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ABSTRACT

COMPLEX REGULATION OF Bp&FOprC MEDIATED DRUG EFFLUX INBurkholderia

pseudomallei

Burkholderia pseudomallei (Bjy a Gram-negative bacillus and the etiologic agent of
melioidosis, a multifaceted syndrome causing high mortality in tropical regions of the world. The
bacteria is classified as a Tier-1 Select Agent due to the seriousness of infection, low infectious
dose, lack of effective vaccine, and difficulty of treatm&pt's many acquired and intrinsic
antimicrobial resistance determinants make the study of these factors vital to improving the
efficacy of bi-phasic treatment currently used to treat melioidosis. This study examines one
factor in particular: the BpeEF-OprC efflux pump, a member of the resistance-nodulation and
cell division family of efflux proteins, and capable of extruding both trimethoprim and
sulfamethoxazole. A combination of these compounds (co-trimoxazole) is the first line of
eradication phase therapy, making BpeEF-OprC the most clinically important efflux pump
encoded byp. In spite of this, little is understood of the regulatiolpéEF-oprC other than it
is controlled in part by two LysR family proteins, BpeS, and BpeT. We hypothesized that these
regulatory proteins 1) exert their action(s) by interacting iyithEF-oprCat a specific site
within thebpeT-lIpE-bpeEF-oprintergenic region, 2) are capable of influencing transcription
of additional operons, and 3) that mutations to these proteins altered ability to form multimers,
thereby influencing their function as observed by increased co-trimoxazole resistabpeRnd
transcript levels.

In Aim | of the study, we identified thas regulatory regions by which these proteins

interact within thébpeT-lIpE-bpekntergenic region using a combination of 5 deletion assays,



S1 nuclease protection, fluorescent-linked oligo extension and electrophoretic mobility assays.
With this information we were able to locdipeT transcriptional start sites and promoter
regions as well as binding sites for both BpeT and BpeS.

In Aim I, we examined the function of BpeT and BpeSrassregulatory factors of
BpeEF-OprGhrough mutation and deletion of both genes in part I, and as global regulatory
factors in part Il. Through overexpression and qRT-PCR or MIC analysis of wild type and
mutant forms of both genes, we observed that while BpeT is a direct transcriptional activator of
bpeEF-oprCBpeS is not. Additionally, mutation position in BpeS seems to play a role in the
expression phenotype bpeEF-oprC.However, these mutations do not influence the ability of
BpeS or BpeT to form multimers, as we observed no change between wild type and mutant
protein oligomer formation through low-pressure gel chromatography and native gel
electrophoresis. These same mutations also appeared to have no deleterious effect on the ability
of the protein to bind their consensus region within the IR. Additionally, the loss of both genes
did not interrupt the ability dipeEF-oprCto be induced by substrates of BpeEF-OprC,
suggesting an additional regulatory factor is at play.

In Part 1, RNA sequencing analysis and confirmation of select transcriptionally altered
operons by RT-gPCR revealed that BpeS might influence expression of the Bsa Type 3 Secretion
System (T3SS), while BpeT seems only to tabgetEF-oprC This may have implication in the
pathogenesis d@dp, and must be confirmed in-vivo cell models using Select Agent excluded
strain Bp82 in order to solidify the link between efflux and T3SS during infection. Ultimately,
more work is needed to identify the missing regulatory factors in play during expression of
bpeEF-oprC understand how mutations to BpeT and BpeS alter their function, and confirm the

relevance of a putative link between co-regulation of efflux and of virulence dpimgection.
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Chapter 1: Mdlioidosis

1.1 Burkholderia pseudomallei and the genus Burkholderia

Burkholderia pseudomall€¢Bp) is a Gram-negative bacillus found primarily in surface
water and soil. The organism iamotile, non-sporulating aerobe and the etiologic agent of
melioidosis Bp has a wide environmental distribution roughly restricted between the Tropic of
Cancer and the Tropic of CapricdrhTo date, hyper-endemic regions have been identified
within Northeastern Thailand and Northern Australia, but as diagnostic accuracy improves, it is
likely that a more widespread incidence of infection viighwill be described:®

Even with treatment, melioidosis has a mortality rate of up to 40% in Thailand and 14%
in Australian case¥.In certain regions of Southeast Asia, the disease is now recognized as one
of the most commonly fatal infections after HIV and Tuberculosis and incidence of disease is as
high as 12.7 per 100,000 individuafsBecause of the seriousness of the syndrome caused by
Bp, the lack of an effective vaccine, low infectious dose, difficulty of treatment and possibility
of weaponization to create mass paBighas been classified by the CDC as a Tier-1 Select
Agent (SA)* Because of this classification, research into all aspects of the physiology and
pathogenesis d@p is tightly regulated.

Bpis an especially hardy organism, with evidence of prolonged survival in otherwise
unfavorable environments, e.g. distilled water 16 years post inoculation, rejdftSdveral
studies have suggested this ability to persist in austere conditions may play &8me in
contamination of bore-well water, a common outbreak source in the Northern territory of
Australia®®™*® Unsurprisingly Bp is routinely isolated from soil samples in endemic regions.

The bacteria is also very capable of persisting for long periods within a mammalian host. This is



best illustrated by a case report of reactivation of disease in a former WWII P.O.W. 60 years
after his initial exposure during an interment in a labor camp in the Thai perlihddtavever,
despite multiple instances of long incubation and latency, the phenomenon is still not well
understood irBurkholderiainfection.
1.2 History of melioidosis

Melioidosis was first described in Rangoon (now Yangon, Myanmar) during the early
20" century by A. Whitmore as part of his duties as a pathologist for the British Medical
Service® The first clinical cases were described among morphine addicts who presented with
generalized fever and sepsis. Upon autopsy, Whitmore and Krishnaswami identified caseous
consolidation of the lungs in most cases, along with enlarged abscessed spleens. Occasionally,
abscessed pockets of tissue around puncture wounds associated with morphia (morphine) use
suggested that this would be the route of inoculdftdhiThis lead to an important observation in
the distinction the scientists made between melioidosis and glanders (a known disease of
solipeds); the first patient studied had no known contact with potentially infected horses or
donkeys due to a recent stay in jail. The track marks found on the body indicated a viable route
of entry and the living conditions of the patient predisposed him to probable contraction of
disease. After several more similar cases, all lacking interaction with an ungulate carrier of
glanders, and pathological investigations into the etiologic agent, Whitmore and Krishnaswami
were able to definitively describe a new species, later callgithte’s bacillus.™®

In the years following its discovery in Burma, new cases were occasionally reported to
western medical journals, usually as a result of contact with colonial physicians and with varying
patient outcome® > Although only 83 cases had been reported to western medical journals by

1932, the mortality rate in these studies was a staggering 98 pércehtwasn’t until the early



1940s that clinicians began to truly investigate all forms of disease, including those cases that
were self-limiting, or experiment with newly developed antimicrobials as treafftff@ntHeavy
fighting in the Southeast Asian region during both WWII and the Vietnam conflict further
increased western awareness of the disease as a potential cause of infection in soldiers in the
area®®® Its classification as a potential bioterror agent and subsequent increased research
importance continue to drive our inquiries of its distribution, pathogenesis and treatment.
1.3 The Burkholderia genus

Bp has undergone several name changes as scientists tried to classify the bacteria into
existing genera. It was proposed as a membbfatieomycesPfeiferrellaandPseudomonas
until the creation of the gen@rkholderiain 199232 At this point, comparisons in 16s rRNA
and physical characteristics were used to develop a group of closely related organisms pulled
from other genera. These include what we now knoRpasmallei, cepacia, gladioind
vietnamensisTo date, the taxors comprised of more than 70 different species, most of which
lead a saprophytic lifestyle and are opportunistic pathogens of both plants and &hitals.

The exception to this observation is foundhie obligate parasitB. mallei(Bm), which
is thought to be a clone 8ip that has undergone extensive genome reduction during
colonization of domesticated and wild unguldt&s Melioidosis, the term coined by Stanton and
Fletcher in the early 2Dcentury, is so reminiscent Biinfection (glandersthat it translates to
“similar to the distemper of asses”—a direct reference to the historically acknowledged
syndrome®® Unlike Bp, Bminfection was a recognized disease early in human history and was
described in Greece as early as teénturyBC.>" InterestinglyBmis the only member of the
genus known to have been weaponized, not just investigated for potential efficacy in such a

capacity. It was widely used during WWI by German operatives to infect livestock of potential



enemy trading partners, by the Japanese during the Manchurian campaign prior to the start of the
pacific theater of WWII, and by the Soviet Union in Afghaniss the late 1980°s.3"#

The next most closely related specieB.ithailandensigBt), which was moved into its
own species after careful delineation in 1998his organism is closely relatedBp and
occupies the same environmental niche, but can be differentiated by its inability to efficientl
infect a mammalian host, and ability to utilize L-arabini$8.Btis commonly used asBp
model because of the similarities between the two organisms and its exclusion from SA
regulation due to relative avirulence in comparisoBp@r Bm

Like BpandBm, B.cepaciacomplex organisms are capable of infecting plants and
humans. This group consists of nine genomovars all grouped by phenotypic similarity, and with
much wider geographic distribution than their more pathogenic rel&fiVes\ll are
opportunistic pathogens that share the abilitB.qggseudomalleto infect the upper respiratory
tract, but lack the full virulence arsenal. Even so, this group of organisms are a commonly found
colonizing the lungs of patients with cystic fibrosis and retain the innate antimicrobial resistance
factors common to the genus, making them of serious concern to clifittriaterestingly,
some members of this classification are capable of unusual metabolic adaptation and
commensalism with plants that could have ramifications in bioremediation re$&akch.

1.4 Genetics of Burkholderia pseudomalle

Bp contains two large circular chromosomes, totaling ~7.2 million base pairs with core
and accessory regions typically distributed on chromosome 1 and chromosome 2, respectively.
The genome oBp displays a high level of recombinant plasticity, with “hotspots” of
recombination identified in accessory genome regions associated with environmental persistence

and adaptatior® The bacterium is cited as having one of the most complex genomes sequenced



to date? This characteristic may be the resulBgfs evolution in a soil environment that is
inherently poly-microbial, leading to accidental uptake of foreign DNA illustrated by differences
in GC content of newly acquired regions in comparison to the core genome. The average GC
content of regions thought to be more highly conserved is 68% while accessory regions more
recently recombined or taken up by the species hover around*@#n within the same
environmental sampling region, high levels of sequence diversity are commonly seen, again
pointing to the highly recombinant nature of the bactérequencing of successive patient
isolates commonly show sequence divergence over relatively short periods, again reinforcing the
highly mutable nature of the species’ genome, and leading to improved adaptation within the
host. Deletions or inversions of large sections of the chromosome have been reported in
successive clinical isolates, on two reported occasions leading to decreased antimicrobial
susceptibility as a direct result of these alteratf3ns.
1.5 Global distribution of melioidosis

Since the first report of melioidosis in the early"2@ntury by Whitmore and
KrishnaswamiBp infection was thought to be mostly localized to South East Asia (SEA) and
Oceania. As diagnostic methods improve, it is becoming more appareBpthglobal
distribution is more widespread than previously thought. Cases of melioidosis have now been
reported from South and Central America, the Caribbean, and Africa in addition to sporadic
suspected incidents within North America and Europe as a result of ffavahe apparent
increased incidence of disease raises important questions about the true cause of this trend: is the
bacteria emerging in new areas due to colonization of ecological niches or are we simply better
able to detect its presence? Several authors suggest the emergence of disease is directly linked

to the latter, and caused by increased awareness by diagnostic microbiological labs in regions



where the bacteria is already endefifit. The former idea suggests that changing environmental
factors could allow for a continuous spread of the bacteria into new regions e.g. climate change.
This concept is of great concern, as the potential for inadvertent introducgirdd new

territory is possible because of increasingly globalized trade and travel. The current distribution

of Bpis depicted irFig. 1.1 below.
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Figure 1.1. Global distribution of melioidosis. Areas highlighted where disease is higt
endemic, endemic or sporadic and possibly endemic. This figure is based on current
information and is likely to change with time. Black dots represent confirmed cases while
color scale indicates the probability of presencBmlbased on clinical and diagnostic
evidence. Taken from Limmathurotsakul et al., 2816

1.6 Virulence factors and pathogenesis of Burkholderia pseudomallei
Bprelies on intracellular persistence to evade the immune system. The bacteria display
tropism for macrophages and possess multiple methods of both depressing the action of innate
immunity within the cell and preventing a sterilizing adaptive response. This section will discuss
effectors utilized byBpto manipulate host cell function leading to phagolysosome escape, actin

based motility and intracellular spread.



1.6.1 Extracellular motility
Bpis a motile organism able to utilize a flagella regulated by a highly conserved
chemotaxis response operon for extracellular moveffiéfithe change from a planktonic to
sessile lifestyle is tightly regulated by signaling networks linking motility, quorum sensing and
biofilm formation through molecules such as cyclic-di-GMP, and may play a role in host
colonization’’* However, deletion of the flagellar synthesis operon only produces slight
decreases in virulence during infection of non-phagocytic cells and may suggest other virulence
factors are more importafttinterestingly, the flagellar hook protein FIgK is one of few
immunogenic proteins produced Bpthat is detectable in convalescent serum, making it an
interesting target for vaccine stuffy.
1.6.2 Céll adhesion and invasion
The attachment of the bacteria to the host is a vital step in pathogenesis after exposure to
Bp. To this end, the bacteria has multiple methods of adhering to both phagocytic and non-
phagocytic target§: Bp possesses eight operons thought to encode different pilin proteins,
however, few have been functionally characterize@hepilA gene is thus far the only type A
pilin loci to be investigated for its role in infection. Pilin proteins, or fimbrae are necessary for
the formation of loose attachments between one bacterial cell and another, or between bacterial
cells and eukaryotic targetsWhile originally believed to be indispensable for the invasion
processpilA is now thought to mainly allow for the formation of micro colonies in a temperature
dependent manner as opposed to direct attachment to thé HoBhese micro colonies then
allow for interaction with the host at higher numbers, greatly increasing the probability that a
strong attachment mediated by an adhesin will occur. However, the function and temporal

regulation of the gene varies greatly, most likely due to inter-strain heterogeneity found in both



clinical and environmental isolatésAdditionally, no studies have investigated the possibility of
utilization of pilA with the other pilin loci in combination or with environmental cues other than
temperature.

The bacteria also encodes several putative adhesins important for the infectious process,
but again, little work has currently been published on their exact function or mechanism of
action. To date, onlgoaA, boaBandbcaA encoded adhesins have been characterized.
Bioinformatic analysis shows that these proteins are trimeric autotransporters who share
significant homology to an adhesion domain ofytadAgene product produced Mersinia
enterocolitica and are conserved in bd®p andBm*?**?® |n this species, the protein is
necessary for binding to collagen during infectiorBprthese genes play a similar role by
mediating adherence to lung epithelial cells in vitro. Loss of any of these genes causes reduction
in both adherence, and invasion but it does not completely abrogate these fufiéfiohisis
suggests that there are probably more proteins involved in the adherence to host cells, most likely
both temporally and environmentally regulated. Again, inter-strain variation may play a large
role in differences noted between different studies investigating the same genes.

1.6.3Typelll secretion

Bp encodes three Type Il secretion systems (T3SS). These operons are necessary for
persistence in the environment, infection of plants and survival within animalPhtst63SS-3
or theBsasystem, is most important for animal infection. This system is homologous to the
inv/spa/prgsystem ofSalmonellayphimuriumand thépa/mxi/spasystem ofShigella flexnerf?

The operon plays a significant role in bacterial invasion of host cells, vacuolar escape
intracellular motility and replication, evasion of autophagy and potential spread to neighboring

host cell*®” To date, only a few effector proteins are known to be secreted by the Bsa T3SS,



but deletion analysis shows that loss of many of the known structural, regulatory, or effector
proteins associated with this operon lead to drastically altered or reduced pathogenicity in vitro.
The loss of ATPasksaSleads to almost a completely avirulent phenotype, severely impaired
vacuolar escape and inability to detect known secreted effectors in cell culture supethatants.
Loss ofbopEproduces mutants incapable of vacuolar escape of before changes in the pH of the
compartment lead to cell destructibriLoss ofbopAmay decrease the ability of the bacteria to
evade the autophagy process, again leading to decreased intracellular pefSi§tencersely,
deletion ofbprD, a gene encoding a hypothetical protein located within the Bsa T3SS leads to a
heightened inflammatory response in target tissues but markedly increased cell replication and
increased pathology scores suggesting that it may act as a either an immune suppressor or
regulate an additional virulence factr.Studies have now shown that the regulatory network
controlling T3SS-3 may also extend to control of Type 6 secretion and a two component
regulatory system which in turn regulates an additional type 6 opetoHowever, not all genes
encoded on the operon have been assigned functions, and even less is known about T3SS-1 and
2. Together this suggests that these systems are tightly linked during infection and may act in a
complexly coordinated manner to combat the host immune system and promote bacterial
survival®*
1.6.4 Type VI secretion

Bp encodes six typ¥l secretion systems, more than any known microbe to date. The
characterization of these operons began shortly after the discovery of the sygtbrioin
choleraein 2006, but little is yet know about the full function of these systéfiswhat is
known is that they play an important role in both host-bacterial and bacterial-bacterial interaction

by secretion of effectors capable of subverting immune cell or competing bacterial cell function.



In Burkholderiaspecies these operons are relatively conserved, with five being present
in Bt and three iBm®° Interestingly, only one of these operons is encoded on chromosome 1 in
Bp, while the rest make up almost 3 percefithromosome 2’s total coding capacity.*®
Variations in the GC content of these gene islands suggest that two clusters have been acquired
through horizontal gene transfer while others may be the result of gene dupfit@idhese
operons, it appears that onlyS$1 is active during host cell infection, and plays a role in the
formation of multi nucleated giant cells (MNGCE) The two-component regulatory system
VIirAG is now known to be a positive regulator of T6SS-1 and may modulate expression of the
secretion system by sensing divalent metals in the environment, specifically iron and zinc, which
were found to suppress activatith.

In the absence of this regulatory system induction of T6SS-1 is abrogated as measured by
production of Hcp-1, a known effector associated with T6SS in many species. In the absence of
Hcpl through repression or deletion of Huplgene, drastic changes can be seen in host cell
infection byBp. ® Not only is mononuclear giant cell (MNGC) formation abolished, but
intracellular replication is reduced early in infection and cytotoxicity is decreased. The Hcp
protein is also thought to be a secreted protein necessary for formation of the secretion tube and
may bind to antigen presenting cefisvivo, promoting interaction between host and bact&fia.

This may also account for the high immunogenicity of tiep-H protein, which has been

detected in convalescent serum. Because of this, attempts at production of a conjugate vaccine
have been attempted utilizing each secretion cluster’s cognate Hcp protein, but only those

associated with clusters 1 and 2 provided any immunity to infectiorBpitinfortunately,

bacteria were found to have colonized the spleen, proving that sterilizing immunity was not

achieved®®
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1.6.5 Toxin production

To date, only one toxin has been identified duBpgnfection. This protein is a potent
inhibitor of elongation factor elF4A, a host cell protein necessary for the elongation phase of
protein synthesi&’ The protein, termed BLF1 @urkholderialethal factor 1, is found in the
supernatant and thought to be directly secreted upon contact with host cells. By acting as a
glutamine deamidase, the toxin directly inhibits nascent protein synthesis by interfering with
the helicase activity of elF4A. This leads to apoptotic cell death and/or cytotd&icity.

1.6.6 Intracelular motility

While inside the animal hodBp utilizes polymerization of actin to move within the
cytosol and potentially invade neighboring céft§”>!%*This adaption allows for movement
towards nutrient sources throughout the cell, in addition to evasion of external immune
surveillance. The polymerization of host actin also aids in creation of MNGCs and cell
membrane fusions seen duriBginfection®*"°This is accomplished through the use oftifre
gene cluster located on chromosome t#d% BimAencodes an auto-transporter protein that
allows for nucleation of actin filaments similar to the process sekistieria pathogenesis®
Interestingly, although an ortholog for this gene is found in Bathear neighbor specie3t
andBm, the proteins encoded by these genes act in different ways.

Both BmandBp utilize abimAortholog similar to the host Ena/VASP system that is
capable of polymerization of more than one filament at a time and produces long unbranched,
bundled tails!® In contrastBt encodes a Arp2/3-like protein that produces densely branched
chains of actin leading to curved tail formation and less efficient movefffatthile both
orthologs mimic host proteins, the Arp2/3 complex founBtirs commonly utilized across

multiple bacterial species, while there are currently no other examples of an Ena/VASP system
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utilized by an intracellular pathogé®. This system is more commonly associated with
eukaryotic organisms, and may point to the adaptabiliBps$pecies.
1.6.7 Multinucleated giant cell formation
Similar to other known intracellular pathogens dgcobacterium tuberculosi8pis
capable of causing the coalescence of macrophages into multinucleated gidht%efl&rhe
purpose of this action is still not well understood, but by causing membrane fusion of host cells
the bacteria no longer need to enter the comparatively inhospitable extracellular environment to
spread from cell to celthis could in turn lead to increased bacterial surviV&hdditionally,
MNGC’s have lost the ability to act as functional leukocytes meaning that Bp retained within the
MNGC is protected from internal defense mechanisms as well as external surveillance. During
infection withBp, the process of MNGC formation is thought to be controlled in part by the
expression of several Type 3 and 6 secretion systems effectors, lipases and environmental
sensing proteins, but much research is needed before the process is well char&ti&tizétf.
1.6.8 LPS structure and function
TheBplipopolysaccharide is an important virulence factor during infection but is still
relatively uncharacterized. Within the species, LPS can be divided into 3 sub-types based on the
different sugars making up the O-polysaccharide unit and modifications to its side’¢hms.
Interestingly, the prevalence of subtype is linked to geographic locatidype A LPS is
primarily found in South East Asian strains while Type B and B2 LPS are found primarily
strains discovered in Australia and Papua New &afitf The unifying factor between the types
of Bp LPS is thought to be thaielative lack of pyrogenicity in comparison to the same molecule
from other Gram-negative species, such as thataxli or S. typhi’®**° Although still capable

of stimulating cytokine production in the host and causing septic shock at high concentrations,
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some studies show a significantly slower activation of Th#d iINOS"*® When the O-
polysaccharide synthesis cluster is deleted, pro-inflammatory cytokine levels increase and
bacterial survival declines! However, the role of LPS is contested as in-vivo LPS driven
cytokine production may differ based on the host species; recent evidence shows human cell
lines and patient sera are more reactive than murine models, casting doubt on previous
estimations of LPS’s immunogenicity.**8*°

Additionally, the unique structure &p’s LPS adds to its intrinsic antimicrobial
resistance; although polymyxin B is a drug of last resort in many MDR Gram-negative
infections,Bp is polymyxin resistant due to modification of the lipidPis is thought to be
caused by unique arabinose and O-acetyl modification®e@-{olysaccharide blocking
interaction between the drug and LPS. When O-polysaccharide synthesis is inteBppted,
becomes sensitive to polymyxin'&

1.7 Mé€lioidosis

The large number of virulence factors encode@pyllows the bacterium to gain a firm
foothold in human hosts and the disease it causes takes on so many clinical manifestations that it
has earned the epithet “the great mimicker”. Clinical case reports of disease have included
pneumonia and pleural effusion (the typical presentation), and in chronic cases, have sometimes
been mistaken for tuberculosis infection based on chest radiographs displaying consolidation or
even cavitation in the lungs, low grade fever and cachH&xta® During acute infection,
bacteremic spread of the bacillus can lead to fulminant sepsis and fever, solid organ and tissue
abscess, brain stem and cerebral infection, necrotizing fasciitis and infection of the prostate in
men?®3467.124126 5steomyelitis and septic arthritis has also been reported as a result of both

chronic and acute infectidA>*?"** In Thai cases, especially in children, suppurative parotid

13



abscess is a common symptom of disease found in almost 1/3 of pasienitspared to only 2%
of Australian cases identified in a prospectus stidds

With cutaneous inoculation, the disease may manifests as a self-limiting abscess in an
otherwise healthy patient. Sinusoidal abscess or septicemic melioidosis secondary to near
drowning has been reportéd:****> Figure 1.2 gives a summary of the common
manifestations of disease causedpynfection, as well as routes of inoculation. In many other

cases however, an initial abscess at the site of inoculation may not be identifiable. In those with

Figure 3. Clinical Events after Infection with B. pseudomallei.
Melioidosis may have a wide range of clinical ifestations, and ity varies from an acute fulminant septic illness to a chronic infec-
tion. Shown are the routes of infection (blue boxes: percutaneous inoculation, inhalation, and ingestion), the I history of infection
(red boxes: asymptomatic infection, bacteremia, or reactivation of latent focus), and the diverse disease manifestations (white text). Panel A
shows ¢ lioidosis in a healthy host. Panel B shows lung abscesses on the chest radiograph of a patient with acute melicidosis
pneumonia, and Panel C shows the corresponding computed tomographic (CT) scan. Panel D shows the skin manifestations in a fatal
case of disseminated melioidosis. Panel E shows splenic abscesses on an abdominal CT scan. Panel F shows aspirated pus in a patient
with prostatic and periprostatic abscesses, and Panel G shows the abscesses on 2 CT scan from the patient.

Figure 1.2. Mdlioidosisis a multifaceted disease. Taken from Wiersinga et al. 20£2.

The diagram depicts common routes of exposure and inoculation to melioidosis (blue
boxes: percutaneous inoculation, inhalation and ingestion) as well as radiological and
gross clinical findings of associated with different forms of infection (red boxes, white
text, and side panels)
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underlying predispositions, the outcome of infection can turn from a relatively minor skin or
upper respiratory infection to a systemic potentially life-threatening disease in a short period.
Depending on route of inoculation, strain variability, dose and host status, disease presentation
ranges a full spectrum of symptoms with variable outcomes leading in many cases to
misdiagnosis and subsequent treatment failure.

Melioidosis is very commonly mistaken for tuberculosis based on the similarities
between chronic presentation of disease and active TB, both in radiologic findings and overall
patient presentatioff*?* However, more extreme misdiagnosis is occasionally seen as a result
of the wide diversity of clinical presentations. A recent case reported from Bangladesh described
an infection displaying symptoms identicalReeudomyxoma perotonei form of peritoneal
neoplasm often discovered by accident in patients who have recently undergone abdominal
surgery-*° Another describes an Ohio man who was misdiagnosed Biitilus anthracis
infection, despite correct lab diagnostics indicating melioidosis, and later succumbed to
diseasé®’ Whether this is the fault of the treatment team or because of the unexpected
presentation of disease is unknown, but it underscores the unpredictability sometimes associated
with a bacteria that can infect many different ways.

1.7.1 Recurrent melioidosis

Even with seemingly successful treatment, relapses of infection can occur. Most incidents
of relapsing melioidosis occur within seven months of the initial infection and are more common
in complicated cases in which multiple foci of infection are observed and in patients with a
shortened duration of either therapy phs&e?’. Previous rates of relapse have been recorded
as high as 9% in Thailand prior to standardized intensive phase therapy and now range from 1-

6%, and up to 5% in Northern Austrati:*****> However, it is interesting to note that
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previously observed relapse rates may have included a high number of reinfections. In a Thai
study investigating the true rates of recrudescence over a ten year period in Ubon Ratchatani, an
estimated 25% of the 125 cases of recurrent melioidosis studied were found to be reinfection
with a molecularly distinct straiff? This is interesting because it highlights two factors: the
importance of risk factors, both physiological and occupational, that lead to re-exposure, and the
inability of the adaptive immune system to mount a sterilizing humoral response &gainst
1.7.2 Neurological melioidosis

In a small percentage of clinical cases, infection of the central nervous system is
observed. Interestingly, the presentation of neurological melioidosis tends to occur more often in
Australian isolates than in SEA strains. An estimated of 4% of all melioidosis patients in one
Australian prospectus study of 540 cases developed neurological complications as compared to
only 1% of Thai case™** Additionally, the pathological focus of infection appears to vary by
region as well; in Southeast Asia CNS-melioidosis, macroscopic cortical abscesses are observed,
suggesting hematogenous spread of the bacteria from other inoculation points in tHe Inody.
Australian cases, CNS involvement was observed even in cases where bacteremia was not,
suggesting that the bacteria were able to enter the brain without first causing systemic
infection!?14°14®This was later confirmed experimentally by intranasal inoculation of a mouse
with a capsule negative mutant, unable to survive within the blood stféaime capsule
mutant, though unable to spread to distal foci within the body as typically seen during infection,
was still isolated from the brain tissues of infected animals. Later experiments suggest that the
bacteria is able to travel along the olfactory bulb to the brain where it can cause encephalitis or
utilize a “Trojan horse strategy” and enter the brain by being trafficked by infected immune

cellsM7 148
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Aiding in the suggestion that these strains may directly infect the brain as opposed to
random CNS colonization as a result of systemic infection is the absence of typical bacterial
meningitis symptoms duringp infection leading to neurological melioidostS:***Additionally,
in these case8p s typically only isolated from the brain stem as opposed to the cortical regions
of the brain as expected in cases of systemic melioidsi& This observation is contentious,
however, as one recent Australian study maintains that neurologic isolates are simply more
virulent in general and the perceived tropism for brain infection is a result of more invasive
spread as opposed to targeted infection after both intranasal and subcutaneous inbluation.
Genetic analysis of strains isolated from cases of primary neurological melioidosis identified
additional clues into the progression of this form of diseasebifh&gene, encoding the protein
BimA necessary for actin utilization during intracellular motility, was found to have a high
degree of similarity to that dfimAin Bmin some strains isolated from patients with
neurological melioidosi&’ Further examination showed that these strains were 14 times more
likely to result in brain infection®**!This fact, combined with the observation that this isoform
of the protein has only been isolated in Australian variants associated with brain-stem
encephalopathy suggests a potential role for BimA in CNS infettidr?

