 (ndvBp-GFP) as well as provide the framework for the more general use of
promoter-fluorescent protein fusions for the study of biofilm-specific antibiotic resistance

genes in the lab in the future.
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3.2 Materials and methods

3.2.1 Bacterial strains and growth conditions

Bacterial strains (Table 6) were grown in Luria-Bertani [LB] or minimal medium at
37°C. The minimal medium consisted of M63 salts supplemented with arginine (0.4%) and
MgS0O,4 (1mM). Saccharomyces cerevisiae was grown in YPD (1% yeast extract, 2% peptone,
2% dextrose) or in uracil dropout medium (synthetic complete amino acids and nucleic acids
without uracil) at 30°C. 100mM of L-arabinose was added as an inducer for plasmids
containing the Pg,q promoter. Plasmids used in this chapter are listed in Table 7. Since
plasmid selection using antibiotics was an important aspect of many of the experiments
presented in this thesis, the concentration of antibiotics that were used for each strain are

listed in Table 8.
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Table 6: Bacterial strains used in Chapter 3

Strains Relevant Strain I.D Origin
Characteristics
E.coli
DH5a JPP5 TFM225
S17-1 A pir JPP6 TFM224
P. aeruginosa JPP1 TFM53
PA14
S.cerevisiae Ura- Gm® TFM172/1PP4 Baetz Lab,
WTa BMI
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Table 7: Plasmids used in Chapter 3

Plasmid

pMQ80
pSCO1
pMQ72

pJPO1
pLink

Relevant
Characteristic

Pgad_GFP, Gm"
ndvBp_GFP, Gm®
Gm®
Pgag_mCherry, Gm®

mCherry

Origin

O’Toole Lab (97)
Mah Lab
O’Toole Lab (97)

Mah Lab

Copeland Lab, CMM, University of
Ottawa
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Table 8: Final drug concentrations used for antibiotic selection of plasmids in P.aeruginosa,
E.coli and S.cerevisiae

Strain Final drug concentration (pug/mL)

Kanamycin Chloramphenicol Gentamycin Ciprofloxacin

(Kn) (Chlor) (Gm) (Cipro)
P. aeruginosa
100 N/A 75-100
PA14 N/A
E.coli (all strains) 50 50 20 0.1
S. cerevisiae WT N/A N/A 15 N/A
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3.2.2 Construction of pJP01

Yeast cloning was used to clone mCherry into pMQ72, a suitable vector for future
cloning of promoters to create the promoter-fluorescent protein constructs. pJPO1 was
created in order to clone the PA1874-1877 promoter upstream of mCherry to create a
promoter-mCherry construct. The constructs were created using the yeast transformation
(30) and yeast smash n’ grab miniprep (48) protocols as adapted by Shanks et al (97) and

described below.

3.2.2.1 PCR of mCherry

PCR was performed with mCher-F/R-1 primers (Table 9) which not only amplified
mCherry, but created regions of homology to the cloning vector pMQ72 needed for yeast
homologous recombination. mCherry was amplified out of pLink, a mammalian vector that
was obtained from the Copeland lab (Department of Cellular and Molecular Medicine,
University of Ottawa). The PCR master mix consisted of the following components in 50 pL
final reaction volume; 2 plL pLink, 8 uL Band Sharpener, 2 uL 10mM dNTPs, 1 plL forward
primer (10pmol/ uL), 1 uL reverse primer (10pmol/ pL), 5 pL 10X buffer and 1.5uL Taq
polymerase. All PCR components were from Feldan. The PCR was run in the MyCycler
thermocycler from Bio-Rad with the following reaction conditions: an initial denaturation at
95°C for 3 minutes followed by 15 cycles of denaturation at 95°C for 10 seconds, annealing at
52°C for 30 seconds and extension at 70°C for 30 seconds. 35 more cycles of denaturation at
95°C and extension at 70°C then occurred followed by a final extension for 10 minutes to end
the PCR. PCR products were run on a 1.0% DNA agarose gel to verify amplicon size. PCR
products were purified using a PCR purification kit (Invitrogen).
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3.2.2.2 Digest

pMQ72 vector was digested with Smal (NEB) at 37°C for 1.5 hours. Digests were
performed in duplicate in a final volume of 50 uL consisting of 5ulL buffer, 2uL Smal, and 8uL
plasmid DNA. Digests were confirmed by running both digested and undigested pMQ72 on a

gel and comparing band size between the digested and undigested samples.

3.2.2.3 Yeast Transformation

As per the Shanks et al yeast transformation protocol, wild-type S.cerevisiae was
inoculated into liquid YPD and grown for 24 hours at 30°C in order to prepare a culture for
transformation. Following growth, 0.5mL of the 24 hour culture was spun down and rinsed
with TE buffer. The cells were spun down again and mixed with 0.5mL lazy bones solution
(97), 1uL restriction-digested plasmid, 2uL salmon sperm DNA at 2mg/mL (Sigma) and 3ulL
mCherry PCR product. The cells were vortexed for 1 minute and then incubated at room
temperature for 20 hours. The cells were then heat shocked for 12 minutes at 42°C and then
centrifuged at 10,000g. Pelleted cells were resuspended in 150uL TE buffer and plated on
ura’ plates to select for transformants. Ura™ plates were incubated for a minimum of 72

hours.

3.2.2.4 Yeast Miniprep

A toothpick was used to collect one large colony from the ura™ plate and transfer it to
100uL TE buffer. The colony was vortexed into the buffer and then spun down at 10,000 rpm
for 10 seconds. 200uL smash n’ grab buffer (1% SDS, 2% Triton X-100, 100mM NaCl, 10mM

Tris-HCl pH8, 1mM EDTA) was then added to the pellet. 0.3g of 0.5mm glass beads were
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added to the tubes as well as 200uL of a 1:1 phenol: chloroform mix. The tubes were then
vortexed continuously for 2 minutes on full speed to break open the cells and then
centrifuged for 5 minutes at 13,000 rpm. The supernatant was recovered and purified using a

PCR purification kit (Invitrogen).

3.2.2.5 Transformation of pJPO1 into E.coli (DH5a and S17-1)

Miniprepped DNA isolated from the yeast cells was transformed into E.coli DH5a.
Competent DH5a cells were made using the ultra-competent Inoue method (Inoue et al
1990). 10uL of yeast DNA was added to 100uL competent DH5a cells for 30 minutes on ice.
The cells were heat shocked for 90 seconds at 42 °C and then put back on ice. The cells were
added to 800uL LB and incubated on a shaker at 37 °C for 75 minutes. 150uL of the
incubated broth was plated on 20ug/mL gentamycin selection plates and incubated
overnight. Screening of transformants was done by picking 10 colonies from these plates and
growing overnight cultures under antibiotic selection followed by a plasmid miniprep and
PCR of mCherry from the miniprep. A successful clone was chosen and stored in DH5a, and
was also transformed into S17-1 using the same protocol that was used for transformation
into DH5a. Competent S17-1 cells were made using the calcium-chloride method (92).

Successful S17-1 transformants were used to conjugate pJPO1 into P.aeruginosa.

3.2.2.6 Conjugation of pJP01 into PA14
An overnight culture of the recipient strain (PA14) was grown at 42 °C, while an
overnight of the donor strain (E.coli S17-1 + pJP01) was grown at 37 °C. These cultures were

mixed together in a 1:1 ratio following overnight growth. The mixed culture was spun down
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at a speed of 12,000 rpm for 1 minute and the pellet was resuspended in 30uL of LB. The
resuspended cells were dispensed onto an LB plate for overnight growth at 37 °C. Following
growth, the bacterial lawn was scraped off the plate using the tip of a pipette and
resuspended into 500uL of LB. The cells were fully resuspended in this LB before being plated
on gentamycin and ciprofloxacin counter selection plates. P. aeruginosa colonies were then

screened for pJPO1 by miniprep and PCR as was done following transformation into DH5a.

3.2.3 Fluorescence microscopy
Both planktonic and biofilm cells were visualized using the Leica DMI6000B phase-

contrast microscope with GFP and TX2 filter cubes.

3.2.3.1 Coverslip biofilm assay

The wells of a 6-well plate (Corning) were filled with 4 mL of 1xM63. The wells were
inoculated with the appropriate strain of bacteria (1:75 dilution of an overnight culture) and
antibiotics (Table 8) if necessary. An autoclaved, cut pipette tip was placed into each of the
wells using sterile tweezers. The tip was used to anchor a coverslip inside the well in order to
create an air liquid interface as is seen in Figure 20. No 2 coverslips (Fisher) were sterilized by
immersing in 95% ethanol and flaming before placing them against the pipette tip in the
well. The plates were incubated at 37 °C for 24 hours. Upon collection, coverslips were rinsed
with 1XM63 in order to remove planktonic cells before being transferred to a microscopy
slide for visualization. 5uL of media was added on the slide before placing the coverslip down

for visualization. This was done to reduce the chances that the bacteria would filament in
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response to being removed from liquid prior to taking pictures. A small amount of clear nail

polish was added around the edge of the coverslip to keep it in place during visualization.