Despite regional variation between infecting strains, the outcome of CNS involvement
remains unchanged. Progression to or contraction of this form of disease results in increased
mortality in a majority of cases, and a high incidence of lingering CNS dysfunction in survivors.

1.7.3 Zoonotic melioidosis

Bpis capable of infecting both plants and animals. While human cases are the main focus

of most research of disease cause8)it is also recognized as a serious veterinary concern.

In Australia, melioidosis was diagnosed in sheep a year before the first official human case was
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reported in 19502*'**Since that time, the disease has been established as a pathogen of horses,
mules, sheep, goats, pigs and camels with sporadic cases identified in cattle, cats &id°8ogs.
Melioidosis is also an especially concerning issue in zoos and aquariums where primates and
marine mammals are particularly susceptible. Many cases have been described in several species
of monkeys including macaques and orangutans either in captive breeding colonies sfth zoo
Reports of melioidosis from an aquarium in Hong Kong have described infection of captive
populations of multiple species of dolphins, small whales, and fur bearing seals. In a pathologic
prospectus of 25 subjects from 1982-1992, soil sample analysis and MLST typing of isolates
collectively suggest that these cases resulted from oral infection of the animals after their tanks
became contaminated with soil during heavy r&ins>® Interestingly, a small proportion were
thought to be chronic cases, as some animals showed signs of low level illness for months before
succumbing to disease.
1.8 Routes of exposure to Burkholderia pseudomallei

As Bpis a soil saprophyte, most infections are thought to begin through cutaneous
inoculation of small cuts in the skin, or through inhalation of aerosolized soil and surface water
during heavy raif®® %2 Contamination of municipal and private water sources also represents a
common route of transmission and typically results in clusters of cases after ingestion or
inhalation**>!® Near drowning events, either during otherwise routine outdoor activity or
survival of a severe weather event such as a hurricane or tsunami are also known to be important
routes of infection wittBp.}3%1°?

Anecdotal reports of iatrogenic and pergosperson transmission have also been
recorded. In patients with prostatic abscess, sexual transmission is possible, although rarely seen.

Bpinfection can also be passed vertically, during parturition or through breast milk in mothers
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with breast abscesses or masfiti>As the disease also infects a number of livestock species,
creating the potential for passage of disease to veterinarians or animal handlers. Skin infections
in farmers can occur after milking infected animals, or during the birthing proée€sises of
transplacental transmission have been observed in animals, but as of yet no vertical transmission
by this route has been identified in humais.
1.9 Melioidosisrisk factors

While infection withBp can lead to acute infection in otherwise healthy individuals,
mortality in this cohort is a relatively rare occurrence. Patients with underlying health conditions
before contact witBp are both more likely to become infected, and for that infection to have a
potentially serious outcome. With the improvement of diagnostic capabilities in highly endemic
areas, and increased awareness in potentially endemic areas, there is hope that early detection of
infection may counteract the effects of these risk factors. However, a majority of fatalities from
melioidosis still occur in patients with these confounding health issues.

1.9.1 M€lioidosis and diabetes

The number oeamelioidosis risk factor is diabetes mellitus (DM). Up to 76% of patients
admitted for treatment of melioidosis have a new or preexisting diagnosis of type | or Il
DM.31%51%8 Thjs is especially concerning given the fact that in areas where melioidosis is highly
endemic, cases of type Il DM are rapidly increasing in number. WHO estimates of DM
prevalence within the ASEAN group project over 100-200 million new cases by 203ais is
of additional concern as global rates of type Il DM have reached epidemic proportions and are
projected to increase to almost 600 million by that samey&&ombining this fact with
increasing reports of melioidosis from areas where the disease was previously undetected could

lead to infection wittBp becoming a more and more prevalent issue worldwide.
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To date, little is known about the exact cause of increased melioidosis susceptibility in
patients with DM. It is understood however, that DM substantially dysregulates immune
function®>1%*17%stdjes into the association of DM and the immune response during
melioidosis have noted decreased uptake of live bacteria in both macrophages and neutrophils as
well as inability to properly destroy phagocytosed cells, delayed antigen presentation, and vastly
altered cytokine profiles skewed towards unregulated inflamm#tidf*"*17ll these effects
together lead to increased bacterial burdens and faster progression of disease

Investigations into theo-administration of glyburide during treatment of melioidosis
attempt to curb the impact of DM as a co-factor of disease. Thasdcagimonly prescribed to
DM patients to mediate the effects of insulin insufficiency by regulating sugar metabolism.
Glyburide treatment has shown mixed success in managing sepsis in these patients, but it has
been demonstrated that good control of blood glucose levels during infection correlates to
improved patient outcomg:}”® This fact underscores the direct correlation of DM and impaired
immune function to progression of melioidosis.

1.9.2 Renal disease

Renal disease refers to any dysfunction of the kidney resulting in loss of its ability to
filter toxins from the blood. Interestingly, it is commonly associated with a diagnosis of diabetes,
but chronic stages of renal disease are their own independent risk factor. In the Top End of
Australia, one study of dialysis patients found that the risk of melioidosis increased from
24/100,000 patient years, to 988/100,000 patient years within a cohort of patients undergoing
dialysis from 1989-201%"* Of the almost 800 cases of melioidosis during this time period,

3.4% of patients had end-stage renal disé4deis important to note however, that patients

undergoing treatment for renal disease have a higher co-occurrence of other risk factors,
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including diabete$’ Some 60% of dialysis patients in this prospectus were receiving treatment
as a direct result of diabetic neuropathy.
1.9.3 Thalassemia

Thalassemia is a disease similar to Sickle cell anemia and is commonly found in areas
where malaria is endemt& Heterozygosity for the mutation causing disease is thought to
protect against infection witRlasmodiunfalciparum,but full-fledged thalassemia can lead to
severe anemia, liver failure and increased susceptibility to infection. As a result many patients
with more seriou$orms of disease require complete transfusion from infaffdgeta-
thalassemia, the most common form, results from inheritance of an autosomal recessive mutation
to the beta-globin chain of hemoglobin leading to defects or in some cases complete absence of
the functional protein’>*"®Multiple types of this form of the disease exist, and can result from
one of over 200 known mutations. In areas endemiptd-5-thalassemia is the most common
phenotype of disease and is diagnosed in about 3,000 births in Thailand alone, edéfi'year.
Dysregulated immune function is a common side effect of the disease and therefore many
patients are more prone to blood-borne disease, certain forms of cancer, and infection in general.
Both the innate and adaptive response are affected.

The inability of the body to fight infection as a result of thalassemia is closely linked to
iron metabolism. Destruction of defective erythrocytic precursors leads to both a counterintuitive
increase in free iron, and chronic anemia, compensated by increased iron absorption in the gut.
This cycle causes severe iron overload in serious cases that can be compounded by transfusions
with blood from healthy donorg® Additionally, a chronic inflammatory state caused by
perpetual activation of monocytes targeting defective or dying erythrocytes for destruction may

lead to immune depletiori® Taken together this may result in the propensitBfoinfection.
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1.9.4 Drug use and melioidosis

While the direct relationship between melioidosis and drug use has not been well studied,
both behaviors are known risk factors for contracting the disease. Mounting evidence suggests
that prolonged or chronic use of either alcohol or kava may have a profound effect on the
immune system. Kava, &lper methysticugrs a shrub cultivated in the western pacific.
Preparations of its stems and roots possess mild psychotropic qualities and are used both
recreationally and in traditional ceremonies in Oceana to this day. In the 1980’s the drug was
introduced into the northern territory of Australia as a surrogate for alcohol, as it possesses the
same calming effect in small amouht.Overconsumption of kava has emerged as an
independent risk factor for infection wiBp and a link has been observed between over use and
generalized predisposition to infectida recent study by Kwon et al, demonstrated the ability
of flavokawain A, one of the chalcone compounds found in Kava, to attenuate the in-vitro
cytokine response of macrophages to LPS throughagiyatblock in Nfib/Ap-1 signaling™®°
The observed reduction in TNE-IL-6, IL-12 and INOS may be to blame for the increased
susceptibility of kava drinkers to infection with Bf.While certain bioactive compounds in
kava are being investigated for their anti-carcinogenic properties, overuse could lead to
predisposition to chronic infections through an immunosuppressive mechanism.

Alcoholism may increase the risk of infection through a similar general mechanisms
centered in the lung. Chronic alcohol consumption is known to increase the risk of acute
respiratory distress syndrome, or ARDS, especially in cases of §&pgeeent studies suggest
this may be influenced by gross immune dysregulation promoted by both changes in fatty acid
metabolism in the alveolar air space leading to more free fatty acid and increased production of

reactive oxygen specié®%|n response to this change, alveolar macrophages display increased
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levels of TGFB and IL-13 and enter into an alternative activation mode necessary for tissue
repair and angiogenesis as opposed to pathogen clearance, with decreased pro-inflammatory
cytokine production and phagocyto&i6®* As the macrophage response becomes polarized to
a more adaptive state through the alternative pathway, the air space now becomes more prone to
colonization by pathogenic microbes, as the macrophages are unable to either secrete pro-
inflammatory cytokines or chemokines or phagocytose and clear the invading b&tteria.
1.9.5 Occupational and environmental risk factors

Based in its environmental niche as a soil saprophyte, it is unsurprising that a high
association exists between exposure to contaminated soil or watep arfdction. This is best
illustrated by the high incidence of melioidosis among rice farmers in south East Asia. In several
studies examining risk factors of disease, up to 85% of patients listed their occupation as rice
farmer. In a matched pair case control study of risk factors associatefpmtfection,
activities requiring prolonged contact with soil and water were directly related to disease, rice
farming being one of the$&3*#A comparison of practices within this occupation found that
increased depth of soil or water submergence during tasks associated with rice cultivation
increased the risk of melioidos.Conversely, the use of long pants and rubber boots greatly
diminished this risk. This fact also reinforced the need for public awareness and modification of
farming practices as a way to curb incidence of disease in endemic regions where rice farming
occurs.

Environmental exposure is also intrinsically linked to weather events and highlights the
need for evaluation of infection control in emergency response plans formed in areas endemic to

Bp. In fact, cluster cases following serious weather events including hurricanes, typhoons and

tsunamis are responsible for the confirmatioBpfndemicity in previously undocumented
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regions™>% Additionally, coinfection of emergency response personnel as a result of rescue
operations during these weather events has been documented on underscoring the need for
increased awareness of the signs and symptoms of disease during emergency
managemeni1°2186

Serious weather events are not the sole determining factor however, as seasolhal rainfa
within the limits of normal monsoon seasons have been directly correlated to spikes in the
number of melioidosis cases reporfdetom 80-85% of cases reported in Thailand occur during
or immediately after the rainy seas8hA similar pattern is seen in Northern Australia, with
spikes in cases directly related to seasonal rainfall. This is hypothesized to be the result of heavy
rain both aerosolizing contaminating soil, and introducing newly mixed soil into poorly
maintained drinking water systems.

1.10 Melioidosis diagnosis

Rapid, accurate identification 8fp remains vital to effective treatment of infection in
cases of melioidosis. To accomplish this many methods are currently in use, with varying
degrees of success. The gold standard for identificati@p &f culture of the organism on
selective media (typically Aslown’s agar), but a combination of gene-specific PCR, differential
microbiological techniques and indirect hemagglutination assays have also been de¥&fdped.
While these are effective in combination for a majoritBpfstrains, such methods rely on both
the ability to culture the bacteria as well a considerable amount of time. The potential for delayed
diagnosis greatly disadvantages patients with more advanced disease. Attempts to shorten the
time to accurate identification have been bolstereBy classification as a potential biothreat
agent. This has resulted in investigations of MALDI-TOF analysis, lateral flow assays utilizing

monoclonal CPS and LPS antibodies and multiplex PCR identification assays targeting 16S
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RNA, elements of the Type Ill secretion system grafEL."*°*921%while some of these tests
still require the ability to culture a pure population of bacteria, they produce rapid results once
initiated. However, some newer methods, specifically those requiring specialized equipment,
may not be available in endemic regions where the disease is highly prevalent but well equipped
laboratories are not. Methods that do not rely on the presence of bacteria, specifically the lateral
flow assay and IHA, are especially promising in these more remote areas. Unfortunately,
development efforts have been hampered by cross reactivity between near neighbor species, and
in the case of the IHA, lack of standardization between preparations which could decrease the
accuracy of the tedt? Even so, these assays may be vital to improving the survival rate in
suspected endemic regions where the disease has been previously undiagnosed simply because of
a lack of diagnostic capability.

Commercial assays have also been developed for identificatBmiofclinical labs
equipped with molecular biotypers, or staff capable of interpreting the APl 20ne test, but these
remain only about 80% accurate according to a study by Lad*8t4l.In fact, misdiagnosis is
a commonly reported event Bp infection and may play a role in both under reporting in
potentially endemic regions as well as mortafiy**>*°® Unfortunately, the ability to accurately
identify the bacteria is no guarantee that a correct diagnosis will be made, especially in areas
where the disease is not endemic.

1.11 Current effortsin vaccine development

To date, there is no effective vaccine capable of providing reliable protection against
infection withBp.**” While many studies are in progress to identify potential candidates for
vaccine developments, none have been tested in a non-human primate model. Current strategies

address this issue from many perspectives; investigations into live attenuated strain production,
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carrier molecules, epitope discovery and subunit vaccines have all been attempted but with little
success to date because in most cases, sterilizing immunity is not acffe¥&tt. However,
advances are being made: a recent report from Moustafa et al. des&iligglastrain
engineered to expreBsnLPS that effectively protects against infection with a lethal dog.of
In this study, no bacteria were recovered from the organs of intranasally-vaccinated mice and a
robust |2 cytokine response was observed, both indicating the production of protective
immunity?®? Further investigation is still needed to determine if this is predictive of the post-
vaccination response to infection wiip or Bm
1.12 Treatment of melioidosis

Bpinfections remain very difficult to tredtintil the late 1980°s and the incorporation of
ceftazidime into treatment regimens, mortality rates in Thai cases hovered around 85 percent.
Prior to this, clinicians typically administered a drug cocktail of trimethoprim,
sulfamethoxazole, chloramphenicol, doxycycline or carbenicillin, but these treatment efforts
were met with high rates of treatment failure and resist#ice.

With intravenous ceftazidime monotherapy over a period of at least 2 weeks during the
acute phase of infection, mortality rates were cut inffalfThis became the standard for
intensive phase therapy, with administration of carbapenemamoxiclav administered in
complicated or contraindicated ca$e$>'*'The four drug combo therapy became the new
standard for oral eradication phase until worries of patient non-compliance and drug toxicity lead
to examinations of the efficacy of using all four drugs simultanedt&§hloramphenicol
displayed no additive effect to treatment in randomized studies, and was eventually
contraindicated due to high toxicity raté&?**Doxycycline is still administered with

trimethoprim + sulfamethoxazole (co-trimoxazole) during the eradication phase in some areas,

26



but recent investigations have found it adds no benefit and could in fact lead to seriously
increased resistance to itself and other compotid%

During the eradication phase of disease, patients are administered-wnaoxazole for
up to six months in an effort to completely clear the infection. Strict compliance to the minimum
recommended 12 weeks may be necessary, as one Thai study observed a five-fold increased risk
of death or relapse in patients who underwent a shortened eradicatioA’pktzseever, similar
investigations into relapse risk factors in Australia found that increasing the intensive phase of
therapy based on the disease focus reduced the rate of relapse to less than 1%, even with only
50% compliance to the recommended eradication phase. It may be that clearance of distal
infection foci during an extended intensive phase could drastically improve the efficacy of the
eradication phase, or remove the need for it entirely in uncomplicated'tases.

Even with antimicrobial therapy, the mortality rates for disease range from 6 to almost 40
percent depending on the region. However, it is important to note that the majority of these
mortalities occur in patients with an underlying risk factor, especially if that risk factor is
previously undiagnosed. Resistance mechanisms complicating the already laborious treatment of
melioidosis relying on a few efficacious antibiotics will be reviewed in the next ch8ptera
fascinating organism that poses a severe burden on the community health in endemic regions.
Continued investigation of all aspects of disease prevention, treatment and pathogenesis is

necessary to prevent this burden from increasing.
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Chapter 2: Antimicrobial resistance

This chapter will discuss recent advances in the understanding of antimicrobial resistance
caused by resistance nodulation cell division (RND) efflux pumps. As these tripartite pumps are
only one of many methods utilized by bacteria to survive antimicrobial pressure, a brief
overview of bacterial resistance mechanisms will be presented. The different classes of
antimicrobials used in the treatment of melioidosis will be reviewed, followed by observations of
efflux related resistance B. pseudomallgiBp), and a summary of previous findings and
research aims.

2.1 Thepost-antibiotic era

The invention of the microscope in the™dentury opened the door for study of the
microscopic world. Unfortunately, it wasn’t until the conception of “germ theory”, Koch’s
postulates and the implementation of standardized public sanitation that rates of infection by
bacterial agents gradually started to decrease. However, while these concepts slowed
transmission of disease they did little to fight active infection. Tuberculosis and syphilis were
endemic, while cholera, typhus, typhoid, diphtheria, and undifferentiated enteric disease
routinely swept through urban centers despite efforts to control their spréaditionally,
many deaths from viral disease are now thought to be linked to secondary bacterial infections,
e.g. the 1918 influenza pandemic and bacterial pneum@hiagical procedures we now
consider routine were a dangerous proposition due to less than sterile conditions, as was
childbirth, and childhood mortality rates due to now treatable or preventable infections were as
high as 200/1000 live births. In some urban areas only 1 in 5 were predicted to make it to

adulthood:? For those immunized by childhood illness, injuries sustained from combat or
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accident were prime entry portals for environmental pathogens capable of causing massive
systemic infections*?

For a vast majority of patients with serious bacterial infection, palliative or supportive
care was the only medical recourse and as a result, mortality rates remained high well into the
20" century and past the advent of the modern medical era. It is not surprising then, that the
three leading causes of death at the turn of tilecBltury remained tuberculosis, pneumonia
and diarrheal disease.

The implementation of the progenitor sulfadrug prontosil in 1936 almost immediately
began reducing the number of deaths caused by bacterial infe&tmm, the discovery and
deployment of penicillin was heralded as one of the most significant medical advances 8f the 20
century, and similarly improved the life expectancies of millions of pedple.

However, with the administration of these new treatments came new challenges:
specifically, resistancd=(g. 2.1). The earlyp-lactams provide striking examples of rapid
resistance development. Isolates resistant to penicillin were observed three years before its
widespread deployment in civilian medicine in 1943. Methicillin was even worse, with resistance
observed two years after its introduction to general use. The same trend is seen repeatedly, with
resistance to a drug closely following its appearance in the treatment &rskeimimportant to
remember that while these mechanisms existed long before the implementation of antibiotic
compounds, use and misuse of antimicrobials in the modern era has rapidly accelerated the rate
at which resistance occuts® Because of our attempts at intervention either in human health or
in agricultural use, and the selective pressure placed on bacterial populations by these
interventions, antimicrobial resistance is positioned as a looming obstacle that threatens our

current health standarf&* Both the WHO and the CDC have issued global warnings of the
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dangers posed by failure to address the is
of wide scale resistance. The CDC estimal
that in the United States alone, 2 million
people are infected with antibiotic resistani
bacteria resulting in 23,000 deaths every
year! Worldwide estimates of deaths caus
by antimicrobial resistance (including in
malaria and HIV) place this number at
700,000 according to tHeeviewon
Antimicrobial Resistanceublished in
2014 Many of these deaths will occur
from infection with bacterial agents that ar¢
resistant to every known antibiotic.
Without any changes to global

stewardship, it is predicted that
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antimicrobial resistance will account for 10
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ANTIBIOTIC RESISTANCE ANTIBIOTIC
IDENTIFIED INTRODUCED
Penicillin-R Staphylococcus 1940 ——
—— 1943 Penicillin
—— 1950 Tetracycline
— 1953 Erythromycin
Tetracycline-R Shigella —
y g i — 1960 Methicillin
Methicillin-R Staphylococcus 1962 —
Penicillin-R pneumococcus 1965 —
Erythromycin-R Streptococcus 1968 — 1967  Gentamicin
— 1972 Vancomycin
Gentamicin-R Enterococcus 1979 —
I~ 1985 Imipenem and
Ceftazidime-R Enterobacteriaccae 1987 — ceftazidime
Vancomycin-R Enterococcus 1988 7
Levofloxacin-R pneumococcus 1996 ——— 1996 Levofloxacin
Imipenem-R Enterobacteriaccae 1998 —
XDR tuberculosis 2000 ——— 2000 Linezolid
Linezolid-R Staphylococcus 2001 —
Vancomycin-R Staphylococcus 2002 — i
PDR-Acinetobacter and Pseudomonas 2004/5 — 2003 Daptomycin
Ceftriaxone-R Neisseria gonorrhoeae 2009 — 2010 Ceftaroline
PDR-Enterobacteriaceae

Ceftaroline-R Staphylococcus 2011

million yearly deaths worldwide by 2050,
and a corresponding global cost of 100
trillion U.S. dollars in gross domestic
product. For developing countries with poo
health care infrastructure this could equate
to a loss of up to 25% of the total populatic

in a single twelvamonth period:* The bulk

Figure2.1. Timeline of the identification of
antibiotic resistance.

Detection of antibiotic resistant isolates ofte
rapidly follows a compounds introduction to
clinical use. Left and right sides of figure
represent identification of resistance isolate
and introduction of compound for medical
use, respectively. PDR= pan drug resistant
XDR= extensively drug resistant. All dates
listed are representative of first published
reports of resistance. Taken from the CDC’s
reportAntibiotic resistance threats in the
United States2013.
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of this increase may be due to bacterial infections, both pyiorasecondary to viral disease.
It is very possible that without significant advances in our ability to produce new compounds or
find alternative therapies that are effective against bacterial infection, we will essentially be
returned to a pre-antibiotic era, and all the hardships that entails. An understanding of these
resistance mechanisms, how they occur and how they are inherited is vital to retaining what little
chemotherapeutic arsenal remains.

Treatment methods used for eradicatioBpinfections are not excluded from this trend.
While the disease may not have the current reach of other infections, e.g. those commonly
acquired in hospital settings, it shares many of the same resistance mechanisms found in these
Gram negative organisms. Its inherent resistance to these drugs, highly virulent etiology,
increasing susceptible population, and widening geographic range, make it essential that we
understand how these mechanisms combine to impede treatment in an effort to prevent increased
mortality.

2.2 Antibiotics

The development of prontosil and penicillin in the early part of tffece@tury sparked
years of scientific research into the discovery of new antimicrobial compounds. Unfortunately,
soon after the discovery of these classes of compounds came the discovery of resistance
mechanisms capable of rendering them inactive. Increasingly effective compounds are needed,
but are difficult to identify or expensive to synthesize and as a result their development has
slowed; from 2000-2014 only 13 new drugs were approved by the FDA in comparison to 41
from 1980-1994:23* In the United States, regulations concerning minimum acceptable safety
limits may prevent otherwise effective compounds from proceeding to clinical trials, further

reducing the number of new drugs available for physiciafi'tlsé€These issues combined to
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produce a shrinking profit margin for pharmaceutical companies making antibiotic development
a riskier proposition, highly dependent on both academic and government funded research
efforts/*® To date, the compounds that have been successfully developed for human treatment
target bacterial processes ranging from central metabolism to cell wall synthaisie.2.1
summarizes these currently utilized antibiotic classes, their targets, and potential modes of

resistance described in bacteria.

Table 2.1 Antibiotic classes,tar gets, and resistance mechanisms

Antibiotic Class | Example(s) Target M ode(s) of Resistance
B-Lactams Penicillins, Peptidoglycan | Hydrolysis, efflux, altered
cephalosporins, penem biosynthesis target
monobactams
Aminoglycosides Gentamicin, Translation Phosphorylation,
streptomycin, acetylation, nucleotidylation
spectinomycin efflux, altered target
Glycopeptides | Vancomycin, Peptidoglycan | Monooxygenation, efflux,
teicoplanin biosynthesis altered target
Tetracyclines Minocycline, Translation Monooxygenation, efflux,
tigecycline altered target
Macrolides Erythromycin, Translation Hydrolysis, glycosylation,
azithromycin phosphorylation, efflux,
altered target
Licosamides Clindamycin Translation Nucleotidylation, efflux,
altered target
Streptogramins | Synercid Translation C-0O lyase (type B

streptogramins), acetylatior
(type a streptogramins),
efflux, altered target

Oxazolidinones*| Linezolid Translation Efflux, altered target

Phenicols Chloramphenicol Translation Acetylation, efflux, altered
target

Quinolones Ciprofloxacin DNA replication| Acetylation, efflux, altered
target

Pyrimidines Trimethoprim C1 metabolism | Efflux, altered target

Sulfonamides* | Sulfamethoxazole C1 metabolism | Efflux, altered target

Rifamycins Rifampin Transcription ADP-ribozylation, efflux,
altered target

Lipopeptides Daptomycin Cell membrane | Altered target

Cationic peptideg Colistin Cell membrane | Altered target, efflux

Adapted from Davies and Davies, 2020* Denotes synthetic antimicrobial.
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2.2.1 Treatment of Burkholderia pseudomallel

Because of the bacteria’s intrinsic antimicrobial resistance, treatment ofBp infection is
complex and split into two phases. The first phase consists of intravenous administration of
ceftazidime or a carbapenem for 10 days to 2 weeks before transition to the eradication
phase:***In cases where side effects are of concern, amoxicillin-clavulanate can be substituted
for the aher B-lactams. Additionally, in complicated or severe infection this treatment phase may
be extended or combined with trimethoprim-sulfamethoxazoirimoxazole)**

The eradication phase of treatment uses oral administratioo-simoxazole for up to
20 weeks in an effort to prevent relapse and control development of resfétsiideough both
components of this drug combo are bacteriostatic, they exhibit high efficacy as they target two
concurrent enzymes needed for production of tetrahydrofolate for nucleotide synthesis;
dihydropteroate synthase by sulfamethoxazole, and dihydrofolate reductase, by trimethtprim.
The mechanisms causing resistance to both phases of treatment will be discussed in greater detail
later in this chapter.

2.3 Drug resistance mechanisms

Resistance mechanisms found bacteria are a combination of acquired and intrinsic traits.
These mechanisms are usually not utilized alone, but combine to render some classes of
antibiotic completely ineffective against a given species. The generation of these factors is
partially rooted in the fact that many antimicrobials are products of a hostile environment and
their production is not restricted solely to the pharmaceuticalfgiin fact, many
microorganisms naturally found in polymicrobial environments use these compounds to increase
their odds of survival in a hostile niche, either through use in communication, cell-cell

competition or even subsistenideé® With the production of such secondary metabolites may
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have come the evolution of mechanisms capable of inactivating these compounds in order to
prevent seltharm, as well as in response to the selective pressure caused by other species’
compound$! As a result, a multitude of proteins and evasion strategies now exist that can be
classified into one of seven categories: enzymatic inactivation, target modification, compound
exclusion, target overproduction, and efflux, sequestration and metabolic bypass. When
combined together, these methods can lead to levels of resistance that make the odds of survival
much higher on a population level.
2.3.1 Enzymatic inactivation

This category of drug resistance mechanism is characterized by alteration of the chemical
structure of the antimicrobial compound through enzymatic cleavage. Perhaps the best known
example of this mechanism are the f-lactamases. These proteins specifically hydrolyze the
lactam ring within B-lactam compounds rendering it incapable of acetylation of penicillin
binding proteins during cell wall syntheéfsin Bp, the best-characterized and clinically most
signficantp-lactamase is a TAT secreted Clasp-factamase called PeAA”. Mutations
causing PenA amino acid substitutions are known to cause decreased susceptibility to
ceftazidime and amoxicillin+clavulanic acid, and are associated with poor treatment efficacy in
clinical case$®?’

2.3.2 Metabolic bypass and target duplication

Both of these drug resistance mechanisms rely on redundancy, and are exemplified in
resistance to folate inhibitors. Trimethoprim and sulfamethoxazole target different genes within
the same pathway necessary for production of tetrahydrofoli¢®aiciccome species, the
reliance on the tetrahydrofolate synthesis pathway can be replaced with thymidine auxotrophy in

host tissues, bypassing the metabolic reactions that could be inhibited by sulfamethoxazole
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through uptake of the preformed nucleosité. Alternatively, overproduction of dihyrdofolate
reductase (DHFR), the target of trimethoprim (which competes with dihydrofolate for
modification by DHFR) causes increased resistan&e ooli. This is predicted to bleased on
simple changes in stoichiometry through the production of more copies of active enzyme than
could be bound by the drifg

2.3.3 Exclusion and sequestration of antimicrobial compounds

By preventing the drug from ever entering the cell, dedactorendered inactive. IBp,
an example of this mechanism can be seen in its resistance to polymyxin B. This cationic
antimicrobial normally intercalates into the outer membrane of the cell and takes the place of ion
bridges that stabilize LPS, causing massive changes in membrane permeability and leading to
cell death® The structure of LPS iBurkholderiaspecies is unique from other Gram negative
species based on both o-acetyl and 4-amino-4-deoxy-Il-arabinose modifications that can occur on
both the lipid A and O antigefi.These intrinsic modifications prevent the interaction of
polymyxin B with the outer membrane, preventing the peptide from changing membrane
permeability and killing the targét***This is especially concerning Bp, as polymixin B is
considered a drug of last resort in other Gram negative infections.