3.2.3.2 Visualization of planktonic cells

LB agarose was prepared in a 250 mL glass Erlenmeyer flask by adding 0.3g agarose to
40mL LB and heating for approximately 1 minute in a microwave. LB agarose was kept warm
in a water bath set at around 65 °C to prevent it from solidifying. Slides were prepared by
diluting overnight culture with LB (dilution varied with ODggg of the culture). Diluted cultures
were mixed 1:1 with the warm LB-agarose. 3uL of this mixture was added to a slide and
quickly covered with a coverslip and visualized. Agarose was needed to immobilize the
individual planktonic cells. This provided the opportunity for phase contrast and fluorescence

images to be taken.
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Figure 20: Coverslip biofilm assay
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3.2.4 Western blot

10% SDS-PAGE gels were poured and polymerized (Section 2.2.1.5) and run at 110V
until the dye front reached the end of the gel. The gels were then transferred to a
nitrocellulose membrane, using a transfer cassette, and ran at 110V for one hour. The gels
were incubated with ponceau stain to check for protein concentration. The gels were then
rinsed of the ponceau stain and blocked with 1X PBS- 5%-milk- 0.1% Tween-20 solution.
Following blocking, the gels were incubated with the primary antibody (goat anti-GFP)
(Roche) at a 1:1000 dilution (Roche) for one hour, and then washed three times with a PBS-
Tween solution. The gels were then incubated with the secondary antibody (rabbit anti-goat
HRP) at a 1:5000 dilution for one hour. Following three washes in PBS-Tween, the gels were

visualized using electrochemiluminescence.
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Table 9: Primers used in Chapter 3

Name Sequence (5’ to 3’) Direction Use
Cloning mCherry into
mCher-R-1 AATCTTCTCTCATCCGCCAAAACAGCCAAGCTTGCATG Reverse pPMQ70 (yeast
CCTGCAGACTAGCCTACTTGTACAGCTCGTCC homologous
recombination)
mCher-F-1 ACCCGTTTTTTTGGGCTAGCGAATTCGAGCTCGGTAC  Forward Cloning mCherry into
CCGGGGAAGGAGATATACATATGGTGAGCAAGGGCC mPQ70 (yeast
AG homologous
recombination)
mCherSEQ-F CAAGGATGCCTGGCAGTTTAT Forward Confirm yeast cloning
of mCherry into
pMQ70 (to create
pJPO1)
mCherSEQ-R TCTGTAACAAAGCGGGACCAA Reverse Confirm yeast cloning
of mCherry into
mPQ70 (to create
pJPO1)
PA1874-1877- CTTGCTCACCATATGTATATCTCCTTCTTCCGACATTCC Forward Cloning PA1874-1877
R-1 TCTTGTCAA into pJPO1
PA1874-1877- CCATGACAAAAACGCGTAACAAAAGTGTCTATAATCA Reverse Cloning PA1874-1877
R-1 GAGAGGATCGGTTGGATA into pJPO1
PA1874- CGCCATTCAGAGAAGAAACC Forward Confirm yeast cloning
1877SEQ-F of PA1874-1877 into
pJPO1
PA1874-1877- AAGCGCATGAACTCCTTGAT Reverse Confirm yeast cloning

SEQ-R
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3.3 Results

3.3.1 Creation of pJP01 (pMQ72_mCherry)

In order to examine spatial and temporal expression of biofilm-specific antibiotic
resistance genes, pMQ72 was used as the template plasmid for the creation of promoter-
fluorescent protein constructs. This plasmid was chosen not only for its ability to be
maintained and expressed in E.coli, P. aeruginosa and yeast, but also because it was
previously used to create an ndvBp_GFP construct (pSCO01) that displayed biofilm-specific
expression. pMQ72 was used to clone in mCherry, as we wanted to replicate exactly what
was done by Shanks et al to create pMQ80 (Pgag-GFP) (Table 10) (97). In the end, equivalent
constructs containing fluorescent proteins that differ only in the promoters that drive

expression of each fluorescent protein were created (Figure 19).

The first step was to clone mCherry into pMQ72 at the exact same location where GFP
had been cloned into pMQ72. This was done using homologous recombination in yeast
(Section 3.2.2.3). Briefly, PCR amplified mCherry and digested pMQ70 were transformed into
yeast. Homologous combination occurred in the yeast resulting in the creation of the Pgaq4-

mCherry (pJP01) construct. The cloning of mCherry into pJPO1 was confirmed via sequencing.

3.3.2 Visualizing pJPO1 in biofilms

P. aeruginosa biofilms with (Figure 21C) and without (Figure 21A) pJP01 were
visualized by fluorescence microscopy in order to confirm successful cloning of pJPO1.
Fluorescence was captured from P. aeruginosa biofilms containing pJPO1 when visualized

through the TX2 filter cube (Figure 21D), whereas no fluorescence was captured in P.
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aeruginosa wild-type cells without pJPO1 (Figure 21B), demonstrating successful expression

of mCherry in P.aeruginosa.
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Figure 21: Phase-contrast microscopy demonstrates successful cloning of mCherry in pJP01
and expression in P.aeruginosa. Images were taken after 24 hours of growth using the
coverlip-biofilm assay (Section 3.2.3.1) and show fluorescence in P. aeruginosa cells
containing pJPO1 confirming the presence of mCherry in this construct. The 40x objective
was used. Scale bar, 15um.
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The results presented in Figure 21 confirmed that pJPO1 can be used as a basic
construct for the cloning of promoters that can drive expression of mCherry in order to

investigate spatial and temporal expression of biofilm-specific antibiotic resistance genes.

3.3.3 ndvB expression in biofilms

In addition to creating novel fluorescent protein constructs, use of a previously
created construct was done in order to learn more about its expression in biofilms. The
previous creation of an ndvBp-GFP construct provided an opportunity to both study
expression of ndvB as well as optimize the use of promoter-fluorescent protein constructs in
the lab. Temporal expression of ndvB was the focus of this chapter and was determined by
monitoring fluorescence driven by the ndvB promoter in pSC0O1 (ndvBp-GFP). The goal of this
experiment was to determine at which point in the biofilm development cycle ndvB began to
be expressed by growing biofilms containing pSC0O1. Negative controls included planktonic

cells carrying pSCO1 (ndvBp-GFP) construct and biofilm cells carrying pMQ80 (Py.4-GFP).
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Figure 22: The ndvB promoter is important for biofilm-specific expression of ndvB in
P.aeruginosa. (A,D) Planktonic cells containing pSCO1 (ndvBp-GFP) after 16 hours of growth.
(B,E) Biofilm cells containing pMQ80 (Pgag-GFP) after 24 hours of growth. (C,F) Biofilm cells
containing pSCO1 (ndvBp-GFP) after 24 hours of growth. Biofilms were grown using the
coverslip biofilm assay. The 40x objective was used. Scale bar, 15um.
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GFP expression was not captured in logarithmic-phase planktonic cells as ndvB is only
expressed in biofilm and stationary-phase planktonic cells (Figure 22D) (64, 127).
Fluorescence was also not captured in biofilms containing pMQ80 (Pgag-GFP) (Figure 22E).
However, fluorescence was captured in biofilms containing pSC01 (ndvBp-GFP) (Figure 22F).
These results showed that the ndvB promoter was active in biofilms but not in logarithmic

phase planktonic cells.

Once detection of fluorescence using our microscopic parameters was optimized, and
expression of ndvB in biofilms was confirmed, the focus of the investigation shifted towards
examining when ndvB became active in biofilms. This was done by growing biofilms carrying
pSCO1 (ndvBp-GFP) and monitoring fluorescence over time. Biofilms were inoculated from a
frozen stock of PA14 carrying pSCO1 (ndvBp-GFP) since cells grown to stationary phase
(typical method to inoculate biofilm cultures) express GFP. Once the absence of GFP
expression in the frozen stock was confirmed (data not shown), these cells were used to
inoculate coverslip biofilms and fluorescence was monitored over the course of biofilm
development. Over the course of 12 hours, captured fluorescence gradually increased from
no capture at 4 hours (Figure 23A) to significant capture at 12 hours (Figure 23D).
Interestingly, the amount of fluorescence captured at 12 hours was localized compared to 8

hours suggesting that ndvB was expressed within the biofilm microcolonies (Figure 23D).
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Figure 23: ndvB expression is localized in biofilm microcolonies in P.aeruginosa. Biofilms
were grown using the coverslip assay and representative images from 1 hr (A), 4 hr (B), 8 hr