Another example of drug exclusion can be seen in the expression of porin proteins. Most
antimicrobials are too large to enter the cell through diffusion and must rely on facilitated
transport to cross the outer membrahBy reducing the number of porin proteins capable of
moving these compounds, bacteria decrease their permeability and increase resistance to
antimicrobial compounds that require the use of these proteins to enter & bidlprocess is
tightly regulated as it can affect the import of vital nutrients as well, but can be initiated by the

presence of antibiotic compounds like tetracycline, as seen in studiescofi outer membrane
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proteins®**° This mechanism can synergize with active efflux to greatly decrease susceptibility
to a wide range of antimicrobial substrates, and is of great concern in Gram-neatives.

Antimicrobial sequestration also causes resistance by preventing drug contact with its
target, but through a different mechanism, e.g. biofilm production. This can cause bacterial
populations to become highly resistant to antimicrobials without traditional inactivation of the
drug compound. Ii®. aeruginosathe formation of such biofilms also inducetvBdependent
synthesis of periplasmic cyclic-glucatis® In the absence afdvB susceptibility to
aminoglycosides and fluoroquinolones was increased despite no other changes to biofilm
formation3? In planktonic cultures, susceptibilities returned to wild-type levels, suggesting that
the effect on resistance was lifestyle dependent. The authors proposed the glucans produced by
biofilm dependent expression médBwere capable of sequestering antimicrobials within the
periplasm, preventing them from entering the cytoplasmic space where they could interact with
the ribosome or prevent DNA replicatidf®

2.3.4 Target modification

Target modification is a common mechanism of resistance that relies on chemical
modification, mutation, or deletion of a target in order to prevent interaction with an
antimicrobial compound® A drastic example of this is observedBp, after exposure to
ceftazidime. The drug normally binds to a specific penicillin binding protein 3 (PBP3) and by
doing so interferes with cell wall synthesis. Clinical isolates were discovered containing large
chromosomal deletions including the PBP3 gene after primary exposure to ceftazidime, causing
severe growth defects, but resistance to ceftazidime, because of the loss of the drifgtarget.
more classical example of target modification can been seen in vancoymycin resistance in both

Enterococcus faeciuandStaphylococcus aurewsirrying transposon 546 In these
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isolates, the transposon promotes terminal modification of the peptidoglycan peptide bridge from
D-alanine-D-alanine to D-alaine-D-lactate, greatly reducing the affinity of vancomycin binding
to the dipeptide and allowing peptidoglycan crosslinking to still ocur.
2.3.5 Antibiotic tolerance
Bacterial populations are also able to evade the effects of antibiotics without the
activation or acquisition of traditional resistance determinants. The presesence of an
environmental stressor, e.g. an antibioitic, may trigger wholesale changes to the metabolism of
the cell leading to greatly reduced susceptibility to that str&&3dwough tight regulation of
metabolic activity using mechansisms such as toxin-antitoxin loci, subgroups of bacterial cells
within a population enter a dormant state, effectively rendering them resistant to antimicrobials
that require active transport or metabolic activity to manifest their antimicrobial fuff&tion.
These “persister cells” are able to remain in such a state until the stressor diffuses away from the
population, at which time they reactivate, and resume growth. This mechanism allows resistance
to many forms of antibiotics without necessitating the production of active resistance factors or
selection of mutants with altered antimicrobial tard&8uch populations commonly arise in a
biofilm setting, which already display heightened resistance to certain antimicrobial
compound$®®® The combination of these two lifestyle adaptations produces highly recalcitrant
populations that may prevent clearance of chronic infection without complimentary therapy
using non-traditional compounds to reactivate dormant ells.
2.3.6 Efflux
Efflux is a method of facilitated transport carried out by protein complexes that fall into
one of six currently identified classes based on their protein strdétlinese complexes are

commonly able to recognize more than one substrate, making them a major cause of multidrug
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resistance, especially in Gram-negative organfSms. many of these proteins are not expressed
constitutively, it may be hard to predict the effect these complexes have on in-vivo treatment;
many are tightly regulated to maintain cell homeostasis, and alterations to the control of these
systems can cause drastic changes in resistance. The genes encoding efflux proteins can be both
chromosomal and harbored on plasmids, making it possible for horizontal transmission from one
species to another very easily. As a result, it is possible for one organism to encode multiple
efflux systems, each with different substrate specificity ranges making it highly resistant to many
different classes of antimicrobials.
2.4 Families of efflux systems
2.4.1 Major facilitator (MF) systems

The major facilitator family of efflux pump is the largest known to date, and consists of
monomeric protein complexes that use the proton gradient for transport of suB&frafasse
proteins are characterized by 12-14 membrane spanning loops that form a central pore, allowing
export from the cytoplasm to the periplasm or, in Gram-positive bacteria, extracellular‘filieu.
In Gram-negative organisms, these complexes can work in conjunction with outer membrane
channels and fusion proteins associated with the resistance nodulation cell division family
(RND), and thus form efflux systems that span the entire cell env&t8}rRroteins in this
family may have the widest substrate range and are associated with export and import of sugars,
metabolites, drugs, dyes, inorganic and organic ions and other biochemical pré€ursors.

2.4.2 Small multidrug resistance (SMR) family

Efflux transporters of the SMR protein family are integral membrane proteins that utilize

the proton gradient for efflux of substrates from the cytoplasm to the periplasmi¢%pace.

Currently identified substrates include dyes, quaternary amides, lipophilic c@itiactams,
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cephalosporins and aminoglycosides, but the pumps are also implicated in transport of
compounds needed for chaperon protein reguldfi6tiThese proteins are widely distributed and
found in both Gram-positive and negative bacteria, and crystallographic studies show that they
may act as dimeré? Interestingly, SMR protein EmrE was found to be a major resistance factor
in E. coli despite only transporting compounds as far as the periplasm, from where they were
extruded from the cell by transporters involving Tolt* This illustrates the ability of different
protein families to act synergistically during the efflux process and may be a common
phenomenon in Gram-negative bactéfi&.
2.4.3 ABC transporters

The ATP binding cassette (ABC) superfamily of efflux pumps uses ATP hydrolysis for
transport energization and typically consists of two cytoplasmic domains for ATP binding, and
two intermembrane regions needed for substrate interaction and Exploetfamily is the only
ATP-dependent class of efflux pumps known to date and is found in all kingdoms of life,
although relatively few examples are found among bacteliaGram-negatives, the best
described examples of this family are involved in LPS synthesis and macrolide®xport.

2.4.4 Multidrug and toxic compound exclusion (MATE) family

The MATE family transporter proteins aré/Na’ ion antiporters first described in
Vibrio parahaemolyticus®>® While the substrate specificity is thought to be narrower than that
of other families of efflux proteins, the MATE family is known to be able to extrude a wide
range of structurally dissimilar compounds including fluoroquinolones, aminoglycosides and
some synthetic dye$:>> MATE operons have wide phylogenetic diversity and are found in both
Gram-positive and negative organisms as well as eukaryotes. Recent investigations have

described two human MATE pumps expressed in the liver and kidmeysT E1and 2, thought
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to be necessary for removing toxic substances from the Bbdyrthe membrane transport
protein structure of this protein family is characterized by several transmembrane loops that form
a hydrophobic binding pocket that extends partway across the cell membrane. Binding to the
transport ion (either Neor H') at an adjacent region causes this pocket to collapse and release
the bound substrate into the periplasm, while release of the ion into the cytoplasm allows
interaction with the next molecule of export substrate.
2.4.5 Resistance nodulation cell division (RND) family

The RND family of efflux pumps were first describedgincoli.>” Subsequent study of
these protein complexes over the past two decades has identified a class-specific tripartite nature
consisting of cytoplasmic membrane transporter, a membrane fusion protein and an outer
membrane protein channaf>*This allows the protein complex to span the cell envelope and
provides an efficient system, in conjunction with other transport proteinspve noxious
compounds into the periplasm from the cytd$of.°! The extrusion of substrate through the
efflux complex is thought to bériven by the proton gradient in a “peristaltic” fashion.*¢->%:60:62.63

RND efflux systems are highly conserved across the Gram-negative clade, and are
identified as a vital environmental survival mechanism capable of interacting with a multitude of
noxious compounds in order to maintain cell homeostadikis includes substrates as varied as
antimicrobial compounds, excess products of metabolism, heavy metals and salts.

It has also become apparent in recent years that these pumps may also affect interaction
and persistence wiilha host organist®’ A study investigating the effects of overexpression
of an RND efflux operon iisteria reported massive increases in the amount of Type Il
interferon in mutant-infected host cells, indicative of an altered response to inféction.

Additionally, regulatory networks controlling tmeexEF-oprNoperon inP. aeruginosare
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known to be tightly linked to control of genes necessary for Type 3 secretion, quorum sensing
and biofilm formation suggesting a potential connection between these prd€&88es.
2.5 RND transportersin Burkholderia pseudomallei

Bpis a highly adaptable soil saprophyte and the etiologic agent of melioidosis. As
described in the previous chaptBp infections are difficult to treat and highly virulent, making
the study of the organism imperative from both a public health and biodefense standpoint. The
highly complex and plastic genome also makes the organism an interesting case study in
adaptability. Bp contains as many as 10 putative RND efflux operons, with seven located on
chromosome 1 and the remaining three found on chromosdf@f2hese operons, only three,
bpeAB-oprA, bpeEF-opr&@hdamrAB-oprA have been characterized for their impact on clinical
treatment*"® There has been relatively little investigation into the diverse cell processes
suggested by homology comparisons of thigseperons to other species, including efflux of
environmental metals and secondary metabolites. However, mounting evidence suggests that
these complexes play a large role in development of MDR phenotypes and may influence the
signaling molecules needed for quorum sensing and virulence in certain Stfaifis.

2.6 Efflux linked resistance trendsin Burkholderia pseudomallei

In multiple studies, resistance to co-trimoxazole, aminoglycosides, fluoroquinolones
macrolides, tetracycline and phenicols have been directly linked to the expression of the three
characterized efflux pumpbpeEF-oprC, amrAB-oprAandbpeAB-oprB®">"*"® However, not
all these classes of antimicrobials are utilized during treatment, specifically because of efflux-
mediated resistance phenotypes rendering whole classes of drugs ineffective. For instance, Bp is
naturally resistant to aminoglycosides and macrolides due efflux by AmrAB-OprA and BpeAB-

OprB. "t"#"®Co-trimoxazole, a combination of trimethoprim and sulfamethoxazole, remains the
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first-line, eradication phase treatment for melioidosis despite the ability for BpeEF-OprC to
extrude it from the cell at low levels. This makes this system the most important efflux
determinant from a clinical standpoit*"“Doxycycline and chloramphenicol are similarly
effluxed by BpeEF-OprC and evidence exists that they may induce increased expression of the
pump, thereby further decreasing susceptibility to all other substrates of BpeER20prC.

This may have been first documented in studies showing development of cross resistance
and antagonism in patients administered a multidrug therapy (known as the conventional or
combined regimen) consisting of chloramphenicol, doxycycline and co-trimoxazole with high
rates of treatment failuré:**®! In one study, incidence of side effects caused by this regimen
resulted in almost 40% of participants switching to an alternate method, and it was noted that
non-compliance (possibly due to these side effects) causing treatment duration less than the
recommended 12 weeks caused a five fold increase in réfapeea result, calls for the
removal of both chloramphenicol in 2005, and doxycycline in 2014, as potential therapeutics
were published in an effort to better inform the medical communities of endemic r&ibfts.

These observations have subsequently been reinforced by molecular data showing the ability of
both these drugs to induce expression of BpeEF-OpBT, #s well as our own studiesip.
8384 Taken together, the reliance on BpeEF-OprC substrates for eradication phase therapy, and
subsequent acquired resistance to those substrates, underlines the need for increased
understanding of the pump.

2.6.1 Previous data and research rationale

Previous investigations into BpeEF-Opa€& closely linked to the genetic context of the
operon. ThépeEFoprC operon is located on chromosome Bpfstrain 1026b and is bordered

by a divergently transcribed regulatory gene BP1026b_1IRS20165 encoding a LysR type
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transcriptional regulator, also known as BpeT. Betwsgssilrand the structural pump elements
(BP1026b_IIRS20175 encoding the membrane fusion protein BpeE, BP1026b_1IRS20180
encoding the RND transporter BpeF, and BP1026B_[IRS20185 encoding the outer membrane
channel protein OprC), is a 188 base pair intergenic region and an additioné{gene
(BP1026B_IIRS20170).

The current function of LIpE is unknown but homology comparisons describe it as a
putative lipase/carboxyl esterase enzyme. Whildipliegene is in the same transcriptionaitun
asbpeE bpeFandoprC, LIpE is not required for BpeEF-OprC function. It may be possible that
this gene encodes a protein necessary for modification of substrates of the efflux pump, or
modification ofco-inducer molecules which activate the LysR regulatory proteins needed for
control of the efflux operon. The LysR type regulator encoding bpa&provides some clues
as to the regulation of the pump. This family of protein is wide spread throughout the bacterial
kingdom, and can act as both transcriptional activators and repressors by recruiting RNA
polymerase to the transcriptional start site where the LysR family protein is ot family
is characterized by an N-terminal helix-turn-helix DNA binding domain and a C-terminal co-
inducer and oligomerization domain. This region of the protein serves two functions necessary
for the activity of the complex as a whole: interaction with a stimulatory molecule to activate or
repress transcription of its target operon, and coalescence into active multimers with other LysR-
family binding partner® When this domain is altered, drastic changes in expression of the
target operon can be observed.

Ouir first experience withpeEF-oprCexpression caused by mutations to BpeT came
through experimentation iBp 1026b. A mutant strain lacking baimrAB-oprAandbpeAB-

oprB was exposed to ciprofloxacin in an effort to stigpeEF-oprC Decreased susceptibility to
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substrates of BpeEF-OprC were observed in several isolates over time, and gRT-PCR analysis
showed elevated expression of bpeEF-oprCoperon. Later sequencing lgbeTrevealed an

amino acid substitution at position 280, changing a serine to a proline, and subsequent
introduction of this mutation into Select Agent excluded strain Bp82 confirmed that the mutation
was responsible for constitutive expression of the pump. Other groups besides our own have
observed this trend in naturally occurring isolates as well: whole genome sequencing of paired
isolates during recurrent melioidosis identified a large inversion on chromosome 2 that deleted
the 24 C-terminal amino acids of BpeT and lead to increased MIC values for BpeEF-OprC
substrates’ This highlights the importance of BpeT in control of MDR phenotypes in a clinical
setting. However, despite the apparent ability of BpeT to indpe&F-oprCtranscription, loss

of the gene did not abrogate operon expression in the presence of sub-inhibitory concentrations
of pump substrates. This suggests an additional regulatory factor could be in play. To test this, a
Bp82 strain lackindppeTwas selected on co-trimoxazole until isolates able to overexpress
bpeEF-oprCwere identified through a combination of MIC analysis and gRT-PCR. Whole
genome sequencing of these isolates located mutations to an additional LysR regulator encoding
gene BP1026b_RS13955, located on chromosome 1. BLAST analyses of BpeT and
BP1026B_RS13955 revealed that they share very similar sequences. Overall, the proteins
shared 66% identity. The N-termini of the proteins containing the DNA binding domains, are
90% identical over the first 60 amino acids, indicating that these proteins likely bind to similar
regulatory sequences. Based on the extensive similarity of the two proteins BP1026b_RS13955
was named BpeS. A full summary of the currently identified elements bp#teF-oprC

operon is shown ifig. 2.2. BpeS in the BpeEF-OprC overexpressing mutants was found to

contain two mutations, P28S or K267T. When these mutations were introduced into wild type
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Figure 2.2. The bpeEF-oprC operon and currently identified regulatory factors

The arrangement of BP1026B_1IRS201§%T,BP1026B_1IRS20170|pE,
BP1026B_IIRS2017%peE,BP1026B_I1IRS2018MpeF,and BP1026B_IIRS2018%prC,

is depicted by block letters. The 188 bp intergenic region (IR) betbmgehandlIIpE is

marked with a bracket. Local regulation (red box) is thought to be driven by the BpeT protein
(orange ovals). Distant regulation (blue box) is thought to be driven by the BpeS protein
(black ovals). Theorized interactions (dashed arrows) between both proteins and their
respective co-inducers are believed necessary for these proteins to interact with a putative
binding sequence within the IR. This process promotes expresdipeBF-oprCeading to
increased BpeEF-OprC efflux and decreased susceptibility to pump substrate antibiotic

Bp82, mutants overexpressing BpeEF-OprC were observed, as assessed by gRT-PCR and MIC
analysis of pump substrates. Not only was trimethoprim able to be extruded by the efflux pump,
but sulfamethoxazole susceptibility was greatly reduced,causing resistance to co-trimoxazole.
When these mutations were repaired to wild type, the expression of the pump returned to basal
levels, and the MIC for trimethoprim, sulfamethoxazole emttimoxazole reverted to
susceptible concentrations. Perhaps most significantly, a survey of co-trimoxazole resistant
clinical isolates identified similar mutations within BpeS. The knowledge that mutations to both
BpeS and BpeT are naturally occurring, cause clinical resistance, and complicate treatment
underlines the importance of understanding the role of BpeEF-OBRantibiotic resistance to
clinically significant melioidosis therapeutics.

While the connection between BpeT, BpeS and BpeEF-OprC clearly exists, little is

understood of the interaction between these elements. Regulatory regions necessary for the
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expression of the pump could be a vital link between the LysR type regulatory proteins and
expression of the efflux pump components, but have yet to be identified. The mechanism by
which mutations to either gene alters their structure to promote pump overexpression remains to
be established. There has been no investigation into the cooperativity or interference of BpeT
and BpeS in the context of efflux pump regulation, let alone any connection to the global
transcriptional response Bp. It is also unknown if there are any additional regulatory factors

that influence transcription of thgeEF-oprCoperon in concert with currently identified

regulatory genes.

In an effort to control resistance to eradication phase therapy in melioidosis, the main
mechanism of resistance¢o-trimoxazole must first be understood. The ability to predict the
phenotypic outcome of mutations to the BpeEF-OprC pump, or correlate existing resistance
profiles to overexpression of this pump, could allow clinicians to rapidly modify treatment
methods in an effort to reduce patient morbidity and mortality. Two Study Aims are proposed in
an effort to elucidate the answers to these questions and contribute to this future goal, and are
described in the following section.

2.7 Summary of aims

Aim | Chapter 3

To identify thecis regulatory elements required for expression of the BpeEF-OprC efflux pump.
Hypothesis:

Thecisregulatory elements control bpeEF-oprCtranscription, including BpeT and BpeS

binding sites and promoters for both structural and local regulatory elements are located with the

188 nucleotiddpeT-lIpE-bpeEF-oprantergenic region.
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Aim || Chapter 4

Part |: To characterize the role of BpeT and BpeS in contrbpeEF-oprCoperon expression.
Hypothesis:

Expression of the operon is under the control of BpeT, BpeS and perhaps additional unidentified

factor(s). Mutations in the genes coding for these proteins affect their multimerization, co-

effector binding capability and interaction with DNA binding sites, all leading to changes in

bpeEF-oprCexpression and causing resistance to critical antibiotics used in eradication phase

therapy.

Part I1: To probe the BpeT and BpeS regulon(s) using Next Generation sequencing methods
Hypothesis:

BpeS is a global regulatory protein affecting transcription of operons bégdes-oprCBpeT

is a local regulatory protein only affecting transcriptiopéEF-oprC.

It is our hope that the data presented in the next two chapters will provide insights into
the complex interplay afis andtransregulatory factors controlling drug efflux Bp, ultimately
leading to improvements in antimicrobial administration and stewardship during melioidosis

treatment.
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Chapter 3: Genetic characterization of the bpeEF-oprC operon

Summary

The first aim of this study was to identify this regulatory elements we hypothesized to
exist within the 188 base pdipeT-llpEintergenic region located betwebpeTand thdlpE-
bpeEF-oprCoperon We proposed that these sites govern expression of the BpeEF-OprC efflux
pump through their interaction with BpeT and BpeS. Through a combination of successive 5’
deletion analysis of the intergenic region, fluorescent primer extension and S1 nuclease
protection assays, the putative promoter regions and transcriptional start sites byreiathd
lIpE-bpeEF-oprCwere identified within closely associated regions in the center of the intergenic
region. Binding sites for both BpeT and BpeS were identified at an overlapping region located
between the putative promoter regions, confirming shared regulation of the pump by these
proteins

Introduction

BpeEF-OprC is the only RND efflux pump encodedpycurrently known to have
clinical significance because it extrudes antibiotics that have been or are currently used for
melioidosis therapy.The substrates extruded by the efflux pump include fluoroquinolones,
tetracyclines, folate biosynthesis inhibitors, and chloramphenicol. Two folate biosynthesis
inhibitors targeted by BpeEF-OprC, trimethoprim and sulfamethoxazole (or co-trimoxazole), are
currently used in eradication phase therapy of melioido&ispression of this protein complex
in response to antimicrobial stimuli has been documented on several occasions by our laboratoy,
and may have played a role in the high rates of treatment failure seen in studies evaluating the

so-called “combined regimen”. This therapy consisted of co-trimoxazole, chloramphenicol and
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doxycycline, and was previously used in eradication phase therapy of melididdsigations

to known regulatory factors in control of BpeEF-OprC are capable of causing high level
expression of thbpeEF-oprCefflux operon, subsequently causing decreased susceptibility to
the folate inhibitor cocktail co-trimoxazole (Podnecky and Rhodes, unpublished).

Our original investigations of BpeEF-OprC showed that this pump was not capable of
exporting sulfamethoxazole at basal levels of expression. However, with the overexpression
caused by mutations to one regulatory protein in particular, BpeS, efflux of both trimethoprim
and sulfamethoxazole is observed: the substrate specificity of the pump is effectively broadened
without structural changes to the export channel. This is of great importance based on the fact
that these mutations, although first observed through laboratory manipulation, were also found in
subsets of co-trimoxazole resistant clinical isolates. This proves that these regulatory changes are
naturally occurring and could potentially hinder treatment of melioidosis if not identified in time.
However, these regulatory elements are not well understood.

A complete characterization of the factors governing expressiopedF-oprC bothcis
andtrans, is necessary to understand how mutations to these factors alter resistance phenotypes
of Bp, and thereby impede clinical intervention in cases of melioidosis.

We hypothesize that the 188 base paeTHpE intergenic region contains many, if not all, of

the necessary regulatory regions needed for DNA-protein interaction and gene expression.

that effect, the aims of this study were to identify transcriptional start sites, promoters and
regulatory protein binding regions through molecular methods to assess how mutations to these

factors might influence efflux pump expression.
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3.1 Materialsand methods
3.1.1. General DNA methodology
All genomic DNA extractions were performed using the Qiagen Tissue core kit A
following the manufacturers instructions for Gram-negative bacteria. All plasmid DNA was
extracted using the Sigma (St. Louis, MO) GeneJet Mini-prep kit according to the supplied
protocol for Gram negative bacteria. PCR and cloning techniques were performed using
previously described molecular methdds.All primers utilized in this study are noted in

Tables3.1.A and3.1.B.

Table 3.1.A Cloning primers
INEIE Target Sequenceés’™3’)

2384 bpeE fusion rev GCTCGTCGGAGCGTTCG

2446 2394Hindlll_for AAGCTTCCATTACTCTACCTCCGCGATATTGGC
2447 1934Ncol_rev CCATGGAATCGGTGATCGTCTTCGAC

2483 Hindlll_1 AAGCTTTGAATTGTGTTGCCGGATT

2484 Hindlll_2 AAGCTTCTGCCGGACCCAGAAT

2485 Hindlll_3 AAGCTTCATTTATCCCGATG

2486 Hindlll_4 AAGCTTTGCGATCCATCTCGC

2605 Hindlll_6llpE AAGCTTATGGACGCATTCGATTTCCG

2606 Hindlll_5IlpE AAGCTTGCCGCGCAACACA

2624 HindlIl_7 AAGCTTTGAAGGCGACGCAGC

2625 Hindlll_8 AAGCTTGATATTGGCACCCCGAAC

2626 Kpnl_bpelev GGTACCAATCGGTGATCGTCTTCGAC

2651 bpeTindlll_6 AAGCTTATGGACCGGCTGCAAGCCAT

2652 bpeTindlll_5 AAGCTTCGTCGGCTGCGTCGCCTTC

2653 bpeTindlll_4 AAGCTTGCCAATATCGCGGAGGTAGAGTAATG
2654 bpeTindlll_3 AAGCTTCGGAAATCGAATGCGTCCAT

2655 bpeTindlll_2 AAGCTTATTCTGGGTCCGGCAG

2656 bpeTindlll_1 AAGCTTAATCCGGCAACACAATTCACG

2657 bpeT Kpnlrev GGTACCGTAGCGTGAGTGGAATTCGC

2536 NdelbpeT pet21b CGGAGGTAGACaAtATGGACCGGCTGCAAGC
2537 Hindlll_pet21tbpeT CTGCGCGACTAAaagcttATACGCCACCCACTC
2849 pET21b bpeSEcoR1 | gaattcCGCGCCACCTGCC

2850 pET21b bpeS Ndel calATGGACCGCATTCAGGCAATGG

2871 bpes for ATGGACCGCATTCAGGCAATGGAAGTCTTC

'Restriction enzyme cleaveage sites are underlined, mutagenized bases indicated by
lower case letters.
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Table 3.1.B Detection primers

Sequence 5°> 3’

Oligonucleotidesfor detecting Mini-Tn7 insertions

479 TN7L ATTAGCTTACGACGCTACACCC
1509 BPGLMS1 GAGGAGTGGGCGTCGAT@AC

1510 BPGLMS2 ACACGACGCAAGAGCGGAATC
1511 BPGLMS3 CGGACAGGTTCGCGCCATGC

pPEX system associated primers

2213 FK.chk.rev AGCGCTCTGAAGTTCCTATACTTTCT
536 oriT-UP TCCGCTGCATAACCCTGATC

537 oriT-DN CAGCCTCGCAGAGCAGATTC

1790 dbpeTfor ATGGACCGGCTGCAAGCCAT

1791 dbpeTrev CGACGCATCGCGATGGAAAC

1726 oprB-Rev CTCTGGATGGCCTTCTCGTA

1729 bpeAFor GTACGAGCGCCTATCTGAC
Oligonucleotides used for promoter and binding site mapping

2474 6FAM_lIpErev I6FAM/GTAGCCGCCGATCACGAGT
2475 STAMLPPETIEY | J6FAMITCTGAATGATCGTCGTCACC
2394 ingn 2F TCCATTACTCTACCTCCGCGATATTGGC
2476 lIpErev_S1 GTAGCCGCCGATCACGAGT

2956 2394 hex {I_S(IB-ICEE:(/ TCCATTACTCTACCTCCGCGATAT
2627 llpePE2_rev I6FAM/CGCCGCCGTGGAAATAAAG
2923 IR_rev CATTGCGAGATGGATCGCATTCTGG
2928 2483 no Hindlll TGAATTGTGTTGCCGGATT

2929 2484 no Hindlll CTGCCGGACCCAGAAT

2930 2485 no Hindlll CATTTATCCCGATGTCTQACC

2931 2486 no Hindlll TGCGATCCATCTCGC

2932 2605 no Hindlll ATGGACGCATTCGATTTACG

2933 2606 No Hindlll GCCGCGCAACACACGT

2934 2625 no Hindlll TGAAGGCGACGCAGC

2935 2626 no Hindlll GATATTGGCACCCCRAC

2936 2651 no Hindlll ATGGACCGGCTGCAAGC@AT

2937 2652 no Hindlll CGTCGGCTGCGTCGCCTTC

2938 2653 no Hindlll GCCAATATCGCGGAGGTAGAGTAATG
2939 2654 no Hindlll CGGAAATCGAATGCGTCAAT

2940 2655 no Hindlll ATTCTGGGTCCGGCAG

2941 2656 no Hindlll AATCCGGCAACACAATTCACG

2942 2657 no kpnl GTAGCGTGAGTGGAATTGSC

*/6FAM/ indicates 5’ linkage to Fluoroscein, /SHEX/ indicates 5’ linkage to

hexachlorofluorscein
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3.1.2 Plasmids and bacterial strains

E. coli andB. pseudomallestrains were grown in Lennox- LB broth or agar
supplemented with the appropriate antibiotic for plasmid maintenance at 37°C unless otherwise
statedE. coliRHOS strains used for conjugation were grown in media containing 400 pg/mi
diaminopimelic acid (DAP) unless undergoing counter selectiorB AlseudomalleBp82
derivatives were grown in Lennox LB media containing the appropriate antibiotic and
supplemented with adenine to a final concentration of 80 pd/ulid cultures were shaken at
250 RPM. All plasmids constructed in this study are listébaiole 3.1.C. All E.coli strains
used or in the study are listedTiable 3.1.D. E. colistrains carrying plasmids were selected
with 100 pg/ml ampicillin, 35 pg/ml kanamycin, 15 pg/ml gentamicin or 25 pg/ml zeociB. For
pseudomalleiAmrA™ B*-OprA® strains were grown in media containing 1000 pg/ml
kanamycin, 500 pg/ml gentamicin or 2000 pg/ml zeocin. Strains laekmgB-oprAwere
cultivated in 35 pg/ml kanamycin, 15 pg/ml gentamicin, or 35 pg/ml zeld@thods used to
perform gene deletions or complementation described in later sections of this chapter. All
procedures with viruler. pseudomallestrains were performed in select agent approved
biosafety level 3 (BSL-3) facilities at Colorado State University, or the University of Florida
using approved select-agent-compliant procedures and protocols. Experiments with select agent
excluded strain Bp82 and its derivatives were performed at BSL-2 with Institutional Biosafety