(C) and 12 hr (D) post-inoculation are shown below. The 40x objective was used. Scale bar,
15um.
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In order to more accurately pinpoint when the ndvB promoter becomes active during
biofilm development, this experiment was repeated with a few changes. Firstly, the amount
of viable cells in the freezer stock prior to inoculation was measured in order to set a
standard for the inoculum amount. In addition, phase images were taken alongside
fluorescence images in order to monitor the progression of biofilm development and
compare ndvB promoter activity with the biofilm development cycle. Coverslip biofilms were
inoculated with a freezer stock containing a standard amount of cells (10° CFU’s/uL).
Fluorescence was monitored over the course of 12 hours. Representative images coinciding
with the stages of biofilm development as described by O’Toole et al (Figure 1) (76) showed
that the ndvB promoter became active following monolayer formation (Figure 24B and E) but
before the formation of microcolonies (Figure 24C and F). The status of attachment of the
cells was confirmed by rinsing the coverslips and using microscopy to assess the relative

numbers of cells still attached to the surface following the rinse (data not shown).
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Figure 24: ndvB is expressed in a monolayer P. aeruginosa biofilm. Biofilms were grown
using the coverslip biofilm assay and representative images from prior to inoculation (A,D),
after 6 hours of biofilm growth (monolayer formation) (B,E), and after 11 hours of biofilm
growth (microcolony formation) (C,F) are shown. The 40x objective was used. Scale bar,
15pm.
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3.3.4 Temporal expression of ndvB in planktonic cells

Although ndvB is not expressed in logarithmic phase planktonic cells, it is expressed in
stationary phase planktonic cells as determined by gqPCR (unpublished data- Li Zhang). In
order to determine at which point the ndvB promoter became active in a planktonic cells, a
culture carrying pSC01 (ndvBp-GFP) was inoculated from set amount of frozen stock cells and
monitored for the presence of GFP using fluorescence microscopy over time. No
fluorescence was captured 8 hours following inoculation; however fluorescence was
captured 16 hours later (Figure 25). This suggested that the ndvB promoter became active

between 8 and 24 hours following inoculation in planktonic cells.
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Figure 25: ndvB expression in P. aeruginosa planktonic cells. Cells were grown from frozen
stock and representative images were taken at 1.5 hr, 5hr, 8hr and 24 hours post inoculation.
Fluorescence was captured in cells at 24 hours of growth but not at 8 hours of growth. The
40x objective was used. Scale bar, 15um.
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This experiment was repeated with a few changes in order to better understand
when ndvB becomes active in planktonic cells. ODgyy Was measured as opposed to time
which can be better used to compare the data to growth stages as well as the inclusion of
additional time points. ndvB promoter activity began when the planktonic cultures reached
an ODggg of 1.7-2.0 (Figure 26). This particular ODggo coincides with early stationary phase as
determined by analysis of growth curves using frozen stock cultures as the inoculum (Figure

27, A and B).

Western blots were performed on total protein extracted from these planktonic
cultures at ODgye of 0.05, 0.5, 0.9, 1.4, 1.9 and 2.9, in order to examine GFP levels
guantitatively. The western blot showed that there was a large increase in GFP levels
between ODgp 1.9 and 2.9. (Figure 28 A). Combined, the fluorescence microscopy (Figure 26)
and western blot (Figure 28) data suggests that ndvB began to be expressed at ODgyo of

approximately 2.0, consistent with early stationary phase (Figure 27).
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Figure 26: ndvB begins to be expressed in early stationary phase planktonic cells in
P.aeruginosa. Cells were grown from frozen stock and representative images were taken at
an ODgy of 0.05, 0.5, 0.9, 1.4, 1.9, and 2.9 post inoculation. Fluorescence was captured in
cells at ODggo of 1.9 but not at 1.4. The 63x objective was used. Scale bar, 15um.
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Figure 27: Growth curves of P. aeruginosa showing the stages of microbial development
following inoculation from frozen stock. Wild type (A), and PA14 containing pSCO1 (ndvBp-
GFP) (B) frozen stocks were used to inoculate LB cultures and the ODggg of these cultures was
monitored over 10 hours of growth. The stages of the growth curve are shown on the graph.
1-lag phase, 2- logarithmic phase and 3- early stationary phase. The arrow indicates the
ODgqo at which ndvB is hypothesized to become active based on the result in Figure 26.
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Figure 28: GFP is more highly expressed at ODgo of 2.9 than at earlier timepoints in
planktonic cultures of P.aeruginosa. Western blots were performed on whole cell extracts
from P. aeruginosa planktonic cells grown from frozen stock at an ODggo of 0.05 (lane 2), 0.5
(lane 3), 0.9 (lane 4), 1.4 (lane 5), 1.9 (lane 6) and 2.9 (lane 7). (A) pSCO1 (ndvBp-GFP) (B) wt.
Control of loading was done by running the extracts on a Coomassie stained SDS-PAGE gel (C)
pSCO1 (ndvBp-GFP), (D) wt.
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In addition to determining the ODggo at which ndvB is expressed in planktonic cells,
tobramycin was added to the planktonic cells to determine if the presence of an antibiotic
increased ndvB expression (Figure 29) shows that following incubation with sub-minimal
inhibitory concentration (MIC) values of tobramycin overnight, expression of ndvB remained
unchanged (Figure 29 D,E and F). This was determined by comparing the relative
fluorescence driven by ndvB promoter activity under 0.25 pg/mL, 0.5 pg/mL tobramycin and

a no tobramycin control.
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Figure 29: The addition of sub-inhibitory concentrations of tobramycin does not increase
ndvB expression. Tobramycin was added to the overnight cultures at the time of inoculation.
Cells were grown for 16 hours and visualized under fluorescence microscopy using the 40x
objective. Scale bar, 15um.
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3.4 Discussion