Committee approval.
Table 3.1.C. Plasmids

Name | Relevant properties Source
pPS2234 | pTNS3, transposition helper plasmid expressirgBCD from 8
P1 andPjsc
rhaB-rhaS-rhaRFLPeKm-rep(Ts)eriT, plasmid encodin@p 8
pFLPe3 ) s
recombinase, temperature sensitive, Km
pFLPe2 rhaB-rhaS-rhaRFLPeKm-rep(Ts)eriT, plasmid encodin@p 8
recombinase, temperature sensitive,'’Zeo
pPS2594 | pEXGMDS5, dual counter-selectable allelic exchange suicide | B. Kvitko,
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vector, Gm unpublished
pPS2412 | pGEM-T Easy with A(bpeAB-oprB::FRT-nptll- o5
FRTrecombinant DNA fragment
pPS2899 | pEXGm5A(bpeABoprB)::FRTKm, pPS2594 with EcoRl This study
fragment from pPS241Rm'
pPS2833 | pEXKm5-A(amrABoprA) 8
PPS2571 | EXKms:AbpeT:FRT-ble-FRT, T. Mima,
unpublished
pPS3189 N.
PEXKmMS5 bpe$ass Podnecky
unpublished
pPS3190 N.
PEXKmM5 bpeSos7t Podnecky
unpublished
El)'(éi\)/l/ Ap', TA cloning vector hpﬂgg?seognaWI
pPS3011 | pGEM-TEasy withbpeFE IR 5’ deletion fragment amplified With.l_hiS study
primers 2483 and 244488
pPS3012 | pGEM-TEasy withbpeE’ IR 5° deletion fragment amplified with This Study
primers 2484 and 244A&126
pPS3013 | pGEM-TEasy withbpeE IR 5’ deletion fragment amplified This Study
with primers 2485 and 244&112
pPS3014 | pGEM-TEasy withbpeE IR 5’ deletion fragment amplified This Study
with primers 2486 and 244&142
pPS3116 | pGEM-TEasy wittbpeE IR 5’ deletion fragment amplified This Study
with primers 2605 and 2626188
pPS3119 | pGEM-TEasy with bpeE IR 5’ deletion fragment This Study
amplified with primers 2625 and 26261 5
pPS3120 | pGEM-TEasy withbpeE IR deletion fragment amplified This Study
with primers 2484 and 2626126
pPS3131 | pGEM-TEasy withbpeT IR 5’ deletion fragment amplifiec This Study
with' primers 2651 and 265Z&188
pPS3132 | pGEM-TEasy with bpeT IR 5' deletion fragment This Study
amplified with primers 2652 and 2657, A115
pPS3133 | pGEM-TEasy withbpeT* IR 5' deletion fragment This Study
amplified with primers 2653 and 2652165
pPS3134 | pGEM-TEasy withbpeT* IR 5' fragment amplified with This Study
primers 2654 and 2657, +19
pPS3136 | pGEM-TEasy withbpeT* IR 5 deletion fragment amplified This Study
with primers 2656 and 265A82
pTZ120 Medium copy transcriptional fusion vector with promoter-les
10
lacZ, CH
pPS2963 | pTZ120 with full length 1300 bp IRpeE fusion, This Study
PS3035 | pTZ120 withHindIll/Ncd IR-lIpE/bpeE fragment from .
P EP83011,A88 PEPPEE TS This Study
pPS3036 | pTZ120 withHindllI/Ncd IR-lIpE/bpeE fragment from This Study
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pPS3012 A126

PS3037 | pTZ120 withHindlll/ Ncd IR-llpE/bpeE fragment from .
i BP53013A112 PR ) This Study
PS3079 | pTZ120 withHindlll/ Ncd IR-llpE/bpeE fragment from .
i EPS3014, A142 PEPPEE T This Study
pPS1453 | pUC18-miniTn7T-Gm-lacZ, miniTn7 transposon with 11
promoter-lacZ MCS transcriptional fusion, Gm
pPS2976 | pPS1453 with full lengthbpeTFlIpE-bpe’ IR fragment amplified
with primers 2446 and 2447, (mini-Tn@R+bpe -lacZ entire This study
IR)
pPS3070 | pPS1453 wittHindlll/ Dralll IR fragment from pPS3036, (mir “This Study
Tn7T-Gm-bpeE-lacZIR 5° A126)
pPS3081 | pPS1453 wittHindlll/ Dralll IR fragment from pPS3035, (mir This Study
Tn7T-Gm-bpeE-lacZ IR 5’A88)
pPS3082 | pPS1453 wittHindlll/ Dralll IR fragment from pPS3037, (mir “This Study
Tn7T-Gm-bpeE-lacZIR 5°, A112)
pPS3083 | pPS1453 wittHindlll/ Dralll IR fragment of pPS3079, This Study
(mini-Tn7T-Gm-bpeE-lacZ IR 5’°A142)
pPS3121 | pPS1453 wittHindlll/ Kpnl IR fragment from pPS3120 (mini- This Study
Tn7T-Gm-bpeE-lacZIR 5° A126)
pPS3122 | pPS1453 witiHindIll/ Kpnl IR fragment from pPS3116 (mini This Study
Tn7T-GmbpeE-lacZ IR 5°A188)
pPS3138 | pPS1453 wittHindIll/ Kpnl IR fragment amplified with prime This Study
2626 and 2624, (minin7T-Gm-bpeE-lacZ IR 5’°A53)
pPS3139 | pPS1453 wittHindIll/ Kpnl IR fragment from pPS3119, This Study
(Mini-Tn7T-Gm-bpeE-lacZ IR 5°A15)
pPS3146 | pPS1453 wittHindlll/ Kpnl IR fragment from pPS3131, (mini- This Study
Tn7T-Gm-bpeT-lacZIR 5'A188)
pPS3147 | pPS1453 wittHindIll/ Kpnl IR fragment from pPS3132, (min This Study
Tn7T-Gm bpeT- lacZIR 5'A115)
pPS3148 | pPS1453 witlHindIll/ Kpnl IR fragment from from pPS3133, This Study
(mini-Tn7T-Gm-bpeT-lacZ IR 5'A165)
pPS3149 | pPS1453 wittHindlll/ Kpnl IR fragment from pPS3134, This Study
(mini-Tn7T-Gm-bpeT-lacZ IR 5'A +19)
pPS3150 | pPS1453 wittHindlll/ Kpnl IR fragment from pPS3136, (minit This Study
Tn7T-Gm-bpeT-lacZ IR 5'A82)
pPS3258 | pGEM-TEasy withbpe$.gsamplified from pPS3189 with This Study
primers 2849 and 2850
pPS3259 | pGEM-TEasy withbpeSamplified with primers 2849 and 285( This Study
pPS3260 | pGEM-TEasy withbpeSzszramplified from pPS3190 with This Study
primers 2849 and 2850.
pPET-21b | C-Terminal Hexahistidine fusion vector, IPTG inducible T7 | Millipore
promoter system, Ap
pPS3069 | pET-21bbpeT,pET-21b withbpeTamplified with primers 2536 This study
and 2537
pPS3253 | pET-21bbpeTs,sop PET21b withbpeTamplified from Bp82.270 This Study
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using primers 2536 and 2537,

pPS3265 | pET-21bbpeS pET-21b withNdel/EcoRwild-type bpeS This Study
fragment from pPS3259
pPS3266 | pET-21bbpeSzesrt PET21-b with Ndel/EcoR1 bpe&srt This Study

fragment from pPS3260
pPS3276 | pET-21b withNdd/EcoR1 bpe$.ssfragment from pPS3258 This Study

Table 3.1.D Escherichia coli strains utilized in this study

Genotype/Description

Subcloning strain, genotype: F
®d80lacZAM 15 A(lacZYA-argF)

DH>a U169recAl endAl hscdR17 (i, 12
m¢") phoAsupE44thi-1 gyrA96 relAl A
Subcloning strain, K12 derivative, genotype
NEBSq fhud2 AfargF-lacZ)U169 phod glnV44 ®80 g'i‘f)‘;‘;s:g'a”d
A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 IpSWiCh’MA
hsdR17
E. coliT7 lysogen lacking.on and @np
proteases, protein expression strain. Genot] New England
BL21(DE3) fhuA?2 [lon] ompT gal (A DE3) [dem] AhsdS | Biolabs,

A DE3 = A sBamHlo AEcoRI-B Ipswich MA
int:lacl::PlacUV5::T7 genel) i21 Anin5
BL21(DE3) harboring CMtRNA codon
plasmids forargU (AGA AGG) andproC Agilent, inc.
(CCO)

Conjugation donor strain, SM10 Aasd:FRT-
AaphA::FRT diaminopimelic acid auxotroph

BI21(DE3)-RP
(codonplus)

RHO3

3.1.3 Genedeletion
All chromosomal gene deletions were performed using the pEX allelic exchange system
designed by previous members of the Schweizer laboratéuicide vectors were transformed
into RHOS cells and selected on LB media containing 400 pg/ml Diaminopimelic acid (DAP).
Recipient and donor parent strains were cultured overnight, then centrifuged and washed with
either 10 mM MgS@or cold water. 50 ul each of parent were mixed together in an Eppendorf
tube before the whole volume was spotted onto LB agar containing 400 pug/ml DAP and 80

pHg/ml adenine as well as the appropriate antibiotic. 50 pl of each parent strain were spotted as
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controls and then incubated 24 h at 37° C. Cells were harvested and washed in fresh media
before being plated on LB agar with 80 pg/ml adenine and 50 pg/ml X-gluc (5-bromo-4-chloro-
3-indolyl-B-D-glucuronic acid) with appropriate antibiotics, but lacking DAP. This allowed for
counter-selection against RHO3, and selection of exconjiBya#eudomallecolonies. Plates
were incubated again at 37°C until blue merodiploids colonies became visible. Merodiploids
were patched onto the same media and allowed 24h of growth at 37°C before being struck for
isolation on Yeast-tryptone media containing 15% sucrose and the appropriate antibiotic. Plates
were incubated at 37°C until white colonies were visible. These were patched for further testing
by phenotypic analysis and PCR confirmation.

In instances where the deletion was more difficult to obtain, 8eehoming
endonuclease functions of the pEX system were utifiZzrigfly, the pEX allelic exchange
procedure was followed to up to the isolation of merodiploid cells. At this point, individual
merodiploids were cultivated overnight in LB containing the appropriate antibiotic. One ml of
culture was pelleted, and cells were washed with 300 mM sucrose before being electroporated
with 100 ng of pBADSce. Cells were recovered in LB containing 80 pg/ml adenine and plated
on YT+ surcrose + 80 pg/ml adenine + 0.1% arabinose and the appropriate antibiotic. Plates
were incubated for 24-72 h at 30°C until white clones were visible. Individual colonies were
struck for isolation on YT Suc Ade 80 and incubated at 42°C to cure fBADCIones were
patched on the same media and allowed to grow at 37°C for 24 h before boiling lysis was used to
isolate crude DNA samples for PCR screening. Following these procedures, all strains lacking
bpeTwere created by conjugation of RHO3 containingplh¥KMS5 AbpeT pPS2571)Table
3.1.C) construct into various Bp82 strainkaple 3.1.E). Loss ofbpeTwas confirmed by PCR in

comparison to merodiploid and wild type controls with primers 1790 and T&®1e3.1.B) and

88



amplicon sequencing. Strains lackimgeAB-oprBwrereconstructed in the same manner using

pPS2899 and primers 1726, 1729, and 2213. Removal of antibiotic markers is described in the

next section.

Table 3.1.E Burkholderia pseudomallel Strains Utilized in This Study

Number Description Source
1026b Burkholderia pseudomalleiinical strain, isolated from NCBI
blood sample of infected Thai patient in 1993 Biosample
Bp282 1026b A(amrAB-oprAA(bpeAB-oprB) bpedsos T. Mima,
b constitutively expresses BpeEF-OprC unpublished
Bp82 Bp1026b ApurM select agent excluded strain 9
B. Kvitko,
Bp82.27 Bp82A(amrAB-oprA) unpublished
Bp82.57 Bp82.27A(bpeAB-oprB This study
Bp82 bpeS bpeT Mutant Strains
Bp82.87 Bp82.57AbpeT This study
N. Podnecky,
Bp82.253 Bp82 AbpeT unpublished
N. Podnecky,
Bp82.264 Bp82 AbpeS unpublished
N. Podnecky,
Bp82270 Bp82bpenggop unpublished
N. Podnecky,
Bp82.284 Bp82bpe$.ss unpublished
N. Podnecky,
Bp82285 Bp82bpe$(267T unpublished
Bp82.286 Bp82.264 AbpeT This study
Bp82.292 Bp82.284 AbpeT This Study
Bp82.317 Bp82.285 AbpeT This Study
Bp1026b Expression Strains
Bp769 Bp282::pPS1453 (mini-TAT-Gmlac?) This Study
Bp770 Bp282::pPS2976 (minM7T-Gm-bpeE-lacZ entire IR) This Study
Bp771 Bp282::pPS3081 (minM7T-Gm-bpeE-lacZIR 5°A88) This Study
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Bp772 Bp282::pPS3070 (Min7T-Gm-bpeE-lacZIR 5° A126) This Study
Bp773 Bp282::pPS3082(minM7T-Gm-bpeE-lacZ IR 5°A112) This Study
Bp774 Bp282::pPS3083(minM7T-Gm-bpeE-lacZ IR 5°A142) This Study
Bp816 Bp282::pPS3122 (MinM7T-Gm-bpeE-lacZIR 5’°A188) This Study
Bp817 Bp282::pPS3121 (min7T-Gm-bpeE-lacZIR 5°A126) This Study
Bp825 Bp282::pPS3138 (MinM7T-Gm-bpeE-lacZIR 5°A53) This Study
Bp826 Bp282::pPS3139 (minM7T-Gm-bpeE-lacZIR 5°Al5) This Study
Bp831 Bp282::pPS3147 ( min7T-Gm- bpeT- lacZIR 5'A115) | This Study
Bp832 Bp282::pPS3148 (MinM7T-Gm- bpeT- lacZ IR 5'A165) | This Study
Bp833 Bp282::pPS3149 (minM7T-Gm-bpeT-lacZ IR 5'A +19) This Study
Bp834 Bp282::pPS3150 (MinM7T-GmbpeT-lacZIR 5'A82) This Study
Bp836 Bp282::pPS3146 (min7T-Gm-bpeT-lacZ IR 5'A188) This Study
Bp82.329 82.284::pPS1453 (minkn7T-GmlacZ empty) This Study
Bp82 Expression Strains
Bp82.330 82.284::pPS2976(minin7T-Gm-bpeE-lacZ entire IR) This Study
Bp82.331 82.284::pPS3081(minim7T-Gm-bpeE-lacZ IR 5’A88) This Study
Bp82.332 82.284::pPS3083(minin7T-Gm-bpeE-lacZ IR 5°A142) This Study
Bp82.333 82.284::pPS3121(minim7T-Gm-bpeE-lacZ 1R 5’ A126) This Study
Bp82.334 82.284::pPS3122 (minkn7T-Gm-bpeE-lacZ IR 5’°A188) This Study
Bp82.335 82.284::pPS3146 (minin7T-Gm-bpeT-lacZ IR 5'A188) This study
Bp82.336 82.284::pPS3147( minin7T-Gm-bpeT-lacZ IR 5'A115) This Study
Bp82.337 82.284::pPS3148 (minin7T-Gm-bpeT-lacZ IR 5'A165) This Study
Bp82.338 82.284::pPS3149 (minin7T-Gm-bpeT-lacZ IR 5' +19) This Study
Bp82.339 Bp82.285::pPS1453(minin7T-Gm-lac?) This Study
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Bp82.340 Bp82.285::pPS2976(minin7T-Gm-bpeE-lacZ entire IR) | This Study
Bp82.341 Bp82.285::pPS3081(minin7T-Gm-bpeE-lacZ IR 5°A88) | This Study
Bp82.342 Bp82.285::pPS3082(minin7T-Gm-bpeE-lacZ A112) This Study
Bp82.343 Bp82.285::pPS3083(minin7T-Gm-bpeE-lacZ IR 5’°A142) | This Study
Bp82.344 Bp82.285::pPS3121(minin7T-Gm-bpeE-lacZIR 5° A126) | This Study
Bp82.345 Bp82.285::pPS3122 (mifin7T-GmbpeE-lacZ IR 5’°A188) | This Study
Bp82.346 Bp82.285::pPS3146 (minin7/T-Gm-bpeT-lacZIR 5'A188) | This Study
Bp82.347 Bp82.285::pPS3147( midin7T-Gm-bpeT-lacZIR 5'A115) | This Study
Bp82.348 Bp82.285::pPS3148 (Minin7T-GmbpeT-lacZIR 5'A165) | This Study
Bp82.349 ffS)Z.ZSS::pPSBMg (mifn7T-Gm-bpeT-lacZ IR 5'A This Study
Bp82.350 Bp82.285::pPS3150 (midin7T-Gm-bpeT-lacZIR 5'A82) | This Study
Bp82.351 i?fzz).284::pPS3082 (mifin7T-Gm-bpeE-lacZIR 5’ This Study

Flp recombinase targdtRT) flanked antibiotic resistance genes were removed from the
chromosome using the pFLP system developed by previous members of the Schw@izer lab.

One ml of overnight cultures was prepared for electroporation by washing with 300 mM sucrose.

cells and electroporation was performed as previously described. The cells were recovered for 1
h in LB broth with 80 pug/ml adenine before being plated on LB + adenine agar with 35 or 1000
pHg/ml kanamycin, and 0.2% rhamnose to induce Flp recombinase gene expression, then
incubated at 37°C. Colonies were later struck for isolation on media lacking rhamnose, and

incubated at 42°C for 72 h. The resulting colonies were patched on media containing no

3.1.4 Marker removal using the FIp-FRT system
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antibiotic, kanamycin at the selective concentration for the respective strain, or only the selective




concentration of zeocin. Clones that did not grow on either antibiotic were considered
markerless, and were frozen at -80°C in LB medium containing 20% glycerol for further
analysis. An similar scheme utilizing zeocin selection was executed using pHALa#23.1.C)
to removeFRT flanked kanamycin genes.
3.1.5 Construction of pUC18-mini-Tn7T-lacZ reporter fusion plasmids

Fragments of varying sizes of thpeT-llpEintergenic region were amplified by PCR
using primers listed ifable 3.1.A. These amplicons were TA cloned into pGEM-TEasy and
sequenced. The inserts were excisetiioygllll andKpnl digestion and ligated into either
pTZ120 or pUC18T-miniFn7T-Gm-lacZ (Table 3.1.C) digested with the same enzymes.
pTZ120 vectors were then digested wittalll and Hindlll and the resulting fragments were
ligated between thBralll and Hindlll sites of pUC18T-mini-Tn7TGm-lacZ. After confirming
the presence of the correct sequences, the TnirilacZ vectors containing either the 5° deletion
fragments, or the wild-type intergenic region (WT-IR) and the mmi-HacZ empty vector
control were introduced into either virulent Bp282, or excluded strainspBp®2 Bp8Zas71 by
electroporation along with helper plasmid pTNS3. Transformants were selected on LB-Lennox
with or without 80 pg/ml adenine and 15 pg/ml (efflux deficient) or 500 p@tm(efflux
proficient), and 50 pg/ml of X-Gal. Transformants that appeared gentamicin resistant and blue
contained the miniFn7-lacZ element inserted at one of thigiemS associateattTn7 sites.
Insertion at these sites was verified by PCR with primers 479, 1509, 1510 and 1511 as described
previously™* Only isolates with a singlgimSinsertion were utilized in further studieBaple

3.LE).
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3.1.6 p-galactosidase transcriptional activity assay for start site analysis
The use of B-galactosidase to identify promoter regions was first described by Miller and
was adapted for use wiBp.”*** 1026b or Bp82 cells harboring the mini-ThaitZ fused to a 5’
segment of the thipE-bpeEF-oprCoperon or an empty vector control were cultured overnight.
These cultures were then diluted 1:100 in fresh LB with or without adenineQB®gg of 0.6-
0.8. Fifty-100 pl of cells were then pelleted and resuspended in Z buffer (60 atiPQa
*7H,0, 40 mM NaHPQ@+H,0, 10 mM KCI, 1 mM MgSQ@+ 7H,0) and 0.3% B-
mercaptoethanol. Cells were lysed by the addition of chloroform and SDS to a final
concentration of 2% and 0.2%, respectively, and vortexed for 30 s. 200 pl of 4ang/ml
nitrophenylf-D-galactopyranoside (ONPG) was added at time zero. The reaction was allowed to
continue until a uniform yellow color was observed, then was stdpp#te addition of 250 pl
of 1 M N&CQO; and the time was recorded. The absorbance at 470 nm was then measured for
each sample-galactosidase activity in Miller units was determined using the formula: 1000 x
Aszonnd T X V X Asoo nm Where T=time and V= volume of cell culture assayed. The transcr-
iptional activity of each sample was normalized to the baseline activity produced by both the
background strain and again by the B-galactosidase activity produced by the strain harboring an
empty miniTn7-lacZ element. Onevay ANOVA with Dunnet’s post test were performed for
each sample against the full length control using GraphPad Prism V6 to identify significant loss
of transcriptional activity.
3.1.7 RNA extraction
Overnight cultures of the strains of interest were used to subculture fresh media at a
dilution of 1:100. Cultures were incubated at 37°C with shaking at 250 RPM until they reached

an ODynm =0.6-0.8. RNA extraction was carried out using the RNeasy RNA protect mini kit
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(Qiagen, Germantown, MD) following manufacturers guidelines, with the addition of a 10 min
room temperature incubation with 3 mg/ml lysozyme and vortexing. Samples were recovered in
30 pl of sterile, RNase-free water, quantified and stored at -80°C until further use.
3.1.8 Fluorescent primer extension

The procedure for fluorescently linked oligo extension was adapted from Hirakawa et al,
in studies oRhodopseudomonas palusttis® Briefly, total RNA was extracted from 1 ml of log
phase cells using the RNeasy RNA protect mini kit as described above. Up to 10 pg of RNA was
treated with DNasel (Invitroge Carlsbad, CA) following the manufacturer’s protocol. An
HPLC purified 6-FAM labeled reverse primer (2627, 2475 or 2T4d|e 3.1.B) was added to a
final concentration of 10 pg, and the mixture was hybridized at 58°C for 20 min. cDNA was
generated from the hybridized mixturg Superscript Il (Invitrogen, Carlsbad, CA) omitting
random hexamers, followed by RNase H (Invitrogen, Carlsbad, CA) treatment to remove
RNA/rRNA. Samples were purified on a PCR clean up column (Zymo Research, Irvine, CA),
and concentrations were assessed via absorption at 260 nm on a Nano-drop (Thermo Scientific,
Waltham, MA). Sample analysis was conducted at the Colorado State University proteomics
and metabalomics facility on an ABI-3130x| genetic analyzer by capillary gel electrophoresis
using a Liz-120 sizing standard (ABI, Waltham, MA). Later replicates were completed at the
Univeristy of Florida ICBR genotyping core, on an ABI 3730XI against a Liz600 standard. Peak
analysis was performed using ABI Peakscanner software V.2.0 (ABI, Waltham, MA).

3.1.9 S1 Nuclease protection assay

S1 nuclease protection assays were adapted from protocols found in Hirakawa’s

investigations oRhodpseudomonaspecies>*® To identify putative transcript start sites for

bothbpeTand thellpe-bpeEFoprC operon, three probes were PCR amplified with a
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fluoresently tagged oligo in the 5’ sense (Table 3.1.B). Oligos 2474, 2475, 2627 and 2656 were
designed to bind within eithdpE or bpeT,and used in combination with an untagged forward
primer binding 200-400 base pairs upstream (primers 2394 or 2476). The size of the probe was
confirmed by gel electrophoresis, and amplicons were purified using the Zymo Clean and
Concentrate kit (Irvine, CA). The purified probes were then diluted to a working concentration of
0.02 picomoles paqul. Five to 10 pg of total RNA from Bp82 mutants expressing either
BpeTs2sor OF BpeSosrtr2sswas warmed to 55°C with 2x RNA hybridization buffer (38mM
HEPES-pH 7.4, 300mM NaCl, 1ImM EDTA ,0.01% Triton X-100) in a total volume of 45ul. A
total of 100 nMoles of fluorescent probe was denatured at 95°C for 10 min before being
guenched on ice, and then added to the pre-warmed total RNA hybridization buffer sample. This
mixture was incubated at 55°C for 16-20 h before the addition of 10x S1 nuclease buffer, 100
units of S1 nuclease (Thermo Scientific, Waltham, MA) and water to a total volume pf.400
The S1 nuclease digestion was incubated at 37 °C for an additional 30 min before the samples
were purified by by PCR purification column (Zymo Research, Irvine, CA), and eluted in 12 ul
of TE buffer. All incubation steps occurred in the dark to preserve probe fluorescence. Samples
were submitted to the University of Florida genotyping core for fragment analyarsAI
3137 x| Biotyper in comparison to a LIZ or ROX 600 standard. Subsequent electropherograms
were analyzed with ABI Peak Scanner software V.2.0 to identify changes in fragment size.
3.1.10 Protein expression and purification

ThebpeTor bpeScoding sequences were PCR amplified from genomic DNA of Bp82,
Bp82.270 or plasmids pPS3189 or 3190 using primer pairs 2536 and 2537 or 2849 and 2850
listed inTable4.1.A. The 3’ primers were designed to remove the stop codon of each gene and

form in-frame hexahistidine fusions lbpeTor bpeSwhen cloned into pET-21b. Amplicons
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consisting of the ~1 kbpeTor bpeSregion were purified from a 1% agarose gel using a
GenElute kit (Sigma Aldrich, St. Louis, MO) and later TA cloned into pGEM-TEasy (Promega,
Madison, WI) following the manufacturers protocol. TpeTconstructs were immediately
confirmed by DNA sequencing, then ligated with T4 DNA ligase (Invitrogen, Waltham, MA)
into dephosphorylated pET-21b digested Withdlll+Ndd to create plasmids pPS3069 and
pPS3253Table4.1.D). ThebpeSfragments were sub-cloned into pGEM-TE&sygreate
plasmids pPS3258-pPS3250. Insertions were confirmétttigl andHindlll+Ndd digestion
and DNA sequencing to confirm the mutation of the stop codon. ThebgH&ragment was
excised from pGEM-TEasy dycoRI1+Ndd digest and ligated with T4 DNA ligase into the
dephosphorylateNdel+EcaR1 digested pET21b fragment. Ligation reactions were incubated at
14°C overnight, then transformed into chemically competent DH5a. or NEBS5a cells. After
transformant recovery and confirmation by DNA sequencing, correct constructs were
transformed into strain BL21(DE3) or BL21(DES3)-RP cells to identify high expression clones.
Briefly, freshly transformed clones were picked from LB + 100 pg/ml amp plates and
inoculated into 5 ml of LB broth with 100 pg/ml ampicillin or 100 pg/ml amp + 34 pug/ml
chloramphenicol for BL21(DE3) or BL21(DE3)-RP expression strains, respectively. Cultures
were incubated to Ok nm= 0.6 before being split into two tubes. IsopropyD-
galactopyranoside (IPTG) was added to a final concentration of 1 mM to one sample of each
pair, and all were replaced in the 37°C shaking incubator. Cells were incubated for a further 1-2
h before being pelleted and re-suspended in 10 ul of sterile water. 2x Laemmli buffer (4% SDS,
20% glycerol, 120 mM Tris-HCL pH6.8, 0.02% bromophenol blue) with 0.5% beta-
mercaptoethanol was added to 1x final concentration. Each sample was boiled for 10 min before

8 1 samples were loaded onto a 1% SDS-PAGE gel, and run for approximately 1h at 120-130V.
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Clones that produced the highest levels of the 35-37 kD BpeT or BpeS proteins in induced
samples were grown for storage as protein expression clones.

Protein purification was scaled to 150-500 ml cultures using these isolates. All samples
were induced by the addition of 1 mM to 5 mM IPTG starting ad@in=0.8-1.0 for up to 4 h
or an OD of 1.5-2.0. Cells were harvested and proteins were extracted using an adapted protocol
first developed elsewheféCell pellets underwent one freeze-thaw before being resuspended
in PCL buffer (8 mM NaHPO,, 286 mM NacCl, 1.4 mM KEPO,, 2.6 mM KCI, 1% SDS and
0.1% Sarkosyl) and incubated at RT for 30 min. Lysates were then sonicated at 30% amplitude
with 1-2 second pulses RIT with care to prevent foaming. Sonication-cleared lysates were then
either placed at 4°C overnight, or cidlin an ice bath for 2-h to “cold-crash” the SDS present
in buffer PCL. The lysates were then re-pelleted, and the cleared lysate was applied to a column
packed with Ni NTA (ThermoFisher, Waltham, MA) slurry and equilibrated with 10 bed
volumes of buffer PCW (PCL without SDS). Flow-through was collected and the column was
washed with 10-15 bed volumes of PCW with 10 mM imidiazole. BpeS or BpeT was eluted off
the column in fractions of PCW + 40-100 mM imidazole. These fractions were analyzed by
SDS-PAGE. Fractions with the highest concentrations of the proteins of interest were
combined,and dialyzed against 175 mM Tris-HCL pH 7.2 or PBS ( 137 mM NaCl, 2.7 mM KCl,
8 mM NgHPQO, and 2 mM KHPOypH 7.4) overnight at 4°C with multiple buffer changes.
Protein sample concentrations were measured using a BCA assay Kit (Thermo-Pierce, Rockford,
IL) and averaged a concentration of 1-2 mg/ml. Glycerol was added to samples to a final

concentration of 20% and samples were stored at -80°C until further use.
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3.1.11 Electrophoretic mobility shift assays

Electrophoretic mobility shift assay (EMSA) was used to assess binding of BpeT and
BpeS to sites within thiepeT-lIpEintergenic region. In an effort to avoid the use of radioactivity
for probe visualization, a fluorescent staining method was utilized. Probe segments of the
intergenic region were PCR amplified, both full length or from varying regions within the
putative promoter sequences (primers 2394, 2476, 2923-288% 3.1.A). These were excised
and purified from a 1% agarose gel using a Gen-Elute kit (Sigma-Aldirch, St. Louis, MO)
following the manufacturers protocol.