The use of promoter-fluorescent protein constructs in the analysis of gene expression
of biofilm-specific antibiotic resistance genes in this chapter has revealed some interesting
results but these did not come without some difficulties that altered the initial goal of the
chapter and also made it difficult to work with what was available. These difficulties will be
analyzed and some future experiments will be discussed. In summary, a previously
constructed ndvBp-GFP construct was successfully used to study temporal expression of
ndvB in both stationary-phase planktonic and biofilm cells. It was found that ndvB began to
be expressed following monolayer formation in biofilms. Planktonically, ndvB began to be
expressed near an ODgyo of 2.0, in early stationary phases. The discovery of the temporal
expression of ndvB using this method has also facilitated the future study of expression of
biofilm-specific antibiotic resistance genes using this method. In addition, a novel promoter-

fluorescent protein construct with a different fluorescent protein (mCherry) was created.

As stated above, the initial overall goal of this project was to create a series of
promoter-fluorescent protein constructs that would allow analysis of the expression of six
biofilm-specific antibiotic resistance genes. The project was initially designed so that each of
the six promoters drove expression of a different fluorescent protein. Biofilms with cells
containing these constructs would be grown together to compare spatial and temporal
expression of biofilm-specific antibiotic resistance genes. Expression of biofilm-specific
antibiotic resistance genes has not been studied, and thus any results concerning temporal
and spatial expression would be novel research. In order to not be overwhelmed by its large
scope, the project was narrowed down to solely study temporal expression of only one of
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the biofilm-specific antibiotic resistance genes, ndvB. This was decided not only because of

time constraints, but also due to difficulties that arose over the course of the thesis.

pSCO1 (ndvBp-GFP) contains GFPmut3, a very stable variant of GFP with a half-life of
20 hours (110). This long half life made analysis of real-time temporal expression difficult, as
once enough GFP was translated and could be detected through microscopy, it would remain
detectable for 24 hours. Therefore, this construct could not be used to study when ndvB
expression was turned on versus turned off. In order to successfully use this construct, initial
ndvB expression in both stationary phase planktonic as well as biofilm cells was the focus of

this chapter.

It was additionally difficult to study temporal expression in biofilms as the standard
method of inoculating biofilms could not be used. Typically, biofilms are inoculated by
growing a stationary-phase planktonic culture followed by a subculture into media with a
surface. As stationary-phase cultures are already expressing ndvB, GFP was present in these
cultures (Li Zhang- unpublished data). In order to successfully use this construct, frozen stock
cells containing pSCO1 (ndvBp-GFP) that were not expressing GFP after being left at room
temperature for 24 hours were used to inoculate planktonic and biofilm experiments. The
frozen stocks did not express GFP because of full turnover that occurred after 24 hours.
Under low nutrient and high waste conditions, the transition of P. aeruginosa cells from the
typical rod shape to a much smaller ultramicrobacteria as described by Kjelleberg et al (55).

This starvation response found throughout the bacterial kingdom when cells experience
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unfavorable conditions may also explain why frozen stock cells did not express GFP prior to

inoculation.

One interesting potential application of the use of these promoter-fluorescent protein
constructs is to grow mixed biofilms and simultaneously monitor the expression of two or
more biofilm-specific antibiotic resistance genes. This possibility was what led the lab to
begin the cloning to create these promoter-fluorescent protein constructs. Upon further
investigation, it was determined that experiments involving more than one fluorescent
protein at once would not be ideal. Although recent studies have successfully grown mixed
biofilms containing two different fluorescent proteins (mCherry and GFP) in P.aeruginosa, it
was not possible to use this approach with promoter- fluorescent protein constructs (37,
57). In studies that successfully were able to create mixed-species biofilms, fluorescent
proteins were used simply to tag proteins. For example, in the Lagendijk et al study, two
strains of Pseudomonas putida were differentiated by the fluorescent protein they were
expressing. In this case fluorescence was used in order to contrast biofilm formation
between the two strains (57). Although this paper successfully provides the background for
many of the tasks we set out to complete including visualizing mixed species biofilms with
two different fluorescent proteins, it is different in that it took a more simplistic approach in

that the fluorescent proteins were simply used to tag proteins.