2x binding buffer (375 mM KCI, 100 mM Tris pH 8.5, 10 mM DTT, 10 mM MgQl
mM EDTA, 10 % glycerol) was mixed with 10-100 ng of probe DNA, 30 pg/pul BSA and 1.25
ng/ul of poly(dl:dC) (ThermoFisher, Waltham, MA). Varying amounts of protein and water were
added to a final volume of 20 pl. Reactions were incubatBd &r 20 min. An empty 5% TBE
PAGE gel (Bio-Rad, Hercules, CA) was run at 100V in 1X TBE forl hour prior to the start of
incubation after having its wells rinsed with TBE buffer. Samples were loaded onto the gel, with
a lane reserved for 10 pl of 1X DNA loading dye (30% glycerol, 0.25% bromophenol blue)
alone. The gel was run at 120-130V for approximately 1.5 h and stained with SYBR Gold
(Molecular Probes, Eugene, OR) before visualization on a Bio-Rad Chemidoc (Hercules, CA).
The procedure was repeated after determining the concentration of recombinant protein to
produce a shift in comparison to the control reaction lacking protein (from 20-100 uM). Probes

of varying sequences were interrogated using the same protocol to identify a binding site.
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3.2 Results and Discussion
3.2.1 The bpeT-lIpeE intergenic region contains the promoter regions necessary for
transcription of |lpeE-bpeEF-oprC and bpeT

Successive 5’ deletions of the intergenic region with constant 3’ ends in the bpeEgene
for llpe-bpeE -lacZ fusions, or irbpeTfor bpeT -lacZ fusions were constructed and fused to a
promoter-lesg¢acZ gene harbored on a mifiR7 vector.Fig. 3.2.1 summarizes the regions of
DNA deleted from the individudlpeE -lacZ andbpeT -lacZ constructs. The resulting fusion
constructs were integrated into the chromosome of Bp282 at a gingiassociate@ttTn7
site. Bp282 is a Bp 1026b derivative which contains a serine to proline change at amino acid 280
causing constitutive overexpression of lip&-bpeEFoprC operon. The strains containing the
chromosomally integratddcZ fusions Fig. 3.2.1) were tested by p-galactosidase assays to
assess the relative levels of transcription of eitipeTor thellpE-bpeEF-oprCoperon in the
presence or absence of different portions of intergenic sequeiigc&.2.2). When analyzing
bpeE -lacZ fusions, complete loss of activity was observed for constructs lacking base pairs after
nucleotide 53 of the IR using the first base after the start codgmedis position 1.

Comparisons to the full length control showed that all deletions lacking more than the
first 53 base pairs had transcriptional activity indistinguishable from the strain carrying none of
the IR. This would suggest the promoter region forllffte-bpeEF-oprCtranscription unit is
located within the sequence spanning IR basepai$5%- However, investigations to
pinpoint the promoter fdopeTwere less successful. There was no significant loss of activity in
any strain except the complete IR deletion. This may be complicated by the presence of a
secondary regulator and the fact that BpeT, as a LysR family protein, is regulating its own

expression (Mima and Schweizer, unpublished observations).
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Figure 3.2.1. Summary of 5’ deletion constructs created for analysis of the bpeT-IIpeE-
bpeEF-oprC intergenic region. Black bars represent remaining sequencégdh -lacZ

fusions (upper part of figure) abgeT -lacZ, while the numbers immediately preceding ec
bar dictate the total nucleotides deleted from the 5° end of each IR fragment. Arrows indicate
translational start codons preceding position 1 and 188 of the IR sequence. pPS numbers
indicate plasmid designations, and all constructs are listed in more détaillm4.1.C.
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Figure 3.2.2. Identification of promoter regionswithin the bpeT-lIpE intergenic region.
Expression in all strains was normalized to an empty véatdreporter integrant strain, and
compared to a wild-type control consisting of the full 188 bp IR fuséatibto identify either
bpeTor llpE-bpeEFoprC promoter regions. Data is shown as means of two biological
replicates in technical triplicate, with error bars representing one standard deviation. Ste
analysis was performed by One way ANOVA withkey’s multiple comparison test to
compare all samples to each other.

A. Strainswith bpeE’-lacZ fusions. Strains with inserts lacking base pairs 54-188 of the IR
show no expression, while expression is retained in strains with possessing base pairs .
B. Strainswith bpeT’-lacZ fusions. Only the construct lacking 165 base pairsf the bpeT
start codon expresses significant levelg-gfalactosidase activity in comparison to the other
bpeT’-lacZ fusion strains. **** = p< 0.0001, **=p < 0.001 ** = p < 0.01.
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The tests were conduct@dBp282, to produce a detectable 3-galactosidase signal, as this
was not observed at basal leveldbpéEF-oprCexpression. Bp282 Bpedsoppromotes
constitutive overexpression of BpeEF-OprC without affecting the transcription of itself.
Therefore, the chosen background strain, though necessary for study of the structural elements of
the operon, may be ill suited for identifying regulatory mechanisms in control of itself.

To overcome this, the assay was repeated in select agent excluded strain Bp82 and its
derivatives Fig. 3.2.3). Previous observations not#dtht select BpeS mutation lead to a
constitutive overexpression phenotype similar to that found in &gl This occurs despite the
fact that in one strain, the mutation affecting BpeS causes an amino acid change in the N-
terminus of the proteirlUsing these mutant isolates, significant differences in -galactosidase

activity were observed between the construct containing the bp#ellpEIR and strains

IR Transcriptional activity Bp82 P28S BpeS IR Transcriptional activity in Bp82 K267T BpeS
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Figure 3.2.3. Analysis mutant BpeS effects on bpeT transcription. -galactosidase
expression was assessed in Bp82 strains expressingB4{8% and Bpe&¢71(B) and the
indicatedbpeT -lacZ fusion constructs. Activities in all strains were normalized to an empty
vectorlacZ reporter strain and compared to the WT control consisting of the full 188 bp
intergenic region fused tacZ Data is shown as means of two biological replicates in technical
triplicate, with error bars representing one standard deviation. Statistical analysis was performed
by One Way ANOVA with Tuky’s multiple comparison test to compare all samples. ****=p <
,0.0001, ***=p <.001
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containing constructs with sussive 5’ IR deletions. Irbpe$,ssderivatives, no strains except
those containing thenére IR fusion expressed -galactosidase, suggesting that the entire IR is
necessary for transcription of the gene. But, in strains expressingBae& increase of -
gdactosidase expression above that observed in the full length IR control isolate, and other
5’deletions, is observed after deletion of the 5° 82 base pairs. This may be caused by an artifact
in the experimental method due to inherently altered transcription levels, and as such cannot be
used to support a conclusive identification dipgeTpromoter region without further testing.

3.2.2 Transcriptional start sitesfor both bpeT and |IpE-bpeEF-oprC arelocated within

promoter regions of the IR identified by B-galactosidase assays.
Primer extension analysis with 5°6-FAM linked oligos was performed on cDNZiQ.
3.2.4). A primer approximately 150 bp upstream of the translational start difmedivas used
for detection of thépeTtranscript end. An oligo designed approximately 200 bp upstream of the
lIpE start codon was used for identification of the transcriptional start site pEibpeEF-
oprC operon. Fragment sizing was performed through capillary electro-phoresis against either
Liz120 or Liz600 standard, with the lowest standard peak intensity used as a cut off for all
experimental samples. Analysis of the resultant electropherograbpetfeturned a peak at
approximately 160 bp, correlating to position 45 of the intergenic region using the base
immediately preceding the start codon of BpeT as baBe&gd 8.2.4 and3.2.5).
For analysis of thBpE-bpeEF-oprCregion, peaks at approximately 50 bp were obtained

(data not shown). This correlated to a position still within the coding regitpEofPrevious
studies had shown th#pE is co-transcribed with the rest of the structural operon elements. This
would suggest that the transcriptional start site fotlfiegene must be located within the IR,

and that it is not a pseudogene containing regulatory sequence lipeteEoprC alleles.
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Multiple attempts were made to identify the 5’ transcript end of this element and all returned
similarly truncated products. It may be possible that secondary structures form within the 5° end
of thellpE-bpeEF-oprCpoly transcript and prevent the formation of the full length primer

extension product.

160 Bp

Fluorescent intensity

160 Bp

|

Fragment size in base pairs
Figure 3.2.4. Fluorescent linked oligo extension identifies a putative transcriptional start
site within the bpeT-lIpE intergenic region.
Two replicate electropherograms of fragments created with 6-FAM labeled primer 2475 re
sizes of 160 base pairs. This correlates to a cytosine residue at position 45 of the intergenic

region. fig. 3.2.5) 45
*
CATTACTCTACCTCCGCGATATTGGCACCCCGAACGGATGCAGGCCG;G
M<bpeT TS
54 88

ACACCGG%GAAGGCGACGCAGCCGACGATTGTTCAGGGGAC&TGAATTG

ANANAAAAANAAAAANAAAAAAANAAAANAANAAAANAAAANAAANAAANAANANAAAN

TGTTGCCGGATTATAGGCATTTATCCCGATGTCTGCCGGACCCAGAATG

188
CGATCCATCTCGCAATGGACGCGCGACGCCGCGCAACACACGTCATG
11pE>M

Figure 3.2.5. Fluorescent linked oligo extension identifies a putative transcriptional start
sitewithin the bpeT-IIpE intergenic region.
The sequence of the intergenic region is depicted above with the base preceding the BpeT start
codon representing position 1, and the base preceding the LIpE start codon as position 188.
Essential sequences ftwE-bpeEF-oprCtranscription identified are noted with open arrows
heads, while the 5’ bpeTtranscript end at position 45 is marked with a black arrow. Numbers
indicate IR position at black asterisks. The start codobpetfandllpE are indicated with a
methionine (M).
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3.2.3 S1 Nuclease assays pinpoint 5’ transcriptional start sites within the bpeT-l|pE-bpeEF-
oprC intergenic region.

In an effort to confirm the findings of primer extension analysis for bpéTandlIpE-
bpeEF-oprC an S1 nuclease protection assay was USgd3.2.6). A DNA probe was amplified
with 3’ oligo linked to either a 5’6-FAM or 5’ HEX fluorochrome and encompassing the entire
IR or the IR and sequence from eith@eT orllpE. The fluorescent DNA probe was hybridized
to total RNA before being digested with S1-nuclease, and then sent for fragment analysis along
with an undigested DNA probe. Any DNA probe that remained unhybridzed (single stranded)
would be degraded by the S1 nucleadieyving identification of transcript ends through 5’
deletion, back to the fluorescently linked oligo itself. In two separate replicates examining the 5’
bpeT transcript end, a detectable difference was observed between the undigested control and S1
treated sample. The largest peak or peaks obtained in both samples were sized from between 204
to 206 bp, while the undigested probe sample was found at 318 bp, 5 base pairs shorter than the
amplified DNA probe This would indicatbpeTtranscriptional start site at either base pair 89,

90 or 91 of the intergenic regioRig. 3.2.5).

45

*
CATTACTCTACCTCCGCGATATTGGCACCCCGAACGGATGCAGGCCGEG
M<bpeT hA

54 88
ACACCGG%GAAGGCGACGCAGCCGACGATTGTTCAGGGGAC&TGAATTG

TS
TGTTGCCGGATTATAGGCATTTATCCCGATGTCTGCCGGACCCAGAATG

188
CGATCCATCTCGCAATGGACGCGCGACGCCGCGCAACACACGTéATG
11pE>M

Figure 3.2.5. S1 nuclease protection assay extends the 5’ transcript end of bpeT to bp 88

of theintergenic region. The sequence of the intergenic region is depicted above with the

base preceding the BpeT start codon representing position 1, and the base preceding the LIpE
start codon as position 188. Essential sequencdipEobpeEF-oprCtranscription are noted

with open arrow heads, while the 5’ bpeTtranscript end at position 45, or 88, 89, and 90 are
marked with black arrows. Numbers indicate IR position at black asterisks. The start codons
of bpeTandlIpE are indicated with a methionine (M).
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Figure 3.2.6. S1 Nuclease protection assay identifies a putative 5’ transcript end within the bpeT-lIpE intergenic region

Two replicates of the S1 nuclease assay returned a “protected” or RNA-DNA duplex fragments of approximately 204, 205 and
206 base pairs, ~113 base pairs shorter than the undigested control'piob@relates to a 5’ transcript end occurring anywhere
from base pair 894 5’ of the bpeTstart codon.
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Additional peaks seen in digested samples may represent RNA-DNA hybrid complexes
that formed between partially decayed transcripts bound to full length probe. This would leave
single stranded DNA “tails” that could later be digested by S1 nuclease to result in smaller
detectable fragments. All attempts to investigatdigtetranscriptional start site were
unsuccessful, as only peaks corresponding to the full length probe were obtained, suggesting that
the hybridization process may not have occurred in these samples (data not shown).

3.2.4 BpeT and BpeS bind to the intergenic region between bpeT and |IpE-bpeEF-oprC.

To locate binding sites of both BpeS and BpeT, DNA band shifts using the entire 188
base pair IR were performed using recombinant, wild type BpeT or BpeS. Experimental
reactions with up to 40 uM recombinant protein were compared to control reactions consisting of
only binding buffer and a full length IR DNA probe. In comparison to the negative control, both
BpeT and BpeS were able to retard DNA probe gel migration (band shift). This indicates the
formation of a DNA- protein complex under similar conditioRgy(3.2.7). This observation

was expected, as the two LysR family regulators share N-terminal homology suggesting that they

).
(@)
6@

R
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‘ : Figure 3.2.7. Both BpeT and BpeS can bind
thelR.
A DNA probe containing the entire 188 bp IR
sequence was incubated with purified
recombinant BpeT or BpeS at a final
concentration of approximately 40 uM. A
control sample was prepared with only probe
DNA, and samples were stained with SYBR
gold after electrophoresis. In both BpeT and
BpeS reactions, a clear shift can been seen
Wl R indicating that protein was capable of binding
"‘ St to the intergenic region.
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may interact with a similar binding site. It is also not surprising that the reaction conditions were
identical for both proteins. Extensive optimization was required for identification of the in-vitro
binding conditions of BpeT, the first identified regulatory protein. It is possible that the high
level of identity between BpeS and BpeT allowed both proteins to interact with their cognate
binding region under identical in-vitro conditions.
3.2.5 BpeT and BpeSinteract with theintergenic region at sites closely associated with

promoter region and transcriptional start sites of bpeT and |IpE-bpeEF-oprC.

To locate exact binding regions for BpeT and BpeS, the same assay was repeated using
DNA probes consisting of different segments of the IR. These were designed to correlate to 5’
deletion sequences used to locate promoter regidmgedf andlipE-bpeEF-oprC BpeS or
BpeT bound to full length IR probe was used as a positive control. In reactions containing BpeT
(Fig. 3.2.8, pand A), the absence of a shift was observed in all probes lacking bp 74-88 of the
IR despite a shifted positive control. This suggests BpeT preferentially binds to the 14 base pair
sequence from bp 74-88. Interestingly, when the experiment was repeated usingiBpesS (
3.2.8, panel B), the same trend was observed. Taken together this suggests that not only do the
proteins interact directly with the IR, but they bind in the same site located within the promoter
region of bothbpeTandllpe-bpeEF-oprCidentified by 5° deletion assays. This site is flanked
on either side by putative transcriptional start sites fobgfed gene as identified by primer
extension and S1 nuclease protection as$ags.2.9).

To attempt to confirm these results by an alternate method, DNAse1l foot-printing was
performed using a protocol adapted for the use of fluorescently labeled DNA probes as
previously described®® However, no detectable protected regions were identified in

comparison to DNA samples in the absence of either BpeT or BpeS (data not shown).
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Figure 3.2.8. BpeT and BpeS utilize the same or closely associated binding siteswithin

thelR. Recombinant BpeTA() and BpeSB.) at final concentrations of approximately 2

UM were incubated with different regions of the IR sequence to locate a potential binding
site. Arrows indicate a detectable shift. No shift was detected in probes spanning base pairs

89-188, and 1-73 but was present in 1-106. This corresponds to a binding site located from
base pair 74-88 of tHgpeT-llpEintergenic sequencé&ig. 3.2.9).

1 45

*
CATTACTCTACCTCCGCGATATTGGCACCCCGAACGGATGCAGGCCGCG
M<bpeT ;é

54 74 88
*
ACACCGG%GAAGGCGACGCAGCCGACéATTGTTCAGGGGACGTGAATTG

TGTTGCCGGATTATAGGCATTTATCCCGATGTCTGCCGGACCCAGAATG

188
CGATCCATCTCGCAATGGACGCGCGACGCCGCGCAACACACGTCATG
1I1pE>M

Figure. 3.2.9 BpeT and BpeS shar e binding sequence located within the promoter
regions of theintergenic sequence. The binding region for BpeT and BpeS is located fr
nucleotide 739 (red letters), overlapping both the 5’ transcript start sites of bpeT(black
arrows at position 88-90), and the essential sequentipEsbpeEF-oprCtranscription
(open arrow heads). ThpeTtranscript end identified by primer extension is marked by a
black arrow at position 45. Numbers indicate IR position at black asterisks. The start «
of bpeTandlIpE are indicated with a methionine (M).
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The observation that this regulatory region may act as a shared promoter necessary for
the auto-regulatory control of BpeT and inducible expressidapeEF-oprCalso poses
guestions of BpeS-BpeT interaction. LysR regulatory family proteins often interact with their
binding regions by forming large complexes that may be either homomultimeric or
heteromultimeric in response to environmental stimuli, and to alter the expression of their target
operon?® To determine if either protein could still interact with its binding site in the absence of
the other, lysates were extracted from Bp82 strains lacking eplesS, bpeTor bpeTandbpeS
and the shift assay was repeated using a full leiiRyghiobe generated with a 5°6-FAM linked
oligo. After incubation and electrophoresis, the gel was imaged on a Typhoon Trio (GE
Lifesciences, Little Chalfont, UK) to detect any changes in probe mobility, but the results
remain inconclusive as no shift could be seen for any strains, not just those lacking either

regulatory protein.

3.2.7 Mutationsto BpeS and BpeT do not impedetheir ability to interact with the
intergenic region.

Our own observations have shown that mutations to the N or C terminus of both
regulatory proteins cause constitutive overexpression of the BpeEF-OprC efflux pump, thereby
causing elevated resistance to pump substrates. It was hypothesized that these mutations may
affect the ability of the proteins to interact with their binding sites withimoged -llpE
intergenic region, directly leading to altered pump expression and decreased susceptibility to
antimicrobials. To assess if mutations altered the ability of the proteins to bind to the IR, gel shift
assays were performed using purified recombinant BpeslBpe$2ss increasing from 17 nm
to 40 uM or 4QuM BpeSzs77 alone. All mutant forms of the protein retained their ability to

bind the IR. Additionally, the addition of varying concentrations of protein producecea dos
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dependetresponse for the two mutant forms testé&dlg.(3.2.10). However further study

utilizing finer measurements of both probe and protein concentration is required to determine if

the mutation causes an increase or decrease in the affinity of these interactions.

[+ BpeS P285] —>

Figure 3.2.10. Mutant BpeT and BpeSretain the ability to interact

with the intergenic region of bpeEF-oprC.

In panelsA andB, varying concentrations of purified protein were
incubated with the full length IR DNA probe (indicated by black
triangle). In both wild type and Bpedsopsamples, as well as Bpegs a
shift occurs in protein concentration dependent manner. A simple band
shift using one concentration was performed in the experiment illusti
in panelC to test the ability of the Bpeg7t variant to bind the IR. A

shift in DNA mobility could be observed in this sample as well,
indicating that mutations to either BpeT or BpeS do not inhibit binding to
consensus regions.

3.3 Conclusions

The 188 bppeT-lIpEintergenic region located betwebpeTandllpE-bpeEF-oprC

contains the regulatory sequences necessary for control of BpeEF-OprC efflux pump expression.

Based on a combination of EMSA, 5’ successive deletion, and fluorescent primer extension and

S1 nuclease protection assayisregulatory regions necessary for the control the operon were
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identified. Interestingly, these regulatory sequences appear to be concentrated within an
approximately 40 base pair region from bp 54-90 of the intergenic region, immediately upstream
of a relatively AT rich sequence region. Both bpeTpredicted transcriptional start site

identified through S1 nuclease assay, and the essential sequence identifpetdpeEF-oprC
transcription, overlap the 14 base pair sequence needed for both BpeS and BpeT FBigding (
3.2.11). The sequence fits the canonicakA composition identified as the LTTR box in

studies of LysR proteins, and the high AT content of this particular IR region may promote the
DNA bending function conserved by the LysR regulatory protein fathfHowever, BpeT or

BpeS protein biding at this site may constitute only an auto-regulatory event. We were only able

to identify a single binding region within thie, as our attempts at DNAsel footprinting were

1 45
CAT%ACTCTACCTCCGCGATATTGGCACCCCGAACGGATGCAGGCCG§G
M<bpeT TS

54 74 88

........................... *

ACACCGG%GAAGGCGACGCAGCCGACéATTGTTCAGGGGACGTGAATTG

TS
TGTTGCCGGATTATAGGCATT TATCCCGATGTCTGCCGGACCCAGAATG
-10 -35
188
CGATCCATCTCGCAATGGACGCGCGACGCCGCGCAACACACGTCATG
11pE>M

Figure 3.2.11. Final summary of cisregulatory elementslocated within the bpeT-IIpE-
bpeEF-oprC inter genic sequence. Numbers indicate IR position at black asterisks. Start
codons obpeTandllpE are indicated with a methionine (M). The binding region for BpeT
and BpeS is located from nucleotide &b¢red letters), overlapping both the 5’ transcript start
sites ofbpeT(black arrows at position 88-90), and the essential sequenkeEdipeEF-oprC
transcription (open arrows). ThgeTtranscript end identified by primer extension is marked
by a black arrow at position 45. Based on the position of the S1 5’ transcript end, binding sites
and essential sequences, putative -10 and -35 regions were identified (black lines). A putative
Tn12A LTTR box (stippled black line) is marked within the BpeS and BpeT binding site. A
second LTTR box motif be located within the putative -10 region and extend into the next
ATTTA sequence immediately upstream.
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unsuccessful. Proteins in this family typically protect large regions of DNA and have multiple
binding sites within a promoter region. Based on interaction with the co-inducer molecule, these
regulators show different affinities for either the auto-regulatory site needed to repress their own
transcription, or the activation site needed to induce transcription of their target 8pérahe
identification of a single binding region could be caused by use of only the apo form of BpeT
and BpeS, possibly incapable of interacting with any other site. This would correspond to the
close association of the identified binding site to cis regulatory elemebpedfegulation.

That being said, the IR region contains an additioalATsequence upstream of the
identified binding site and within a putatileeT-10 region. Under co-inducer binding
conditions, this region may interact with either BpeS or BpeT. It is also interesting to note the
overlap of thdlpE-bpeEF-oprCessential sequence identified through 5 deletion studies and the
binding sites of BpeS and BpeT. This sequence may contain a putative -35 region for
transcription oflpE-bpeEF-oprCand as such, would explain both the overlap of BpeT-BpeS
binding sites, and loss of transcriptional activity caused by its absence.

This study represents the initial identification regulatory sequences needed for
transcription obpeEFRoprC in response to yet unknown external stimuli, a process catalyzed by
interaction with the LysR-type regulatory proteins BpeS and BpeT. The identification of these
regions allows us a better understanding of the mechanisms in play during the generation of
multi-drug resistant phenotype. It is interesting to note that both BpeT and BpeS utilize the same
or overlapping binding regions, most likely due to their high degree of amino acid identity at the
N-terminus. It is tempting to suggest that one gene or the other is a product of duplication or
rearrangement through self-recombination or a transposition event. As a result, the fact that two

different regulatory genes are capable of controlling the same gene and operon may point to the
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efflux pump’s ability to respond to stimuli other than only antimicrobial compounds.?*?*

Hypothetically, different substrate specificities between the two proteins may allow greater
transcriptional plasticity in response to altered environmental conditions. This in turn suggests
that control of the operon is much more complex than previously believed and may be part of a
larger network of systems necessary for maintaining cell homeostasis. Further study is needed to
characterize the entire regulatory cascade in control of the efflux pump, in addition to identifying

external stimuli that trigger its expression.

113



Chapter 3 References

1. Podnecky, N. L., Rhodes, K. A. & Schweizer, H. BlUX pump-mediated drug resistance in
Burkholderia Front. Microbiol. 06, 305 (2015).

2. Dance, D. Treatment and prophylaxis of melioiddsis.J. Antimicrob. Agentd43, 310-318
(2014).

3. Chaowagul, Wet al. Open-label randomized trial of oral trimethoprim-sulfamethoxazole,
doxycycline, and chloramphenicol compared with trimethoprim-sulfamethoxazole and
doxycycline for maintenance therapy of melioidogistimicrob. Agents Chemothet9, 4020-
4025 (2005).

4. Dance, D. A., Wuthiekanun, V., Chaowagul, W. & White, N. J. The antimicrobial
susceptibility ofPseudomonas pseudomallémergence of resistance in vitro and during
treatmentJ. Antimicrob. Chemotheg4, 295-309 (1989).

5. Podnecky, N. L., Wuthiekanun, V., Peacock, S. J. & Schweizer, H. P. The BpeEF-OprC
efflux pump is responsible for widespread trimethoprim resistance in clinical and environmental
Burkholderia pseudomallésolates Antimicrob. Agents Chemoth&7.4381-4386 (2013).
doi:10.1128/AAC.00660-13

6. Biot, F. V.et al.involvement of the efflux pumps in chloramphenicol selected strains of
burkholderia thailandensigproteomic and mechanistic evidenB&oS ONE5, 16892 (2011).

7. Biot, F. V.et al. Interplay between theeRND dflux pumps in doxycycline-selected strains
of Burkholderia thailandensi$?LoS ONEB, e84068 (2013).

8. Choi, K.-H.et al. Genetic tools for Select-Agent-compliant manipulatioBwoifkholderia

pseudomalleiAppl. Environ. Microbiol.74, 1064-1075 (2008).

114



9. Lopez, C. M., Rholl, D. A., Trunck, L. A. & Schweizer, H. P. Versatile dual-technology
system for markerless allele replacemerBumkholderia pseudomallefppl. Environ.

Microbiol. 75, 6496-6503 (2009).

10. Chuanchuen, R. & Schweizer, H. P. Small broad-host-range lacz operon fusion vector with
low background activityBioTechnique81, 1258-1262 (2001).

11. Choi, K.-H.et al. A Tn7-based broad-range bacterial cloning and expression systtm.
Methods2, 443-448 (2005).

12. Liss, L. New M13 ha: DHSF’ competent cells. Focus9, (1987).

13. Casadaban, M.J., Chou, J. & Cohen, S. N. In vitro gene fusions that join an enzymatically
active beta-galactosidase segment to amino-terminal fragmetns of exogenous proteins:
Escherichiacoli plasmid cloning of translational initiation signals Bacteriol.143, 971-980

(1980).

14. Miller, J. H.Experiments in Molecular Genetiq€old Spring Harbor Laboratory Press,
1972).

15. Hirakawa, H., Schaefer, A. L., Greenberg, E. P. & Harwood, C. S. Anaerobic p-coumarate
degradation b)Rhodopseudomonas palustaisd identification of CouR, a MarR Repressor
protein that binds p-coumaroyl coenzymeJABacteriol.194, 1960-1967 (2012).

16. Hirakawa, Het al. Activity of the Rhodopseudomongslustrisp-coumaroyl-homoserine
lactone-responsive transcription factor RpaRBacteriol.193, 2598-2607 (2011).

17. Schlager, B., Straessle, A. & Hafen, E. Use of anionic denaturing detergents to purify
insoluble proteins after overexpressi8MC Biotechnol12, 95 (2012).

18. Wilson, D. O., Johnson, P. & McCord, B. R. Nonradiochemical DNase | footprinting by

capillary electrophoresi&lectrophoresi®2, 1979-1986 (2001).

115



19. Zianni, M., Tessanne, K., Merighi, M., Laguna, R. & Tabita, F. Ildentification of the DNA
bases of a DNasel Footprint by the use of dye primer sequencing on an automated capillary DNA
analysis instrumend. Biomol. Techl7, 103-113 (April).

20. Knapp, G. S. & Hu, J. C. Specificity of tBecoli LysR-Type transcriptional Regulators.

PLoS ONB5, €15189 (2010).

21. Maddocks, S. E. & Oyston, P. C. F. Structure and function of the LysR-type transcriptional
regulator (LTTR) family proteindMicrobiology 154, 3609-3623 (2008).

22. Schell, M. A. Molecular biology of the LysR family of transcriptional regulatensu. Rev.
Microbiol. 47, 597626 (1993).

23. Blair, J. M. & Piddock, L. J. Structure, function and inhibition of RND efflux pumps in
Gram-negative bacteria: an updateirr. Opin. Microbiol.12, 512-519 (2009).

24. Piddock, L. J. V. Multidrug-resistance efflux pumps - not just for resistiliateRev.

Microbiol. 4, 629-636 (2006).

25. Mima, T. & Schweizer, H. P. The BpeAB-OprB efflux pum@Bafkholderiapseudomallei
1026b does not play a role in quorum sensing, virulence factor production, or extrusion of
aminoglycosides but is a broad-spectrum drug efflux sysd@timicroh AgentsChemother54,

3113-3120 (2010).

116



Chapter 4: Regulatory functions of BpeS and BpeT

Summary

The goal of Aim |l part | is to address the contributions of both BpeS and BpeT to control
of BpeEF-oprC at a local level by characterization of the regulators themselves. Part Il
interrogates the effects of BpeS and BpeT on the transcriptional landsd&pasoé whole. The
purpose of these investigations was to increase understanding of the relationship between RND
mediated efflux and cell adaptation in an effort to better predict the potential clinical outcomes
caused by mutations to these regulatory genes. We hypothesized that increased BpeEF-OprC
expression was the result of changes to the structure of BpeS and BpeT, affecting both DNA
binding capability and co-inducer dependence, and that BpeS is a global regulatory factor
capable of influencing operons other thgeEF-oprCThrough a variety of molecular and
bioinformatic analyses, we established the possibility of an additional regulatory factor in control
of BpeEF-OprC expressiothe global regulatory function of BpeS, and investigated the effect of
mutations on the structure and function of both BpeT and BpeS.

Introduction

The BpeEF-OprC efflux system is the most significant RND family pump expressed by
Bp based on its ability to cause decreased susceptibility to first line eradication phase therapy of
melioidosist Two LysR-type proteins, BpeT and BpeS, are known to be involved in regulation
of the pump, but little is understood of the exact mechanism by which this édcstsvey of
co-trimoxazole resistarp clinical isolates identified mutations in a gene encoding a BpeT
ortholog, BpeS, as a potential cause of elevated efflux pump expression. These mutations were

similar to those found in BSL-2 laboratory selected, co-trimoxazole resistant Bp82 mutant
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derivatives, and were confirmed in both instances to cause elevated expression of the BpeEF-
OprC efflux pump, and decreased susceptibility to co-trimoxazole. Similarly, mutations affecting
the carboxy-terminal amino acid sequences of BpeT cause increased expression of BpeEF-
OprC, but only result in decreased susceptibility to trimethophivhile this evidence shows
that a direct correlation exists between LysR regulatory mutations and overproduction of the
efflux pump, the function of these proteins, and how the structure-function relationship disrupted
by mutations results in altered antimicrobial susceptibility phenotypes, remains unknown.

Additionally, no investigations into any global effects of dysregulated expression of
BpeEF-OprC have yet been conducted. The fact that BpeS is encoded on a chromosome 1, while
its bpeEF-oprCtarget operon is encoded on chromosome 2, suggests that BpeS may have an
additional role, potentially acting on multiple operons or in concert with many factors. While the
identification ofcis regulatory elements governing expression of the BpeEF-OprC described in
the previous chapter allows for better understanding of the genetic context of the efflux operon, it
is necessary to assess the contributions of BpeS and BpeT themselves. To that end, both
molecular protein methods and Next-generation sequencing techniques were employed.

4.1 Materialsand methods
4.1.1 General DNA methodology

Standard methods for DNA extraction and manipulation were utilized for all sfutfies.
Genomic DNA was isolated using a Qiagen core Kit A (Germantown, MD) followang th
protocol for Gram-negative bacteria and re-suspended in TE buffer. Plasmid DNA was extracted
from E. coli using a GeneJet Mini-prep (ThermoFisher, Waltham, MA) kit as directed by the
manufacturer. All plasmids were re-suspended in either TE buffer or water and stored at -20 ° C.

Primers for general PCR were used at 10-30 uM concentrations, and at 10 uM for gRT-PCR.
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Table4.1.A Cloning primers

Number Name Sequence (5’ > 3°)

2536 NdelbpeT pet21lbbpeT | CGGAGGTAGACaAATGGACCGGCTGCAAGC
2537 Hindlll_pet21bbpeT CTGCGCGACTAAaagcttATACGCCACCCACTC
2693 kpnl bpeSev GGTACCTACGCGGCCACCTGC

2694 bpeS SOE GCATGGACCGCATTCAGGCAAT

2696 pl bpeSOE GCGGTCCATGCCATCAATCCTTCTTGTGAATC
2702 p12_hindll for AAGCTTTTGACATAAGCCTGTTCGGTTCG
2754 bpeS p1SOE_for GATTGATGGCATGGACCGCATTCAGGCAAT
2849 pET21b bpeS EcoR1 GAAtTcCGCGCCACCTGCC

2850 pET21b bpeS Ndel CatATGGACCGCATTCAGGCAATGG

2871 bpeSfor ATGGACCGCATTCAGGCAATGGAAGTCTTC

Newly introduced restriction enzyme cleavage sites are underlined. Mutagenized bases are
lowercased.

Table4.1.B Primersfor genedeletion and mini-Tn7 insertion identification

Target \ Name \ Sequence (5’ > 3’)
479 TN7L ATTAGCTTACGACGCTACACCC
1509 BPGLMS1 GAGGAGTGGGCGTCGAT@AC
1510 BPGLMS2 ACACGACGCAAGAGCGGAATC
1511 BPGLMS3 CGGACAGGTTCGCGCCAGC
2213 FK.chk.rev AGCGCTCTGAAGTTCCTATACTTTCT
536 oriT-UP TCCGCTGCATAACCCTGCTTC
537 oriT-DN CAGCCTCGCAGAGCAGGATTC
1726 oprB-Rev CTCTGGATCGCCTTCTCGTA
1729 bpeAFor GTACGAGCGCCTATCTGGTC
1791 dopeT CGACGCATCGCGATGGAAAC
1790 dopeT ATGGACCGGCTGCAAGCCAT

Table4.1.C Primers utilized for gRT-PCR

1516 Bp23S_F GTAGACCCGAAACCAGGTGA
1517 Bp23S_R CACCCCTATCCACAGCT@AT
1524 bpeF-F1_RT TCCGAGTATCCGGAAGTGST
1525 bpeF-R1_RT GTCCTCGACACCGTTGATT
1815 bpeT RT Rev GTGAGTGGAATTCGCAGAG
1816 bpeF RT For TCACGAGCTACCAGATCAAC
2779 bpeS RT_3 for AAGCGCTCAGGTAATCGGG
2780 bpeS RT_3 rev GGTCGAAGAGGGGATCGATTG
2877 dnaK CGCAGATCGAAGTGACCTT
2878 dnakr ATCTTCTCGATCTCGGCTTC
2887 bopA TCGGCGATCGACACCATGT
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2888 bopAr AAGCGATATGGCCCGGAAGG
2891 bapA CAGCGAGACGTCGTTGAG
2892 bapAr ACGAATCTCGTCGACATGG
2897 bipB GCCTGATACTCGTCGGACTT
2898 bipBr TCGAAGCAGAAGCTCTTCAC
2899 bicA ATAGATGCCGTCCATCAGGT
2900 bicAr CGACGTGAACATAGACGACA
2901 bsaQ CAGCGGCACGATCAGCATC
2902 bsaQr GAATCTCCTGATCAAGGCCCAAG
2915 fliC CAGCAGATCTCGGAAGTGAA
2916 flicR AGGATGTTCTTGCCGTTGTA

4.1.2 Plasmids and bacterial strains

All E. colistrains were cultured in LB Lennox broth (Hardy Diagnostics, Santa Maria,
CA) supplemented with the appropriate antibiotic for plasmid maintenance at 37 °C with shaking
at 250 RPM, or on LB-Lennox agar (MoBio, Carlsbad, CA) incubated at 37 °C. RHO-3 strains
were cultivated by supplementing the growth media with diaminopimelic acid (DAP) to a final
concentration of 400 pg/ml. ABp Bp82 strains were grown similarly & coli, but growth
media was supplemented with adenine to a final concentration of 80 fEgkoli strains
carrying plasmids were selected with 100 pg/ml ampicillin, 35 pg/ml kanamycin, 15 pug/mi
gentamicin or 25 pg/ml zeocin. FBp, AmrA*B*-OprA" strains were grown in media
containing 1000 pg/ml kanamycin, 500 pg/ml gentamicin or 2000 pg/ml zeocin. Strains lacking
amrAB-oprAwere cultivated in 35 pg/ml kanamycin, 50 pg/ml gentamicin, or 35 pg/ml zeocin.
Experiments with select agent excluded strain Bp82 and its derivatives were performed at BSL-2

with Institutional Biosafety Committee approval.

Table4.1.D Plasmids

Name | Relevant properties Source
DPS2594 pPEXGm5B, dual counter-selectable allelic exchange suicide B. Kvitko
vector, Gm
pGEM- r . Promega,
TEasy Ap’, TA cloning vector Madison, W
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ET-21b C-Terminal Hexahistidine fusion vector, IPTG inducible T7 | Millipore,
P promoter system, Billerica, MA
OPS2539 pEX-Km5 dual counter-selectable allelic exchange suicide 4
vector, Kn
PEXKm5-A(amrAB-oprA, pPS2539 containing A(amrAB-
pPS2833 oprA) SOEing product, Kin 6
PTNSS3, transposition helper plasmid expressimsfA\BCDfrom
pPS2234 P1and ReAp' 6
Prhag-rhaSrhaR-FLPeKm-rep(Ts)oriT, plasmid encoding Flp
pFLPe3 . » T 6
recombinase, temperature sensitive replicon, Km
Prhag-rhaS-rhaRFLPeKm-rep(Ts)-oriT, plasmid encodirftp
pFLPe2 : ] 6
recombinase, temperature sensitive, Zeo
pPS2280 | pUC18T-miniTn7T-Km::FRT, mini-Tn7 transposon, Km 5
. ; T. Mima,
pPS2463 | pUCL18T-mini-Tn7T-Gm-P1-bpeT Gm unpublished
pPS2899 | pPEXGen5BA(bpeAB-oprB, Km' This study
) y T.Mima,
pPS2571 | pEXKmS5:AbpeT:FRT-ble-FRT, unpublished
pPS3069 | pET-21bbpeT, This study
N.Podnecky,
pPS3189 | pEXKm5bpe$ass unpublished
N.Podnecky,
pPS3190 | pEXKmS5 bpeSosrt unpublished
pGEM-TEasyP1-bpeS pGEM-TEasy with PnszbpeS
pPS3196 | SOEing product amplified with primers 2702, 2693, 2694 ar| This study
2696. Ap
pUC18T-mini-Tn7T-Km-FRT-P1-bpeSpPS2280 with :
pPS3198 Kpnl+HindlIl fragment from pPS3196. Kim This Study
PET-21bbpeTszsop PET-21b withbpeTamplified from :
PPS3253 | 5185 270 using primers 2536 and 2537, This Study
pGEM-TEasy withbpe$,gsamplified from pPS3189 with :
pPS3258 primers 2849 and 2850, This Study
OPS3259 2(835EOM-TEasy withbpeSamplified with primers 2849 and This Study
pGEM-TEasy withbpeSzs7r amplified from pPS3190 with :
pPPS3260 primers 2849 and 2850. This Study
pGEM-TEasy withbpeSzs7ramplified from pPS3190 using ,
pPPS3262 primers 2693 and 2871, This Study
pGEM-TEasy withbpe$ogsamplified from pPS3189 using ,
pPS3263 primers 2693 and 2871, This Study
DPS3265 EE‘SI'-?,ZlebgwnhNdeHEcoRl wild-type bpeSfragment from This study
pPS3266 | pET-21b with Ndd+EcoRI bpeS«s7rfragment from pPS3260 This Study
pUC18T-miniTn7TKm-P1-bpeSeass pPS3198 wittAlel+Kpnl
pPS3269 | fragment exchanged with that of pPS3263 to introdypes. This Study

P28S
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pPS3276

PET-21b withNdel+Ecdrl P28ShbpeSfragment from
pPS3258.

This Study

pPS3280

pUC18T-mini-Tn7TP1 bpeSesrt, pPPS3198 with the

Alel+Kpnl fragment exchanged with that of pPS3262 to

introduce the
bpeSos7

This Study

Table4.1.E E. coli strainsutilized in this study

Description

Subcloning strain, genotype: 80lacZAM15 A(lacZY A-

DH5a argF) U169recAl endAl hsdR17(k", m¢') phoAsupE44thi- 7
1 gyrA96relAl A
Subcloning strain, K12 derivative, genotypei42 A(argF- | New England

NEB5a lacZ)U169 phoA ginV44 @80 A(lacZ)M15 gyrA96 recAl Biolabs.
relAl endAl thi-1 hsdR17 Ipswich MA
E. coliT7 lysogen lacking Lon an@mp proteases, protein

BL21(DE3) expression strain. Genotyp@uAd?2 [lon] ompT gal (A DE3) | New England
[dem] AhsdSA DE3 = A sBamHIo AEcoRI-B int: Biolabs
lacl::PlacUV5::T7 genel) i21 Anin5

BI21(DE3)- . . .

RP BL21-(DE3) harboring CintRNA codon plasmids for Agilent, Santa
argU (AGA AGG) andproC (CCC) Clara, CA.

(codonplus)
Mobilizer strain,SM10(Apir)Aasd:FRT AaphA:FRT

RHO3 L e : 4
diaminopimelic acid auxotroph, Km

Table4.1.F B. pseudomallei strains utilized in this study

Parent Strains

Strain o
Number Description Source
Bp82 1026b ApurM select agent excluded strain 4
B. Kvitko,
Bp82.27 Bp82 A(amrAB-oprA) unpublished
Bp82.57 Bp82.27A (bpeAB-oprB) This study
bpeS, bpeT mutant strain backgrounds
Bp82.87 Bp82.57AbpeT This study
N. Podnecky,
Bp82.253 | Bp82 AbpeT unpublished
N. Podnecky,
Bp82.264 | Bp82 AbpeS unpublished
N. Podnecky,
Bp82.270 Bp82 bpe-rszgop unpublished
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Bp82.284

Bp82 bpe$283

N. Podnecky,

unpublished
Bp82.285 | Bp82bpeSis:t l':'h;uobc:gfg;y’
Bp82.286 | Bp82.264 AbpeT This study
Bp82.292 | Bp82.284 AbpeT This Study
Bp82.317 | Bp82.285 AbpeT This Study
bpeS bpeT Expression Strains
Bp82.187 | Bp82.87::pPS2463(mini-TRGm- P1-bpeT) This study
Bp82.189 | Bp82::87 pPS1399( minim7-Gm) This Study
Bp82.323 | Bp82.264::pPS2280 (mirfin7T-Km) This Study
Bp82.324 | Bp82.286::pPS2280(minin7T-Km) This Study
Bp82.288 | Bp82.286::pPS3198 (mifin7T-Km-P1-bpeS) This Study
Bp82.289 | Bp82.264::pPS3198 (Mifin7T-Km-P1-bpeS) This Study
Bp82.310 | Bp82.264::pPS3269 (Miffin7T-Km-P1-bpe$2sd This Study
Bp82.311 | Bp82.286::pPS3269 (mifin7T-Km- P1-bpe$,s9 This Study
Bp82.320 | Bp82.264::pPS3280 (Mifin7T-Km-P1-bpeS2671) This Study
Bp82.321 | Bp82.286::pPS3280 (mifin7T-Km-P1bpeSes77) This Study

Bp. strains utilized in this study are listedTiable 4.1.F, with plasmids used to create
those strains listed ihable 4.1.D. Chromosomal gene deletions were performed using the pEX
allelic exchange system designed by previous members of the Schweizer laboratory and as
described in Chapter 3 section 1.8 instances where the deletion was more difficult to obtain,
the I-Scehoming endonuclease functions of the pEX system were utilized as described in the

previous chapter. FIp recombinase tar§®T) flanked antibiotic resistance genes were removed

4.1.3 Construction of Bp82 strains
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from the chromosome using the pFLP system developed by previous members of the Schweizer
lab® Strain Bp82.57 was constructed using this method with suicide vector pPS2899 to delete
thebpeAB-oprBoperon and confirmed with primers 2213, 1729 and 1726. Deletiopediin
strains Bp82.87, Bp82.286, Bp82.292 and Bp82.317 was achieved similarly, using pPS2571 and
confirmed with primers 1789 and 1790. All isolates were later used in the experiments
described in this chapter.
4.1.4 Gene complementation and single copy insertions using the mini-Tn7 system

The mini-Tn7 system is a useful tool for the introduction of a gene or construct of interest
at a neutral site in the chromosome for further analysis. The system utilizes a helper plasmid
pTNS3 encoding the transposase homing, excision and recombiriasebimits ABCD. The
Tn7 element inserts at attTn7 site downstream of one of the three copies ofjthesgene
encoded bp. To introduce these insertions, the mim7 delivery vector carrying the gene of
interest, and pTNS3, were co-electroporated into the host cell following the procedure outlined
in Chapter 3. Transformants were isolated on LB + 80 pg/ml adenine with either kanamycin,
gentamicin or zeocin, and allowed to grow for 24 h at 37°C. Resistant colonies were patched
and screened fgimSinsertions by PCR (primers 1509, 1510, 1511 and #@Ble 4.1.B).
GImS insertion positive clones produced bands from 200 to 400 bp depending on the insertion
site. When possible, only isolates with insertinogl@S2were retained for further study.

4.1.5 Construction of strains expressing bpeS and bpeT from the P1 promoter

TheP1integron promoter has previously been used to drive recombinant gene
expressiof>*?To construct #1-bpeTstrain, pPS2463 and the corresponding empty pUC18T-
mini-Tn7T-Gm control vector{able 4.1.D) were transposed into the AbpeTbackground strain

(Bp82.87,Table 4.1.F) using the pTNS3 helper plasmid system as described above.
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Transposition of the minn7-P1-bpeTelement downstream of one of three newghaSsites
within the chromosome was assessed by PCR. Clones with confirmedgém§lEnsertions
were stored for further study as strains Bp82.187 and Bp82.189 yielded nagmgke
insertions Table 4.1.F).

To create &1-bpeSconstruct, primers 2702, 2693, 2694, and 28%ble 4.1.A) were
utilized to PCR amplify the wild-typbepeSgene from Bp82 genomic DNA as well as engineer
sequence homologous to the strdagjpromoter fragment of plasmid pTNS3. TiR& promoter
region andpeSamplicons were gel purified and SOEing PCR was performed to amplify a 1.5
kb amplicon with thd®1 promoter fused to thepeSgene using the outermost 5° and 3’ primers
(2693 and 2702). This amplicon was sublconed into pGEM-TEasy to create pPS3196 and
confirmed by sequencing. The 1.5 kb fragment was excised from pPS319&psingHindlll
and ligated into the same sites of linearized pUC18T-mini-Tn7T-KM to create pPS3198. The
plasmid was confirmed usiri{pnl+EcoR digest and sequencing. pPS3198 or pUC18T-mini-
Tn7T-Km were electroporated into Bp82.264 and Bp82.286 and gyhgl8insertions were
identified as outlined in the previous section. Confirmed insertion straingmeg3insertions,
anddesignated Bp82.288, Bp82.289, Bp82.323 and Bp82Bad¢ 4.1.F).

To introduce either a P28S mutation or K267T mutation into the wildR{gd®geS
construct, PCR amplification of mutant BpeS was performed using primers 2693 and 2871
(Table4.1.1A) from pPS3189 (contaiype$rsg and pPS3190 (contaibpeSRos71) (Table
4.1.D). The one kb PCR amplicons were gel purified, and TA cloned into pGEM-TEasy to
create pPS3262 and pPS32%3alfle 4.1.D) before inserts were confirmed througbaR| and
Kpnl digests and sequencing using T7 and SP6 primers. pPS3262 or pPS3263 clones harboring

the correct mutations were digested wAlkl andKpnl to release a 900 bp fragment containing

125



either Bpe$yssor BpeSaosrt. This was ligated into the dephosphorylatdd-Kpnl fragment of
pPS3198, effectively swapping the wild type regiobpéScontained on this plasmid for the
mutant versions carried on the pGEM-TEasy vectors to create pPS3269 and pAHS&BRS0 (
4.1.D). The wild typeP1-bpeSconstructP1-bpe$,ss P1l-bpeg:e;r mutant constructs, and an
empty miniTn7-Km vector control were electroporated into Bp82.264 and Bp82.286 along with
helper plasmid pTNS3. Single transposition clones were identified thgog@specific PCR as
described previously, and insertiongbBhS2or gimS3 were utilized for further study. All final
expression strains are listedTiable 4.1.F.
4.1.6 Antibiotic susceptibility assays

Antibiotic susceptibility of each constructed mutant was assessed by determining the
minimal inhibitory concentration (MIC) utilizing the E-test method following the manufacturers
guideline (bioMerieux,Marcy-Etoile, France). Antimicrobial susceptibilities were assigned
according to guidelines set by the Clinical Laboratory Standards Institute (€ B3ifly,
overnight cultures of interest were sub-cultured 1:100 into cation adjusted Mueller-Hinton broth
(BD, Sparks, MD) containing 40 pg/ml adenine and incubated with shaking at 37 °C until they
reached an Ofonmof 0.6-0.8. A 0.5 McFarland was created using the sub-cultured cells in
sterile 85% saline and confirmed by visual comparison to a McFarland standard, or measurement
of ODg25nmt0 be between 0.08 and 0.1. Using a cotton swab, the McFarland sample was then
struck onto cation-adjusted Mueller-Hinton agar (BD, Sparks, MD) plates supplemented with 40
pg/ml adenine and allowed to dry in the hood. E-test strips were allowed to warm to room
temperature and placed in the center of the dry plate. Samples were incubated at 37°C for 18-20

h before the zone of 80% inhibition was measured on the strip, and recorded as the MIC.
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4.1.7 RNA extraction

Overnight cultures of the strain of interest grown in LB Lennox medium were used to
subculture fresh media at a ratio of 1:100. Cultures were incubated at 37°C with shaking at 250
RPM until they reached an Qf3.mof 0.6-0.8. RNA extraction was carried out using the RNeasy
mini protect kit (Qiagen, Germantown,MD), following manufacturers guidelines with the
addition of a RT incubation with 3 mg/ml lysozyme and vortexing every two minutes to ensure
complete cell lysis. Samples were recovered in 30 pl of sterile, RNase-free water and stored at
-80°C until further use.

4.1.8gRT-PCR

Total RNA isolated as described above was quantified, and 1 pg per sample was treated
with DNAse | (Inivitrogen, Carlsbad, CA) in a total volume of 10 ul with supplied buffer.
Reactions were incubated at 37°C for 20 min, and stopped with the addition of 25 mM EDTA
followed by heating at 65°C. Four pl of each DNAse | treated sample was then used to create
cDNA with the Invitrogen Superscript Il first strand synthesis kit, following the manufacturers
protocol. Reverse transcription negative controls (-RT) were also generated at this time using 4
pl of DNAse treated RNA and 16 pl of water in the place of active kit components. Quantitative
reverse-transcriptase PCR was performed with 2 pl of cDNAR®rtemplate per 20 pl sample
using Invitrogen SYBR-GreenER supermix (Carlsbad, CA) or Syber-select master mix for CFX
(ABI, Foster City, CA), and oligos at 1.25-1.5 uM final concentration using primers listed in
Table4.1.C. gqRT-PCR was carried out on a Bio-Rad Q5 or CFX 1000 (Hercules, CA). All
expression levels were calibrated using basal expression of the 23S ribosomal RNA gene. Target
gene expression was measured and fold changes were calculated using the AACt method, taking

into account previously calculated efficiencies obtained via a standard cuve. Samples with
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correspondingRT controls with a Ct value less than 30 cycles were excluded from analysis and
the procedure was repeated for these samples. All experiments were conducted in at least
biological duplicate before final analysis of expression using GraphPad Prism (La Jolla, CA).
4.1.9 Drug dose dependent induction of bpeEF-oprC
Bp82 and Bp82 derivatives lackihgeT bpeSor bothbpeTandbpeS(Table 4.1.F),
were inoculated in LB Lennox + 80 pg/ml adenine broth and incubated overnight at 37°C. All
strains were diluted into fresh media at a 1:50 subculture and incubated tg@m@Df 0.4-
0.5 at 37°C. At this point, the cultures were split into 5 aliquots and dosed with either
trimethoprim (TMP), doxycycline (DOX), or chloramphenicol (CHL) ranging from 0-16 pg/ml
in 2 fold increments. Cells were allowed to incubate for an additional hour, and were harvested
for RNA extraction when they reached mid-log phase as described in section 4.1.7. cDNA was
generated and samples were analyzed by gRT-PCR and relative gene fold expression was
determined using the AACt method described in the previous section. Expression values were
pooled between biological replicates, and final analysis was performed using GraphPad Prism.
Oneway ANOVA of fold expression was performed with Dunnet’s multiple comparison test
using all LB samples as control comparators.
4.1.10 RNA sequencing and analysis
RNA sequencing was performed at the University of Florida ICBR next-generation
sequencing core. Bp82, BpBpeTssor Bp82bpe$assand Bp8peFos71 Were inoculated in
LB-Lennox +80 pg/ml adenine and incubated overnight at 37°C with shaking. Overnight growth
was sub-cultured 1:50 into fresh media, and the cultures were grown to mid-log phase. Total
RNA was extracted as described earlier, and samples were stored at -80°C. This procedure was

repeated to create two biological replicates. The samples were assessed for purity and integrity
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with a fluorimeter. Samples with andy.soratio of 1.9-2.0 were sent to the core for further
analysis. There, RNA quality was confirmed on an TapeStatioaialzer (Agilent, Santa
Clara, CA), and ribosomal rRNA depletion was performed using Ribozeo (lllumina, San Diego,
CA). A sequencing library was created using an lllumina TruSeq paired end library prep kit for
150 bp fragments and the samples were analyzed on an lllumina HiSeq 2000 run at medium
capacity.

A total of 155 million reads were returned for further analysis, aver&gimgllion reads
per sample. Quality control and analysis of reads was performed using NCBI &40y
each sample replicate, all reads were trimmed to an average phred score of 20 or above using QC
filter.*? Highly repetitive sequences were removed from the data set, and adaptors were trimmed
from reads above the quality index cut. Cleaned sequences were then alignd2ptbdpéb
genome using Bowtie2 constrained for paired-end reads, where the resultant alignments were
annotated against the 1026b gendttiehe .bam output files were then merged and input to
Cufflinks to calculate fragments per kilobase per million mapped reads (FPKM) with a false
discovery rate of 0.5 and to determine transcripts present within those mapp€d rEaese
files were used as input in Cuffdiff in comparison to either the wild-type control replicate to
determine relative fold differences between identified transcripfsThe tool was run using a
classic-FPKM library normalization method, for pooled samples with a multi-read correction to
improve the accuracy of the expression estimations and a false discover rate of 5%. Log base 2
of expression values from these comparisons were subjected to statistical testing within Cuffdiff
based on the presence of both replicate fragments within the identified transcript. A list of all
genes with significantly altered expression was compiled. Overall expression distributions were

plotted using CummeRburid.
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4.1.11 Protein purification

ThebpeTor bpeSgenes were PCR amplified from genomic DNA from Bp82, Bp82.270
(bpeTszsop or plasmids pPS318®e$2s9 or 3190 bpeSosst) using primer pairs 2536 and
2537 or 2849 and 2850 listedTable 4.1.A. 3’ primers were designed to remove the stop
codon of each gene and to facilitate an in-frame hexahistidine fusion when subcloned into pET-
21b to obtain pPS3265, pPS3266 and pPS32&blé 4.1.D). All cloning procedures to create
these vectors and initial testing methods used to confirm protein expression in BL21(DE3) or
BL21(DE3)RP are described in Chapter 3 section 1.11. Protein was expressed by induction with
1 mM to 5 mM IPTG starting at Qghnn=0.8-1.0 for up to 4 h or an OD of 1.5-2.0 depending on
expression strain, target protein and expression clone. Cells were pelleted and proteins were
extracted using an adapted protocol first developed elsewhere and described in Capter 3.
Proteins were dialyzed overnight as described in Chapter 3 and concentrations of protein samples
were measured using a BCA assay Kit (ThermoPierce, Rockford, IL) and averaged
concentrations of 1-2 mg/ml. Glycerol was added to samples to a final concentration of 20% and
samples were stored at -80°C until further use.