This is in contrast to the goal in our analysis where promoters drive fluorescent
protein expression. Thus, differences in half life as well as maturation requirements between

the two proteins may account for differences in expression of the two proteins in addition to
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promoter activity. For example, mCherry and GFP require different amounts of oxygen to
mature (29). With this is mind, our system would not portray an accurate representation of
real-time gene expression where differences in expression of the fluorescent protein is based
solely on promoter activity (88, 95). As a result our original idea of using ndvBp-GFP and
PA1874-77p-mCherry in the same biofilm to compare expression of these promoters may
not be useful. It was due to these reasons that the focus of my thesis was narrowed to only

study when ndvB became active using pSCO1 (ndvBp-GFP).

Although the mCherry and GFP constructs could not be used together in a mixed
species biofilm, the use of both GFP and mCherry constructs individually to assess real time
gene expression remained as a viable option and was used successfully to analyze ndvB
expression in planktonic and biofilm cells. Some important considerations that affect
fluorescence include brightness and photostability of the protein. These properties are not
only inherent in the protein structure itself but also depend on the conditions in which they

are expressed as well as the strain in which they are translated in (96).

In order to fully characterize temporal ndvB expression, the first experiment was to
confirm that expression of ndvB occurred in biofilms but not in logarithmic phase planktonic
cells. Fluorescence microscopy with pSC01 (ndvBp-GFP) confirmed activity of the ndvB
promoter in biofilm cells but not in logarithmic phase planktonic cells. This coincided with
previous observations that ndvB expression is very low in logarithmic phase cells and high in
stationary phase cells (64). It was interesting to note the increased amount of fluorescence in

the macrocolonies that occurred at 12 hours (Figure 22). Although there are more cells
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present in macrocolonies and thus there would be increased fluorescence due to the overlap
of cells, it may also indicate increased ndvB promoter activity in this area of the biofilm. This
idea that would agree with the widespread knowledge that the outer most parts of the
macrocolonies are more metabolically active than other parts of the biofilm and therefore
might be expressing ndvB at a higher level (101, 103). In addition to being more
metabolically active, these outer areas of the biofilm are more likely to encounter antibiotics
and as a result may also be a trigger for the transcription of ndvB (3, 109). However, the
results in Figure 29 showed that the presence of tobramycin (shown to interact with ndvB-

derived glucans) did not increase ndvB expression in biofilms.

After confirming higher ndvB expression in biofilms, expression was more precisely
studied by comparing fluorescence alongside the biofilm development cycle. This more
detailed look at temporal expression in biofilms revealed that ndvB promoter activity began
following initial attachment and monolayer formation but before the formation of
microcolonies (Figure 24). In addition, this result confirms what was seen in Figure 22: a
higher level of fluorescence in microcolonies. However, results obtained from the study of
promoter-fluorescent protein constructs in biofilms needs to be interpreted carefully.
Fluorescent protein maturation is affected by the concentration of certain compounds
including oxygen (28, 122) which as described above is subject to large gradients in biofilms.
This oxygen concentration gradient may explain some of the differences in fluorescence

between adjacent regions in the biofilm in addition to differences in promoter activity.
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The main goal of monitoring planktonic ndvB expression was to focus on expression
over early timepoints in order to pinpoint the exact time at which expression begins and
correlate this with planktonic growth phase. Firstly, it was found using pSCO1 that ndvB

promoter activity began around OD600 of 1.7-2.0 (Figure 26).

In addition, an alternative method was used to support the fluorescence data that
the ndvB promoter became active around ODggo 1.7-2.0. It was important to use a second
method to confirm GFP levels due to the fact that the cells had to be suspended in agarose
during fluorescence microscopy to immobilize the cells and allow for them to be exposed to
fluorescence in a still state. Agarose slightly reduces the refractive index of the medium

which could have interfered with the microscopy (82).

For this second method, whole cell extracts were removed from the same time points
that were examined in Figure 26 and collected. GFP was then detected using an anti-GFP
antibody using western blot. Instead of using a loading control, coomassie and ponceau
staining were used to compare the amount of protein loaded in each well. GFP was detected
from the western blot beginning at ODgyo 0.05. This level was especially high as less total
protein was loaded from this fraction. This can be explained by the expression of GFP by the
cells in the frozen stock as inoculation of this experiment was done using frozen stock cells
that were not left at room temperature for 24 hours to allow for GFP to turnover (110). The
detection of GFP from all samples, although not ideal, was most likely due to small levels of

ndvB promoter activity due to the binding and disassociation of proteins with affinity to the
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promoter. The detection of small levels of GFP occurred due to the low dilution of GFP

antibody that was used because of uncertainty in the levels of GFP that would be detected.