4.1.12 Native gel electrophoresis

Five hundred ng to 1 pg of protein per sample was mixed 1:2 with native sample buffer
containing 62.5 mM Tris-HCI pH 6.8, 0.01% bromophenol blue, and 40% glycerol. All samples
and 5 ul of Native Mark Standard (Lifetech, Carlsbad, CA) diluted 1:20 in sample buffer were
loaded onto a 4-15% mini-protean TGX gel (Bio-Rad, Hercules, CA) and electrophoresed in
buffer containing 25 mM Tris-Hcl 250 mM glycine without SDS. Gels were run at 130 V for
approximately 1 h before being removed from the electrophoresis chamber and fixed in a

solution containing 30% ethanol and 10 % acetic acid for 30 min. The gels were later washed
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with ultrapure water , and stained with silver stain (ThermoPierce, Rockford, IL) according to
the manufacturer’s protocol for native polyacrylamide gel vizualization.
4.1.13 Size exclusion chromatography

To estimate the native sizes of purified His-tagged BpeT and BpeS, low-pressure size
exclusion chromatography analysis was conducted as adapted from Chuanchuéh, 2006.
Briefly, a 50 cm column was filled with a 50% slurry of de-gassed Bio-Rad Sephadex G-200
swelled in water for 24 h prior to packing. The column was connected to a Bio-Rad peristaltic
pump system leading to a UV monitor. The column was packed at a flow rate of 7.2 ml/hour
until compressed by 2/3 with degassed buffer (20 mM TRIS-HCI pH7.5, 1 mM EDTA, 0.1 mM
DTT and 15% glycerol) and fitted with a flow adaptor. Sigma gel filtration standards for 12kD to
200 kD proteins were resuspended in chromatography buffer according to the manufacturers
recommendations. Blue Dextran, ATP and pUODMA were used to measure void and
retention peaks.

One aliquot per sample was injected into the flow adaptor with care to avoid bubble
introduction and allowed to enter the column at the packing flow rate. Injection times were
recorded as time zero. Peaks detected at 280 nm by the UV monitor were recorded for each
sample and the injections were repeated two additional times to generate a standard curve. 500 pl
aliquots of either BpeT or BpeS at approximately 1 mg/ml were injected into the flow adaptor at
constant rate. Peaks were recorded following the same time measurement procedure as the
standards, and peak distance from the start time was measured. Each sample was analyzed in
triplicate and generated peaks were compared to the standard curve. The partition coefficient was
calculated using the formula &¥)/(V-Vo) and used to determine for identification of the

native size of each protein.
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4.2 Results and discussion
4.2.1 BpeT isatranscriptional activator of the bpeEF-oprC efflux pump operon.

To determine the function of BpeT, transcript levelbpgTandbpeFwere determined
by gRT-PCR using gene specific primers and 23S ribosomal RNA as a control comparator. Total
RNA from Bp82, strains harboring a mini-Ti¥Z-bpeT construct, or an empty vector control,
was used as template.

As expected, nbpeTtranscripts could be detected in un-complemented strains lacking
endogenoubpeT(Fig. 4.2.1). ThebpeFtranscript levels in these strains were less than that of
Bp82. In the strain harboring a single copypéTunder the control of the strong P1 promoter,
bpeTmRNA levels were 30-40 fold higher than in wild type Bp82. bpeFtranscript levels in
this isolate increased 10 fold in comparison to wild type Bp82. This sughatpe Tmay act
as a transcriptional activator of the operon, as overexpressigre®dtlirectly correlates to
transcriptional upregulation of pump gene expression.

The presence of functional BpeEF-OprC protein was confirmed through MIC assays for
BpeEF-OprC substrates using the E-test metfablé 4.2.1). Overexpression of BpeEF-OprC
was confirmed by phenotypic decreases in the antimicrobial susceptibility of strains containing
theP1-bpeTconstruct. Compared to wild type Bp82, the Bp82AbpeT.:mini-Tn7 strain did not
show an increase in MICs for trimethoprim (TMP), sulfamethoxazole (SMX), or co-trimoxazole
(SXT). In the strain containing thH&l-bpeTconstruct, MIC levels for TMP are increased from
0.094 to 16 pg/ml, classifying them as TMP resistant. There is a modest increase in the MIC
levels of SMX, but not SXT in this strains. SMX is not known to be a substrate of the pump at
wild type expression levels less than those seen iRIH®eTconstruct strains. This fact may

explain the slightly elevated SMX MIC value and lack of significant increases in SXT resistance
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Figure4.2.1. BpeT isatranscriptional activator of the bpeEF-oprC operon.
Either an empty vector control or pPS2463 containing a copp@tdriven by the strong P1
promoter was integrated into the chromosome of Bp82AbpeTusing the miniTn7 system. RT-
gPCR analysis of bothpeTandbpeF of these strains, in addition to the parent strain Bp82
and background strain lackilbgeTwas performed in biological duplicate. Bars represent
mean expression of two biological replicates one with standard deviation. Statistical analysis
was performed by Tweray ANOVA with Tukey’s multiple comparison post test using
GraphPad Prism V6 to determine inter-strain déffees. P < 0.0001 = ****

Table4.2.1 MIC testing in Bp82 bpeT over expression strains

Minimal Inhibitory Concentration (ng/ml)

Strain T™P SMX SXT

Bp82 0.75 4 094
Bp82AbpeT:: mini-Tn7 1 8 0.094
Bp82AbpeT:: mini-Tn7-P1-bpeT 16 128 1-1.5

MICs for the indicated antibiotics were determined using the E-test method in technic:
triplicate, in at least biological duplicate. MIC values represent the mode of all
measurements. Detection limits for TMP, SMX and SXT are 32, 1024 and 32 pg/ml,
respectively. CLSI break points for a resistant classificatidpirare TMP > 8 pg/ml,
SMX >256 pg/ml SXT > 2/38 pg/ml at a 1:19 ratio of TMP to SMX.
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in theP1-bpeToverexpression. As SXT is a combination of both sulfamethoxazole and
trimethoprim, efflux activity insufficient to remove both TMP and SMX from the cell would
leave one component of the drug combo active within the cell. This would result in a MIC that is
still classified as susceptible according to CLSI guidelfnes.
4.2.2 BpeSisnot atranscriptional activator of the bpeEF-oprC operon under wild-typein-
vitro conditions.

To repeat the analysis conducted viagre Tfor determination of BpeS function, a similar
approach was utilized. To assess phenotypic changes caused by overexprégm&tofest
MIC analyses were conducted as in bipeToverexpression experiments to assess a possible
role of BpeS in activation dipeEFoprC operon expressionT éble 4.2.2). gRT-PCR was
employed to assedpeStranscript levels in Bp82, Bp82 AbpeSBp82 Abpe3bpeTisolates
harboring a chromosomally integrated mim7 isolate expressinigpeSirom the strong P1
promoter Fig. 4.2.2).

Despite overexpression bpeSin bothP1-bpeSstrains when compared to Bp&Ris did
not result in any changes in MIC levels in either Bg§# Sor Bp82Abpe3bpeTstrains
containingP1-bpeS This could implicatdpeSas a transcriptional repressor except for the fact
that strain controls lackinigpeShut retainingopeTshowed no increase bpeFexpression.
Decreased drug susceptibility would be expected after loss of such a repressor protein but was
not observed in isolates lackibgeS. Later data will show that both BpeS and BpeT are
dispensable for drug-dependent induction of BpeEF-oprC, and in light of this fact it may be
possible that BpeS is necessary for activation of the operon only under specific environmental
settings. This may suggest it is unable to perform an activatory function under currently

identified laboratory conditions.
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Figure4.2.2. Transcription from the P1 promoter causes over expression of wild-type
bpeS. gRT-PCR analysis was performed using total RNA isolated from strains |dogef§)
or bothbpeSandbpeT ,but harboring a miniFn7 construct on whiclhpeSs expressed by
the strong P1 promotdspeSexpression is highly elevated in comparison to Bp82.

Table4.2.2. BpeSisnot adirect transcriptional regulator of bpeEF-opC.

Minimal Inhibitory Concentration (ug/ml)

Strain T™MP SXT

Bp82 0.75 094

Bp82AbpeS:: mini-Tn7-PI1-bpeS 0.75 0.094
Bp82AbpeSAbpeT:: mini-Tn7-P1-bpeS 0.75 0.125

MICs were determined using the E-test methopkSoverexpression is not accompanied by
increased resistance to Trimethoprim (TMP) or co-trimoxazole (SXT) indicatingpb&i--
oprC expression was unaffected by overexpression of BpeS. Clinical Laboratory Stande
Institute break points for a resistant classificatioBprare TMP > 8 pug/ml, and SXT > 2/38
pg/ml at a 1:19 ratio of TMP to SMX.
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4.2.3 bpeS mutations, not changesto bpeS expression level, cause BpeEF-Opr C dependent
resistance to co-trimoxazole.

Based on the lack ddpeEFoprC over-expression in strains containidd-bpe$ the
effect of the mutations themselves may give insight into the functibpe Mini-Tn7
constructs expressing eithgpe $ss(located on pPS3269) bpe&os7t (located on pPS3280)
(Table4.1.D) were introduced into Bp82 lackifpeSor bothbpeSandbpeT Resistance to
SMX, SXT and TMP was measured by the E-test method, and expression |3, dipeF
andbpeSwere measured byRY-PCR.

The presence of functional Bpggsprotein was confirmed through MIC analysis
(Table4.2.3). This showed decreases in the susceptibility of the BpgButants to both TMP
and SMX, confirming previous data by Podnecky et al (unpublished observations), that high
level BpeEF-OprC overexpression also causes SMX extrusion. This in turn is confirmed by the
increase of SXT MIC in these strains to 6 pg/ml, while the MIC levels in Bp8P &bpeS
strains described ihable 4.2.2 remained indistinguishable from one another at 0.094 ug/ml.
This suggests that the mutation, not the increased presence of the regulator, is responsible for
changes in expression levels of the target operon. A similar trend was observed viten the
bpeSzs7rvariants were analyzed. MIC analysis displayed a similar trend to that of strains
expressing th@1-bpeS$,ssvariant with both TMP and SMX MIC levels measutedhe limit of
detection for the assayl éble 4.2.3).

Analysis of gene expression by qRT-PCR analysis confirmed observations made by E-
Test MIC analysis. MiniFn7 vector controls showed no increase in gene expression attributable
to the vector. For strains possessingRdpeS-ogsconstructppeFexpression levels in all

strain backgrounds were 2 to 3 times higher than thospeSand were from 40 to 60 fold
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Table 4.2.3. Antibiotic susceptibility of strainsexpressing BpeSpzss or BpeSk 2671
variants lacking native bpeS or bpeS and bpeT.

Minimal Inhibitory Concentration in (pg/ml)

Strain T™MP SMX SXT

Bp82 1 4 .094
Bp82AbpeS::Pl-bpeSp,gq >32 >1024 6
Bp82AbpeSAbpeT::Pl1-bpeSpagg =32 >1024 6
Bp82AbpeS::PI-bpeSyseir >32 >1024 6
Bp82AbpeSAbpeT::Pl-bpeSx¢71 =32 >1024 6

All isolates were analyzed using the E-test method. Losp@fappeared to have no
effect on MIC. Detection limit for both TMP and SXT is 32 pg/ml, and >1024 pg/ml for
sulfamethoxazole. CLSI break points for a resistant classificatiBnpseudomalleare
TMP > 8 ua/ml. SMX > 256 and SXT > 2/38 ua/ml at a 1:19 ratio of TMP to SMX.

increased from wild type and empty control sampieg. 4.2.3). Statistical analysis showed that
bothbpeSandbpeFlevelsin P1-bpe$.sssamples were significantly different from both Bp82
samples and empty vector control strains. These data also indicdipeBet not a direct
regulatory activator dbpeT,asbpeTexpressionevels in bpeT strains remained unaffected by
the presence of the overexpresbpdSmutant and were not statistically different from wild type
samples.

When the analysis was repeated in isolates harboringltipe K671 cOnstructs, a
similar trend could be observelttanscript levels obpeFin these strains were elevated more
than 100 fold when compared to wild type or vector control strains and statistically significant in
comparison to these isolatésd. 4.2.4). ThebpeStranscriptievels were not found to be
statistically different from wild type in either thgeT or bpeT strain backgrounds, although

their expression was increased approximately 5 fold compared to wild type or vector controls.
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Figure 4.2.3. The bpeSe,ss mutation causes high level expression of bpeF. Mini-T n7 construct expressingpe$.ssfrom theP1
promoter was introduced into Bp82 variants lackpgS.or bpeSandbpeT(Table 4.1.D. and4.1.F.). The expression dipeS,
bpeTandbpeFin theresulting strains was measured by gRT-PCR andwwoANOVA was performed with Dunnet’s post test to
determine significance compared to the wild type control. Bars represent mean expression of two biological replicages with on
standard deviation. Strains witLbpe$,ssdisplayed elevated expressionbple SandbpeFbut notbpeTwhen still present at the
native locus. **** = p < 0.0001, ***=p < 0.001, ** = p <0.01.
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Figure 4.2.4. The bpeS« 2671 mutation causes high level expression of bpeF.

A mini-Tn7 construct expressiml-bpeS.677 Was introduced into Bp82 variants lackioge$S or bpeSandbpeT(Table 4.1.D
and4.1.F). The expression dipeS bpeTandbpeFin the resulting strains was measured by gRT-PCR and Two-way ANOVA
with Dunnet’s post test was used to determine significance compared to the wild type control. Bars represent mean expres
two biological replicates with one standard deviatlmpeFlevels in strainsvith P1bpeSas7t constructs were significantly
elevated regardless of the presence or abseraeedf AlthoughbpeSexpression was increased in these isolates, it was not
statistically different from the wild type control despite a minimum 5 fold incréged levels were not affected by the presenct
of mutantbpeS**** = p < 0.0001, **=p < 0.001, * = p < 0.01.
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4.2.4 Mutation position in BpeS alter s expression phenotypes of BpeF.

Comparisons of changes that may arise from laddpeflin strains overexpressing
mutant BpeS were performed using two way ANOVA with Tukey’s multiple comparison to
assess inter-strain effects. No significant difference could be detected in expression levels of
bpeFbased on presence or absenclepaT(data not shown). This would suggest thiaeSis the
dominant force driving expression of the pump. However, a significant differebpeln
transcript levels did exist in comparisons of strains expressing-E43®S BpeRos7t
independent of strain backgrourfeld. 4.2.5). Strains encoding the Bpeg;rvariant displayed
significantly higher levels dipeFmRNA than those with Bpe&svariant despite there being
no statistically significant difference between th®eSexpression levels. This may speak to the
position of the respective mutations in the context of protein function. The P28S amino acid
subsitution is found within the N-Terminal DNA binding region of Bfe®\terations within
the hdix-turn-helix motif at this region may cause enhanced specificity to the binding region
associated witbhpeEF-oprCthereby promoting transcription in a manner not seen by simple
overexpression of the protein in previous studies. The K267T substitution is located in the C-
terminal domain necessary for putative protein-protein interaction and co-inducer binding in
LysR-type regulatory proteifswWe previously hypothesized that in mutants encoding an S280P
amino acid substitution in BpeT, a co-inducer independent state occurs because of changes to
the C-terminus of the protein. This subsequently results in constitutive pump expression. It may
be possible that the K267T mutation affects BpeS in a similar manner. Changes to the different
domains of the BpeS protein may in turn lead to subtle variations in resistance and expression
phenotypes observed, and may contribute to observed changes in resistance profiles through

perturbations of the same regulatory mechanism in different ways.
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Figure 4.2.5. Position of mutationsin bpeS has an effect on expression of bpeF.

Expression obpeF, bpeSandbpeT in Bp82 strains overexpressing either BpeSBpe&os7t, Or carrying the empty mini-

Tn7 was re-analyzed by Tweay ANOVA and Tukey’s multiple comparison to assess the contribution of each mutation on

expression of each gene. Bars represent mean expression fold change over Bp82 controls with one standard deviation in two
biological replicates. Expression lgpeFis significantly different between P28S and K267T variants, vidp&ESandbpeT

expression are unaffected. **** = p < 0.0001, ***=p < 0.001, ** = p <0.01.
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4.2.5 BpeT and BpeS are not required for pump substrateinduction of bpeEF-oprC
expression.
Wild-type Bp82 or Bp82 mutants lackifgpeT, bpe®rbpeTandbpeS(Table 4.1.F)
were exposed to increasing concentrations of either trimethoprim, doxycycline or chloramp-
henicol and allowed to incubate for one hour before total RNA was extracted. The expression of
bpeFmMRNA was quantified through gRT-PCR in at least biological duplicate, and evaluated in
GraphPad Prism V.6 by One-Way ANOVA abdnnet’s multiple comparisons

In the wild type strain, a dose dependent response to the presence of either chloram-
phenicol or doxycycline can be seerbpeFlevels that are significantly different to the control
sample Fig. 4.2.6, panel A). However, with 1h trimethoprim exposure, this trend is no
observed. Only the highest dose of TMP produces a significant incréggeHaxpression. In
strains lacking onlyppeT, a similar response can be seen, with one hour exposure to either doxy-
cycline or chloramphenicol causing significant increases in expressopebfn a concentration
dependent manneFig. 4.2.6, pane B). Exposure to trimethoprim produces decreased levels of
bpeFexpression in these isolates.

In strains lacking onlyppeS a dose dependent trend similar to that of Bp82 is observed,
while trimethoprim produces no significant resporisg.(4.2.7, panel A). In the absence of
bothbpeSandbpeT, expression levels dipeFin response to doxycycline or chloramphenicol
were significantly increased as in wild typeT,andbpeSdeletion strainsKig. 4.2.7, panel
B). Two conclusions can be drawn from these results; an additional regulatory factor is
resposible chloramphenicol and doxycycline related pump inductiorhpaiinay specifically
interact with trimethoprim to activatgpeEF-opC expression. Neither protein appears to be

responsible for expression lopeEF-oprCas induction occurs in the absence of both genes.
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Figure 4.2.6. bpeT isdispensable for efflux pump substrate mediated induction of bpeF expression.

(A, crosshatched bars )Wild type &, brick pattern bars) Bp82AbpeTwas exposed to sub inhibitory concentrations of CHL,
DOX or TMP for 1 h prior to RNA extraction. qRT-PCR analysis was performed to detdypeRexpression at each drug
concentration. Bars depict mean fold change and one standard devidipetekpression in comparison to the LB growth
medium only control in a representative experiment. @meANOVA and Dunnet’s multiple comparison were performed to
determine significant differences from the LB only control. In every test except TMP, significantly elgvalf@adduction

was observed in the absencédpeT. **** = p < 0.0001, **=p < 0.001, ** = p < 0.01, *= p < 0.05. Abbreviations: CHL,
chloramphenicol, DOX, doxycycline, TMP, trimethoprim.
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Figure4.2.7. bpeS isdispensable for efflux pump substrate mediated induction of bpeF expression.

A. Bp82 AbpeSgolid bars)pr B. Bp82 AbpeSAbpeT(striped bars)was exposed to sub inhibitory concentrations of CHL, DOX or
TMP for 1 h prior to RNA extraction. gRT-PCR analysis was performed to detebpéteexpression at each drug concentration.
Bars depict mean fold change and one standard deviatipeBexpression in comparison to the growth medium only control in
two biological replicates. Oneay ANOV A and Dunnet’s multiple comparison were performed to determine significant
differences from the LB only control. With the exception of TMP tests, signifiqeefexpression occurred independent of both
bpeSandbpeT. **** = p < 0.0001, ** = p < 0.01, Abbreviations: CHL, chloramphenicol, DOX, doxycycline, TMP,
trimethoprim.
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These data suggest that there is an additional mechanism in play controlling the
expression of the efflux pump. If either BpeT or BpeS was the sole activator of pump
transcription, loss of one or both regulators would result in abrogated pump expression, even in
the presence of inducing pump substrates. While overexpression and mutation studies show that
both BpeT and BpeS are important for the expression of the pump, the continued activation of
pump expression in response to antibiotic exposure confirms that there is an additional
regulatory factor able to manipulate BpeEF-OprC.

Attempts were made to identify the unknown regulatory mechanism by stepwise
selection of a Bp82 AbpeS AbpeT strain with co-trimoxazole, to isolate mutants with decreased
susceptibility attributable to increased expression of BpeEF-OprC. The idea was that once these
isolates were identified, BpeEF-OprC expression would be assessed, and those isolates
displaying high levels of efflux pump expression would be sent for whole genome sequencing to
identify mutations within novel regulatory genes. However, only two resistant isolates were
obtained, and of these, none displayed increased expressiorbpethie-oprCoperon (data not
shown).

It is most likely that mutations to the genes encoding proteins FolA or FolP, the folate
pathway targets of trimethoprim and sulfamethoxazole, are responsible for decreased
susceptibility in this particular pool of mutants and that much higher throughput is necessary to
isolate an efflux-related resistant isolate. The thought that such an isolate exists, and that we can
identify the missing regulatory gene, also relies on the assumption that this network is solely
based on DNA-protein interactions. This completely disregards the possibilities that regulation of
BpeEF-OprC could also be rooted in post-transcriptional or post-translational modifications, and

if so would not be detected by the methods currently employed.
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4.2.6 BpeS and BpeT form multimers.

It was hypothesized that changes in expressitapé&F-oprCin the presence of
mutations ilbpeSor bpeTmay be promoted by alterations in the ability of these proteins to form
oligomeric structures. Members of the LysR-type regulatory protein family typically interact
with their binding target by assembling into multimeric protein complexes, consisting of two to
eight copies of a single proteifi?° Structural analysis of the LysR protein family suggests the
presence of a protein oligomerization domain in the C-terminal region as well as a co-inducer
binding domairf>?*

To assess how mutations in this region may alter protein-protein interaction, the native
sizes of both wild type and mutant BpeT or BpeS were determined by both size exclusion
chromatography (SEC) and native polyacrylamide gel electrophoresis. Low pressure SEC
analysis was performed on purified recombinant BpeT and BpeS using plasmid DNA, ATP, and
blue dextran to determine void and partition values for the col@ign4.2.8.).? A standard
curve was generated using calculated partition coefficients for bovine serum albumin, yeast
alcohol dehydrogenase, sweet potato f-amylase, horse heart cytochrome C oxidase, and bovine
erythrocyte carbonic anhydrase, ranging from 12.4 kDa to 200,000 kDa in size. All standards and
samples were filtered under identical conditions, and time-on-column was monitored by UV
peak detection at 280 nm.

For BpeT samples, two peaks were detected, one with a calculated partition coefficient
correlating to a molecular weight of 66 kDa, consistent with the formation of a dimer. The
second peak had a calculated molecular weight of under 15 kDa, and may be indicative of a
contaminant protein in the BpeT sample, or of protein degradation. Three peaks were detected in

BpeS samples, with molecular weights estimated at approximately 12, 34 and 202 kDa. The
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presence of a peak below the estimated weight of 35-37 kDa is most likely again the result of
either protein degradation or a contaminating protein carried over from the purification process.
It is interesting to note the absence of the monomeric form of BpeT. With SDS-PAGE analysis,
this protein displays a single band at approximately 37 kDa, which is consistent with the size
predicted by the amino acid sequence. However, this peak was not detected in our initial
attempts at gel chromatography. This could be caused by a high affinity for the protein to
aggregate into a dimeric form, or improper chromatography conditions that prevented

dissociation of the native monomer while in solution.
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Figure 4.2.8. Molecular weight characterization of BpeS and BpeT by size exclusion
chromatography shows both proteinsform multimers.

Low pressure SEC analysis of recombinant standards (1-5) was conducted under native
conditions. The average partition coefficient of each standard was calculated and used to
generate a standard curve relating partition coefficient to molecular weight. Two replicate
samples of purified 6x histidine tagged BpeS or BpeT were filtered on the same column
and their molecular weight was calculated using the standard curve. BpeS was detected in
both monomer and hexamer forms at 34 kDa and ~202 kDa, while BpeT was detected in
dimer form at ~ 66 kDa. The predicted molecular weight of BpeT-6xHis is 38 kDa, while
BpeS-6xHis is 36.3 kD&tandards: 1. p-amylase, 200 kDa, 2. Alcohol dehydrogenase,

150 kDa ,3. Bovine serum albumin, 66 kDa 4. Carbonic anhydrase, 29 kDa 5.Cytoc
C oxidase, 12.4 kDa
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4.2.7 Mutations causing elevated pump expression do not influence multimer formation of
BpeT or BpeS.
To assess possible changes in multimer formation caused by BpeS and BpeT mutations,

these samples were analyzed by native gel electrophoresis and silver stags/gZ.9 and

4.2.10). In BpeT samples, strong bands at approximately 110 kDa, 420 kDa and 500 kDa are
visible, possibly correlating to the formation of a protein trimer and 12-mer using the calculated
38 kDa weight of BpeT-6xHis. While the 110 kDa band is most likely a naturally forming
complex, it is possible that the larger forms are the products of non-specific interactions caused

by aggregation. However, these bands lack the laddering stain pattern typically associated with
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Figure4.2.9. BpeT forms high molecular weight complexes under native conditions.

L eft panel: 500 ng of BpeT or Bpesksoprecombinant protein was loaded on to a 4-20% Tt
native gel and detected with silver stain. Size was determined by comparison to a Nativ
standard. Large complexes are visible at 110, 420 and 500=k@d.panel: 1 ug of purified

the same BpeT batch was heat-denatured, analyzed on a 12% SDS polyacrylamidegel and
stained with Coomassie blue. Although the monomer is close to the predicted size of 38 kDa
under denaturing conditions, it is not detected during native PAGE
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detection of non-functional protein aggregates that form as a result of heat. It is also important
to note that these high-order bands also apgiesazes that could be comprised of a dimer or

trimer of trimers, as opposed to individual monomers combining in a range of sizes. The
formation of these large complexes has been cited as a cause of insolubility at high
concentrations in other LysR family proteins, and may be responsible for the bands we detected
above 300 kDa.43 No free monomer is detectable although a clear ~37-38 kDa band is
detectable by SDS-PAGE analysis shown in the right panel of Figs. 4.2.9 and 4.2.10. This
correlates to the inability to detect a peak at this same size through SEC analysis, despite the

slightly different distribution of detectable protein sizes.
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Figure 4.2.10. BpeS and BpeS mutants form high molecular weight complexes under

native conditions. L eft panel: 500 ng of BpeS or Bpegs or Bpe&zes7r recombinant protein
were loaded on to a 4-20% TGX native gel and proteins and their complexes were detected
with silver stain. Sizes were determined by comparison to a Native Mark standard. Large
complexes are present at 110, 242 and 420RiDhat panel: 10 pl of the same Bpegs
purification batch was heat-denatured and subjected to SDS-PAGE on a 4-20% TGX gel
before staining with Coomassie blue. Although the monomer is close to the predicted size of
36 kDa under denaturing conditions, it is not detected during native PAGE.
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In wild type BpeS samples, a band is detected at 110, 242 kDa and 420 kDa. These
oligomers would correspond to protein formations containing 3, 6 and 12 copies of the 36 kDa
hexa-histidine tagged monomer. In both BpgSand Bpe&:s7t samples a distinct 110 kDa
band is detectable, but larger forms are less clear due to heavy staining from 110 kDa to ~ 500
kDa resulting in a partial smear, thus suggesting our initial hypothesis was incorrect. These
samples were concentrated 10-fold prior to loading on the native gel, as their purified
concentrations were low. It is possible that this manipulation caused aggregates to form, or that
the concentration estimates of samples extrapolated from initial BCA protein quantities was
inaccurate, leading to overloading. Repeated SEC analysis may be necessary for confirmation.

4.2.8 Mutationsto BpeT and BpeS alter global gene expression of B. pseudomallei

It was hypothesized that BpeS may act to alter transcriptional network phenotypes.
However, it was unknown if this would be due to metabolic changes brought on by over-
expression of the pump, or if BpeS and BpeT are capable of targeting multiple operons in a
fashion similar to the MexT-MexS regulatory schem@séudomonas aerugindsaro
determine if either BpeS or BpeT exhibit a global regulatory affect, Next-generation RNA
sequencing and analysis was used. Differential expression analysis revealed that in both mutant
BpeS and BpeT samples, the expression of a large number of genes was altered in comparison to
wild-type (Fig. 4.2.11). Alterations in expression of thgpeEFoprC operon were observed in all
samples but Bp82 and were used as an internal control to confirm the accuracy of the analysis
across two biological replicates. However, while each gene of this operon was upregulated in
each mutant sample, not all the expression levels were deemed significant in all samples. This
was probably based on sequence quality of one mate pair precluding some transcripts from

statistical analysis, or their false-discovery rate (FDR) adjusted P value.
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Figure4.2.11. Thedistribution of global gene

expression in bpeSk 2s7t, bpeSess and bpeT spsop Mutants.
Cuffdiff outputs from comparisons of the three regulatory
mutants were used to generate volcano plots in
CummeRbund. Individual genes or transcripts were plo
based on their lafpld change (x-axis) and théog;op-

value (y-axis), where a y-value of 1.3 correlates to p= 0.05

(red line). ThebpeTszgopmutant A) andbpeSos7r mutant

(C) display a wider range of genome expression

differences, whereas tihpeS$.ssmutant B) shows more

significant changes in comparison to the Bp82 control
strain.
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Figure 4.2.12. bpeT and bpeS mutants show significantly altered global gene expression.
A list of significantly altered genes was compiled from the large Cuffdif gene expression
output. Only 5 genes were significantly upregulated in all samples, inclogdetg

A much reduced list of significantly altered genes was generated, and submitted for Kegg
pathway analysis and gene function annotatigopendix, Tables A2-5). Perhaps most
interestingly, significantly altered expression levels were detected in genes associated with the
Type 3 secretion system cluster 3 (T3SS-Bunkholderiasecretion apparatubsa)known to
be required for cell invasion, intracellular persistence and virulence. Also commonly upregulated
were genes associated with cell stress, including several chaperone proteins that could be
indicative of the effects of dysregulated transcriptional and translational responses triggered by
upregulated BpeEF-OprC expression. Overall, there were a relatively small number of genes
shared among the mutanEd. 4.2.12), while thebpe$;ssmutation seemed to elicit the largest
significant change across the genome. The majority of shared genes were involved in cell
metabolism and the stress response. A full listing of the genes displaying altered expression, and
their annotation, is provided in the Appendix. To confirm the results of RNA seq analysis, a
subset of these genes were analyzed by qRT-PCR using primers adapted from a stuBgan the

T3SS, fliC, anddnak, using 23S rRNA as a control calibrafor.
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Figure 4.2.13. bpeS mutations cause upregulation of the Bsa Type Il secretion system of

Bp. To confirm the results of RNA-Seq analysis, qRT-PCR was performed on a subset of
significantly altered T3SS-3 genes usdrgK as an additional internal control for constant
expression. Bars represent mean expression with standard error of at least two biological
replicates in technical triplicate. Two-way ANOVA with Dunigiost test was utilized to
determine statistical differences from the Bp82 control. In all T3SS-3 targets, mutatoqesSt
resulted in significant upregulation compared to Bp82. ****= p<0.0001, ***= p < 0.001, **
<0.01,*=p<0.05.
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Strains with amino acid substitutions to BpeS or BpeT were re-analyzed, as were
bpeS$sAbpeTandbpefaos7tAbpeT,and AbpeTAbpeS Bp82 mutants. In all Bpegst strains,
including those lackingpeT, significantly increased expression of genes associated with T3SS-3
was observed, whildnaK andfliC remained unchanged from wild type Bp&2g; 4.2.13).
BpeSssstrains with or withoubpeTalso displayed increased expression of genes associated
with structural and secreted elements of the T3SS-3. However, these levels were not high
enough to be considered statistically different from the Bp82 control. A strainain analysis
followed by Tukey’s post test showed that with the exception of fliC in Bp82 AbpeSponly strains
with mutations tdpeSand intacbpeTproduced T3SS-3 expression levels that were truly
different from those measured in other backgroufds 4.2.15). This is most noticeable in
bpeS.s7 isolates; in the absencelgeT transcript levels obicA, bipB,andbopAall decrease to
at least half their expression in theeT isolate. Despite this observation, there is a noticeable
trend towards increased transcripbghQin all BpeS mutants. ThesaQgene encodes an
exporter protein essential for the extrusion of the effector protein BopA through translocon BipB,
allowing it to be modified by chaperone BiéA?’.