Together, fluorescence microscopy and western blots results found that ndvB
expression began around an ODgg of 2.0 (Figure 25, Figure 26 and Figure 28). This
corresponds to early stationary phase as confirmed by growth curves that were created
using frozen stocks for inoculation (Figure 27). Expression of ndvB in stationary-phase
planktonic cells shows density dependence, and correlates with previous qPCR results (Li
Zhang). This result suggests that there may be a well defined cell density at which ndvB
begins to be expressed. Whether or not this is due to quorum sensing remains unclear.
However, ndvB has yet to be identified in quorum sensing screens and thus it is unlikely that
ndvB is controlled by quorum sensing (47). This experiment would need to be repeated with

a strain deficient in QS in order to determine whether or not ndvB expression is affected.

The results from this study suggest that ndvB is expressed once a certain biofilm
development stage is reached (microcolonies) whereas density dependence is important in
planktonic cells. In the future, ndvB expression needs to be more fully investigated in both
biofilm and planktonic cells in order to learn more about the details of expression.
Tobramycin was added during planktonic growth in order to assess whether adding
antibiotics to the cultures might be a trigger for increased ndvB promoter activity. ndvB
encodes a glucosyltransferase that is responsible for the production of cyclic glucans that
have been shown to bind and sequester tobramycin in the periplasm (64). Thus, it would

make sense if adding tobramycin to the cultures resulted in upregulation of ndvB. However,
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there was no increase in ndvB expression when tobramycin was added to cultures expression
pSCO1 (Figure 29). This suggests that the presence of tobramycin does not affect ndvB

promoter activity.

In an attempt to make pSCO1 more useful for real-time analysis of gene expression,
an honours student in the lab has recently added a degradation tag to the N-terminus of GFP
in order to significantly decrease its half life as per Anderson et al (6).The introduction of a
degradation tag will reduce the half-life of the GFP from 24 hours to between 1 and 2 hours,
making the resulting short-lived GFP molecule ideal for real-time analysis (6). The shorter
half-life GFP will allow us to focus on spatial activity of the ndvB promoter. We will be able to
analyze whether or not the ndvB promoter activity fluctuates during the course of biofilm

development, a feat that was not possible to do with the stable GFP expressed from pSCO1.

Once completed, the collection of promoter-fluorescent proteins can be used in a
flowing system to accurately analyze not only temporal, but spatial gene expression of
regions of cells within biofilms. In addition, the chemical environment in which the cell is
growing can be measured thereby providing clues to potential triggers of biofilm-specific
expression. Some parameters that are able to be measured include oxygen, carbon dioxide
and many different metabolites (12, 122). The use of these constructs in conjunction with
these measuring devices has helped unravel potential triggers for modulation of gene
expression at the individual cell level, something that was not possible when assessing
expression in bulk. This can be used to measure microenvironments in conjunction with

expression of biofilm-specific antibiotic resistance genes.
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In conclusion, the work presented in this chapter has presented some initial results
concerning analysis of spatial and temporal expression of biofilm-specific antibiotic
resistance genes. More specifically, pSCO1 (ndvBp-GFP) was used to determine that the ndvB
promoter is active in biofilms and not in logarithmic phase planktonic cells through
visualizing the ndvBp-GFP construct in biofilms. It was determined that ndvB begins to be
expressed in biofilms following monolayer formation and before the presence of
macrocolonies. In planktonic cells, ndvB expression began in early stationary phase. In
addition, through initial experiments it was found that a shorter half-life GFP is crucial for
real-time expression studies and thus a degradation tag was added to the ndvBp-GFP

construct.

The next step is to identify the triggers of expression of ndvB and to determine why
expression begins at such a well-defined timepoint in both biofilms and logarithmic phase
planktonic cells. The concepts discussed from chapter 2 suggest that regulation of the
biofilm-specific antibiotic resistance genes might be through the discovery of a novel
proximal control element. Proteins with affinity for the 22bp motif that may affect regulation
of biofilm-specific antibiotic resistance genes is currently one area of focus in the lab and
might help explain the expression pattern of ndvB that was found in this chapter.
Understanding the regulation of expression of biofilm-specific antibiotic resistance genes will
open the door to the study of approaches to decrease expression of these genes, which will
reduce antibiotic resistance in P. aeruginosa biofilms and contribute towards the

understanding of the treatment of biofilm-based diseases as a whole.
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