The increased expression of these genes in respohpe$dut notbpeT, mutations
suggests that the altered transcriptional response is due directly to BpeS interaction with T3SS-3
regulatory cascade. Transcriptional control by Bpe$ could aberrantly prompt utilization af
different set of adaptation mechanisms e.g. those needed for host persistence, regardless of
environmental cues caused by co-inducer independence. It is important to note that these
observations deal only with expression of virulence fagtoviiro and may not correlate to
alterations in the ability dBpto infect the host. Further testing is essential to determine if such

transcriptional modulations have any effect on fitness during host or environmental persistence.
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Figure4.2.14. Virulencerelated gene expression depends on the presence of BpeS. The gene expression results of T3SS-3
Bp82 isolates with mutations bpeSor bpeTwere reanalyzed by Twdfay ANOVA and Tukey’s multiple comparison test to
assess dependency on strain backgroopel&.s77 displayed markedly higher expression of all genes except control daajet
Increases in the relative quantitylifaQare tied to the presencelgdeS. ***=p <0.001, ** = p < 0.01, * = p <0.05.
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4.3 Conclusions

Alterations to the amino acid sequence of BpeS and BpeT appear to play a major role not
only in changing expression of the genes encoding the BpeEF-OprC efflux pump, but highlight
the ability of BpeS to interact with other genes and operons on a global scale. What remains
unclear is the mechanism by which these mutations cause transcriptional changes to occur, and
what the complete role of the proteins might be in their native state. Our investigations into
native size and oligomer formation showed no discernable difference between wild type or
mutant forms of either proteiffrigs. 4.2.8 to 4.210). As the LysR-type regulatory protein family
is known to interact with a co-inducer at the C-terminus of the protein, it may be possible that the
sequence divergence of BpeT and BpeS may alter their substrate spééfticithe loss of
rapid TMP inducibility in strains lackingpeT combined with the constitutive activation of the
pump in BpeTE.gopmutants may point to a direct interaction between BpeT and trimethoprim.

The differences in substrate specificity may also explain the seemingly redundant nature
of BpeT and BpeS, demonstrated by their shared role in hyper-expresbeEdi-oprCand
continued induction of pump gene expression after their deldtiga ¢.2.6t04.2.7) . It is
possible that BpeS and BpeT promote homeostasis by interacting with specific environmental
compounds to activate the pump at different times and conditions. This is supported by the broad
specificity of the pump itself, as well as the continued induction of pump gene expression even
after loss of both currently identified regulatory genes. The inability of BpeS to act as a direct
activator solely by overexpressidrig 4.2.2), and apparent existence of an additional regulatory
factor reinforce this mechanism.

Mutations tobpeTandbpeSalter not only the expression of the BpeEF-OprC pump, but

play a larger role in manipulating the global transcriptional respor3p.dPrevious studies into
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the effects of antimicrobial resistance on cell fithess in other species had noted changes on global
transcriptional networks both promoting, and in response to, highly upregulated efflux operon
expression. IfP. aeruginosathe MexEF-OprN RND family efflux pump follows such a scheme,

in which the efflux pump is controlled in part by MexT and MéX%. The gene encoding the

LysR regulatory MexT is immediately upstream of thexEF-oprNoperon and is flanked by
oxido-redcutase MexS. Both proteins are involved in control of efflux pump operon expression

as disruption of either gene results in hyper-expression of MexEF-oprN, though it remains
unclear if this can occur independent of MéRXT: This is similar to overexpression lmpeEF-

oprCwe observed as the reshfteSandbpeTmutations, although the proteins share more

functional than sequence homology with tHei@aeruginosacounter-parts.

Perhaps most relevant to our latest findings is that MexT is also known to repress
virulence and host colonization genes, specificBllyeruginosa’s lone T3SS, pyocyanin
production, and early host cell attachment factdt$>*This may be reminiscent of the mutant
BpeS dependent de-repression of T3SS genes we observed through RNA-seq and gRT-PCR
analysis Fig 4.2.11 to 4.2.14). However, inBp, this may be linked to co-inducer independence
leading to constiuitive activation as opposed to direct repregei®naeruginosathese
processes are linked to the redox state of the cell, and may be a product of a global regulatory
shift necessary to switch between host and environmental life<y&4> This is evidenced by
the complexity of currently known factors controlling expression of MexEF-OprN, ranging from
direct repression by H-NS family protein MvaT known to control many other virulence genes, to
indirect activation by two component regulatory system ParRS needed for lifestyle adaptation

and direct activation by biofilm linked MerR family protein Brf3¢4°
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This study represents a preliminary investigation into the connection between BpeEF-
OprC efflux and virulence factors BipseudomalleMhile it is tempting to suggest that BpeS
and BpeT could act in a fashion similar to that of MexS and Me¥T aeruginosaonly one
target operon other thdapeEF-oprC has been confirmed. Additionally, no examination of the
cell stress response or redox state under conditions where BpeEF-OprC is overexpressed has
taken place, although changes in expression of nitrogen metabolism genes and genes encoding
chaperone protein were noted in RNA-seq resAlppéndix, TablesA.2to A.5). As no
increases in TSSS-3 genes were observed in strains ldpe®yia qRT-PCR, it is probable
that there are many additional factors at play, andof@®only contributes to regulation of
T3SS-3 under very specific circumstances.

Also, while transcriptional changes to some genes may theoretically enhance virulence,
e.g. increased BopA secretion and autophagy evasion, it remains unknown if any associated
fitness cost would prevent this from occurring in-vié&ell infection, invasion and cytotoxicity
studies, as well as qRT-PCR analysis of other altered genes need to be conducted. In order to
understand the biological significance of these observations it is necessary to examine the
expression of more operons identified by RNA-seq analysis, as well as the effects of mutations to

BpeS and BpeT omBp s ability to infect a host cell.
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Chapter 5

Conclusions and future directions

The results of our study into the regulation of BpeEF-OprC driven efflux may have posed
more questions than it answered. Without continued investigation of the complex network
linking BpeEF-oprC to both drug resistance and virulence, the answers to these questions will
remain unclear.

Aim | in Chapter 3 dealt with the identification @6 regulatory elements necessary for
activation of thebpeEF-oprCoperon. To do this, we used a combination of fluorescently linked
oligomer extension and S1 nuclease protection assays to identify the transcriptional start site of
bpeT Unfortunately, these methods were unabléctermine the location of the 5’ transcript end
of lIpE-bpeEF-oprCWhile we were able to locate a putative promoter region in control of this
section of the operon through 5’ deletion assays, the function of lIpE and its role in control of
bpeEF-oprCtranscription remains uncledrhis method provided no answers to the putative
essential sequences necessarpp&aTtranscription in the constitutive Bpgsopbackground
used for the first B-galactosidase tests.

The fact that no real change in expression could be detected for deletions 5° of bpeTmay
be the result of the LysR family’s auto-regulatory functior.> Repeating the assaya strain
background possessing the Bpg%rvariant produced similarly muddied results, that we later
attributed to the fact that BpeS may play no role in the activation of BpeT. We would see that
overexpression of either wild-type or mutant forms of the secondary regulator caused no increase
in bpeTMRNA (observed later in Chapter 4). Additionally, while we were able to demonstrate

that both BpeT and BpeS interact with the intergenic region at a defined sequence through
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EMSASs, it is not definite how mutations to these proteins might alter their ability to perform this
function. The Bped,sor BpeSeos7t OF Bpe$aogsmutations were unable to inhildNA-protein
interactions similar to those we detected in EMSAs with wild type BpeS or BpeT proteins.

Aim Il of Chapter 4 focused on the function of these proteins on the expression of
BpeEF-OprC in part I, and the global transcriptional response in part Il. Though we were able to
determine the molecular weight of both proteins through a combination of native gel
electrophoresis and low-pressure gel filtration chromatography, no changes in molecular weight
between mutant and wild type forms were detected under native conditions. This disproves our
hypothesis that the mutations may interrupt the formation of the high-order protein complexes
demonstrated to be necessary for proper LysR protein furlctidviore complex molecular
analysis may be necessary to determine how these mutations alter the structure-function
relationship of these proteins. To this end, methods such as Surface-Plasmon resonance may be
capable of detecting changes in protein conformation in the presence of a co-irithisanay
prove a valuable tool for both confirming and identifying co-inducer substrates through
compound library screens, as well as assessing the ability of mutant versions of those proteins to
interact with such compounds.

Over expression of wild type BpeT demonstrated very clearly that the protein is capable
of transcriptional activation of the efflux operon, but when this was repeated with BpeS, a
completely different result was obtained. In its wild type form, this BpeS is incapable of
activating the BpeEF-OprC pump; it was not until the introduction of two mutations known to
cause co-trimoxazole resistance (BpgSand Bpeg:e77) to the overexpressed gene that a
change in expression could be detected. While this could suggest that BpeS is a repressor, in

control strains lackingpeSno de-repression dipeFtranscription could be observed, either by
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gRT-PCR or antibiotic susceptibility assays. This may be attributed to experimental conditions;
most LysR proteins require a co-inducer binding event to cause a conformational change
allowing them to carry out a physiological functithi® If we have yet to identify the necessary
physiological conditions for BpeS activation in its native state, it could be possible that we would
see no concomitant increasebipeEF-oprCexpression in response. As such, BpeS may act as a
transcriptional activator, but is only necessary during a strict set of environmental or
physiological conditions, and mutations to the co-inducer binding region of this protein would
remove the dependency on these conditions. This would explain the constitpékE-oprC
overexpression observedbpeSmutant strains.

Additionally, it may be possible that an additional regulatory factor exists that is
essential for wild-type BpeS control of the efflux operon. This theory is supported by our
observations that neither BpeS nor BpeT is essential for activatigre&f-oprC When both of
the genes encoding these proteins are deleted, there is no simultaneous decrease in expression of
bpeFtranscript in response to either chloramphenicol, or doxycycline, suggesting that neither
BpeT nor BpeS acts as the primary regulatory factor for triggering pump expression under these
conditions. Identification of this element may be a vital step in complete characterization of the
pump, and may occur through more high-throughput methods utilizing transposon mutagenesis
of co-trimoxazoleresistant AbpeSAbpeTisolates, or isolates bearingtgweEyomoterlacZ reporter,
and/or co-immunoprecipitation and pull down experiments using the IR sequence. A However,
these methods have limitations as they rely on the assumption that another protein drives the
BpeT/BpeS independent induction of BpeEF-OprC.

When these investigations were expanded to examine the role of BpeT and BpeS on a

global scale, again, more questions are raised. Through RNAseq analysis, we observed that in
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strains carrying mutations tipe$S significant changes to accessory gene expression occurred,
confirming our initial hypothesis that the protein could target a wider range of operons. While all
strains showed alterations in metabolic function in comparison to a Bp82 control, we are unable
to determine if this is an artifact of growth conditions or analysis at this time or if these operons
respond directly to overexpressionbpieEF-oprC.

Perhaps most interesting was the identification of a putative link between BpeS and the
Bsa T3SS oBp.When a selection of genes from this operon were tested by qRT-PCR it was
found that their expression was significantly altered from Bp82 samples and between different

BpeS mutations. This was not observed in all strains overexpressing BpeEF-oprC, leading us to
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Figure5.1. The BpeT BpeSregulatory cascade. ThebpeEF-oprCoperon is depicted by

block arrows. Local regulation (red box) is driven by expression of BpeT p(otainge

ovals), thought to repress expressiotéT.Distant regulatory networks (blue box) are

affected by BpeS (black oval). Co-inducer (triangles) binding to either BpeT or BpeS is
suspected to promote a conformational change to these proteins and binding to a consensus
site located in thbpeT-lIpEintergenic region. This promotes expression of the BpeEF-OprC
efflux pump, and subsequent increases in resistance to efflux pump-substrates. Hyper-
expression of BpeEF-OprC may prompt expression of proteins associated with the cell stress
response. Functional BpeS acts as a conditional activator of Type 3 Secretion System-3, or
Bsa, gene expression.
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suggest that it is not caused by transcript alterations in response to cell stress driven by
overexpression of the efflux purfijpVe believe BpeS may be part of a global regulon and
capable of activating the Bsa T3SS directly, as genes from multiple operons within the 11
transcriptional unit Bsa locus displayed altered expression. A summary of the currently known
regulatory cascade associated with BpeEF-OprC is shof#ig.is. 1.

It remains unknown if these in-vitro expression levels cause changes in the in-vivo
infection phenotype of bacteria with the BpgSr mutation. Further studies investigating the
effect of these mutations on cellular invasion, persistence and spread need to be conducted to
confirm the connection identified by RNAseq and qRT-PCR analysis, and identify any in-vivo
relevance that this phenotype may bestow. While this is the first putative link in regulation
between BpeEF-OprC efflux and virulence reporteBpri026h a complex network of
regulatory proteins is known to control BpeEF-OprC functional homologue MexEF-OprN of
Pseudomonas aeruginof@a). In this organism, the expression of virulence and efflux seem to
alternate based on control by many factors, and highlights the apparent necessity of efflux
expression in cell homeostasis, not just antibiotic resistatice.

If a similar trend is true iBp, it may be possible that the changes we observe as
resistance phenotypes indicate vastly altered cell function. Whether this results in a decrease or
increase in cell viability and virulence remains unknown, but could have an impact on the way
that such isolates are handled in a clinical setting. If there is a correlation between disrupted
BpeS and decreased cell fitness, these mutations pose less of a risk to patients and may not
necessitate changes to the way the infection is treated. If T3SS activation dependent on mutant
BpeS causes an increase in cell fitnasgvo, it could result more serious disease. This could

mean that more stringent therapy is vital for clearance of the infection either through use of an
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efflux pump inhibitor to potentiate antibiotic use, or a switch from eradication phase therapy to
imipenem or meropenem for the duration of treatment.

While this work examines this process in the context of resistance to antimicrobials, it is
important to remember that these efflux pumps can be triggered by a variety of stressors
regularly encountered in both host and environmental settings. This could include anything from
the byproducts of metabolism, to reactive oxygen or nitrogen species produced by host cells. In
bothBp andPa, it is likely that the induction of efflux systems such as MexEF-OprN and
BpeEF-OprC is promoted in a similar fashion, thereby necessitating activation of these RND
systems in an effort to regain homeostasis. This observation is strengthened by the fact that
BpeEF-OprC exhibits no basal expression and only becomes active in the presence of inducing
substrates e.g. doxycycline, and chloramphenicol, and is confirmed by the apparent dependence
on another regulatory element in the absence of both BpeT and BpeS. In a study examining the
MexT regulatory system iRa, it was discovered that pump induction occurred in the absence
of antibiotic compounds and independent of functional M&ther investigations linked
expression of MexEF-OprN to nitrosative and disulfide stress, biofilm formation and quorum
sensing, in both MexT dependent and independent fashtdf$>?!?*These observations
highlight the potentially expansive repertoire of regulatory factors capable of controlling the
expression of the efflux pump under a wide range of environmental conditions.

It is possible that iBp, BpeS and BpeT are only a small part of a similarly adaptable
regulatory cascade. While these proteins may be essential under certain forms of environmental
stress, and activated by co-inducers produced by that environmental condition, a much wider
regulatory network most likely exists that allows activation of the efflux pump to maintain

homeostasis in response to many adverse conditions.
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Understanding the interplay of these factors in promotion of cell homeostasis, efflux, and
virulence may both increase our understanding of the bioloBpaind improve the way we
treat melioidosis. Furthermore, these observations may prove applicable to a larger group of
infections; thouglBp causes devastating disease in endemic regions, its increasing impact on a
global scale is still less than that of other more commonly encountered Gram negative bacteria.

The RND efflux pump family is highly conserved, and many representatives can be
found in Gram-negative community acquired pathogens inclUelirggruginosand
Acinetobacter baumannit***#° These infections, now part of the ESKAPE designation
including Enterococcus faecalis, Staphylococcus aureus, Klebsiella pneunamtae
Enterobacterspp., are a serious problem in hospitals world-wide based on their increasing
antibiotic resistance levef8. In many instances, this is caused by possession of wide range of
resistance mechanisms including efflux pumps which may be functionally similar to BpeEF-
OprC. In the absence of effective antimicrobials, these infections represent a global threat to our
current standard of medical care. Even incremental increases in the body of knowledge
surrounding RND efflux through investigations of its function and regulation in many species,
includingBp, could provide us with a better understanding of this mechanism in all species, and

translate to improved management of antibiotic resistant infections on a global scale.
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APPENDIX

Table A 1. Mapping statistics of RNAseq analysis

Replicate 1 2 1 2

Total raw reads 19920358 19810732 18079264 19654454
Total reads passing QC 10287908 12131448 11953310 12676310
Chromosome 1 2 1 2 1 2 1 2
Mapped reads 8704324| 1457437| 10382071 1630019| 10358880 1461309 11086352 1512484
Paired but unmapped (Placed) | 75271 | 12538 69999 10961 79049 11044 65250 8782
Unmapped and unpaired 38338 38398 43028 3442
Total mapped per replicate 10161761 12012090 11820189 12598836
Percent mapped per replicate 98.8% 99.0% 98.9% 99.4%
Total placed per replicate 10249570 12093050 11910282 12672868
Percent placed per replicate 99.6% 99.7% 99.6% 99.97%
Total passable reads per isolate 22419356 24629620

Total mapped per isolate 22173851 24419025

Total placed per isolate 22342620 24583150

Percent mapped per isolate 98.9% 99.1%

Percent placed per isolate 99.7% 99.8%

Total raw reads per isolate 39731090 37733718

Percent mapped of raw total 55.8% 64.7%

Percent placed of raw total 56.2% 65.1%

'Only reads passing QC were mapped to the chromosome, therefore all mapping percentages are calculated out of the total reads
passing QC unless otherwise stated.
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Table A 1. continued

Replicate 1 2 1 2

Total raw reads 20793180 17026780 19825430 20431704
Total reads passing QC 11916948 3036514 8567630 11099501
Chromosome 1 2 1 2 1 2 1 2
Mapped reads 1E+07 \ 1661644 1031807\ 1899803 4023941\ 846047 9612747\ 1385977
Paired but unmapped (Placed) | 68290 | 11286 | 60266 | 11120 | 1193855 251277| 57478 | 8355
Unmapped and unpaired 40728 33518 2252510 34944
Total mapped per replicate 11796644 2931610 4869988 10998724
Percent mapped per replicate 99.0% 96.5% 56.8% 99.1%
Total placed per replicate 11876220 3002996 6315120 11064557
Percent placed per replicate 99.7% 98.9% 73.7% 99.7%
Total passable reads per isolate 14953462 19667131

Total mapped per isolate 14728254 15868712

Total placed per isolate 14879216 17379677

Percent mapped per isolate 98.5% 80.7%

Percent placed per isolate 99.5% 88.4%

Total raw reads per isolate 37819960 40257134

Percent mapped of raw total 38.9% 39.4%

Percent placed of raw total 39.3% 43.2%

'Only reads passing QC were mapped to the chromosome, therefore all mapping percentages are calculated out of the total reads
passing QC unless otherwise stated.
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Table A2. RNAseq gene expression in Bp82 bpeSk o671 vs. Bp82

Gene

Bp82
bpeSk 2677
Rep. 1

Bp82
bpeSk 2677
Rep. 2

Gene Annotation

BP1026B_10948

2.38796

2.39059

cation-binding hemerythrin HHE family
protein

BP1026B_10961

3.26142

3.23776

cyclic nucleotide-binding domain-contaigin
protein

BP1026B_10964

2.50678

2.60219

hypothetical protein

BP1026B_10965

3.37783

3.39893

U32 family peptidase

BP1026B_l0966

2.94796

2.87414

hypothetical protein

BP1026B_11039

1.89048

1.89588

low molecular weight protein-tyrosine-
phosphatase

BP1026B_11490

2.37286

2.25289

outer membrane protein W precursor

arcA

2.70957

2.72954

arginine deiminase

arcB

3.87568

3.83995

ornithine carbamoyltransferase

arcC

3.6681

3.75125

carbamate kinase

cydA

2.20997

2.16932

cytochrome d ubiquinol oxidase subunit |

flic

1.99358

2.00754

flagellin

BP1026B_10099

2.9893

3.07257

hypothetical protein

BP1026B_10205

2.40126

2.40374

hypothetical protein

narH

4.04032

4.22773

nitrate reductase, beta subunit

BP1026B_11338

2.56118

2.59853

LysR family transcriptional regulator

motA

1.85548

1.89919

flagellar motor protein MotA

bpeF

7.2299

nd

RND transporter protein

BP1026B_112095

3.12535

4.48518

poly-beta-hydroxybutyrate polymerase
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Bp82 Bp82
Gene bpeSk 2671 | bpeSk 2671 Gene Annotation
Rep. 1 Rep. 2

BP1026B 112055 2.8626 nd acetoacetyl-CoA reductase
BP1026B_112100 nd 3.33302 | OsmY domain-containing protein
BP1026B_110164 nd 1.86669 | amylase

BP1026B_110548 nd -2.10899 | chitin binding domain-containing protein
adhA nd 3.90545 | alcohol dehydrogenase, zinc-containing

BP1026B_112466 4.28849 | 4.0463 HSP20/alpha crystallin family protein

Data listed in Rep. 1 and Rep. 2 columns represents FPKM gene expression in comparison to
Bp82 control expression. Only genes with a false-discovery rate adjusted P value <0.05 were
included. Nd indicates no mapped or placed fragments passing QC were identified in tha
particular replicate for a given gene.

Table A3. RNA-seq gene expression in bpeSeygs vs. Bp82

Bp82 Bp82
Gene bpeSe2ss bpeSe2ss Gene annotation
Rep. 1 Rep. 2
aer -2.65096 -2.36602 | aerotaxis protein
arcA -1.80081 nd arginine deiminase
arcD -2.0431 -1.94323 | arginine/ornithine antiporter
argD 1.65042 2.24639 | acetylornithine transaminase protein
Ar0G 153639 151772 phospho-2-dehydro-3-deoxyheptonate
aldolase
bapB -3.08902 -3.25575 | acyl carrier protein
. type Il secretion low calcium response
bicA nd 2.68158 chaperone LcrH/SycD
bipB nd -3.11008 | BipB protein
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Bp82 Bp82
Gene bPeSe2ss bpeSe2ss Gene annotation
Rep. 1 Rep. 2
bipC nd -3.07753 | cell invasion protein
BP1026B 10091 | -1.21425 -1.29493 | hypothetical protein
BP1026B 10157 | -1.97865 -1.99614 | hypothetical protein
BP1026B 10205 | 2.38309 2.42599 | hypothetical protein
BP1026B 10267 | 0.984171 0.99637 | 23S ribosomal RNA
opiozen_osot || Leenz | mdemmOe
BP1026B 10534 | 1.97577 1.97876 | Tyrosine-protein kinase Wzc
BP1026B_ 10537 | 1.54382 nd serine O-acetyltransferase
BP1026B_ 10538 | 2.3717 2.34708 | Glycosyltransferase
BP1026B 10711 | 1.3277 1.3263 | ABC transporter, membrane permease
BP1026B 10713 | 1.14294 1.13129 | ABC transporter, ATP-binding component
BP1026B 10714 | 1.48191 nd hypothetical protein
BP1026B 10723 | -1.0918 nd hypothetical protein
BP1026B 10948 | -2.21467 2 99455 catior.l-binding hemerythrin HHE family
- protein
BP1026B_10949 | -3.0457 -3.04405 | Rrf2 family protein
BP1026B_10963 | -2.05623 -2.08451 | 2-nitropropane dioxygenase
BP1026B_10964 | -2.01628 -2.02317 | hypothetical protein
BP1026B 11020 | -2.4879 -2.49477 | nitrate/nitrite transporter
BP1026B 11283 | -1.87523 -1.82689 | polysaccharide deacetylase family protein
BP1026B_11284 | -1.99526 -1.94863 | allantoicase
BP1026B 11286 | -1.65174 -1.62218 | hypothetical protein
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Bp82 Bp82
Gene bpeSezss bpeSe2ss Gene annotation
Rep. 1 Rep. 2
BP1026B 11287 | -2.06306 -1.98523 | Transthyretin family protein
BP1026B 11321 | -2.23908 -2.24282 | hypothetical protein
BP1026B 11490 | -1.53128 -1.5202 | outer membrane protein W precursor
BP1026B 11518 | -1.45287 nd Lacl family transcription regulator
BP1026B 11564 | -3.43757 -3.4902 | hypothetical protein
BP1026B_I1565 | -3.08544 | -2.96906 Eg'rﬁ?i’rigngg::;oate depolymerase domal
BP1026B 11664 | -1.7479 -1.71691 | carbamoyl transferase
BP1026B 11665 | -1.31439 -1.26417 | hypothetical protein
BP1026B 11672 | -1.31902 nd kinase
BP1026B 11674 | -1.71262 nd Arginine succinate synthase
BP1026B 11675 | -1.71761 nd Non-ribosomal peptide synthetase
BP1026B 11676 | -1.17454 nd hypothetical protein
BP1026B_11697 | -1.73891 nd hypothetical protein
BP1026B 12216 | -1.21843 -1.23999 | putative exported protein
BP1026B_12218 | -1.47969 -1.44678 | hypothetical protein
BP1026B_12302 | 1.03547 1.04811 | 23S rRNA
BP1026B 12615 | 1.48586 1.48648 | hypothetical protein
BP1026B 12723 | -2.20103 nd tagatose 6-phosphate kinase protein
BP1026B 12915 | 2.07545 1.78669 | acyl carrier protein
BP1026B 12917 | nd 2.21558 | hypothetical protein
BP1026B 12921 | 1.22037 nd sigma-54 dependent transcriptional regulat
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Bp82 Bp82
Gene bpeSezss bpeSe2ss Gene annotation
Rep. 1 Rep. 2
BP1026B 12923 | nd 1.77155 | glycosyl transferase, group 1 family protein
BP1026B_13039 | -1.15045 | -1.13933 | D-Methionine ABC transporter, periplasmic
- D-methionine-binding protein
BP1026B_13465 | 1.02162 1.03408 | 23S ribosomal RNA
BP1026B 110548 | nd -3.52545 | chitin binding domain-containing protein
BP1026B_111185| 1.6027 1.54437 | GTP cyclohydrolase Il
BP1026B 111232 | -2.65785 nd TauD/TfdA family dioxygenase
BP1026B 111232 | -2.55682 nd TauD/TfdA family dioxygenase
BP1026B 111241 | nd -4.38642 | non-ribosomal peptide/polyketide synthase
BP1026B_111250| -2.7975 -2.79257 | nonribosomal peptide synthetase
BP1026B 111256 | -1.72862 -1.69779 | hypothetical protein
BP1026B 111266 | -2.00923 -1.99759 | hypothetical protein
BP1026B 111610| -2.12661 -2.00777 | hypothetical protein
BP1026B_111643| -3.23871 -3.20854 | type 1l secretion system protein PrgH/EprH
BP1026B_111644 | -3.54283 -3.65142 | MxiH protein
BP1026B_111794| -1.80232 -1.85181 | outer membrane porin
BP1026B 112095 | -2.73961 -2.7555 | poly-beta-hydroxybutyrate polymerase
BP1026B 112146 2.11812 2.1122 | hypothetical protein
BP1026B 112466 | -2.10643 -2.70532 | HSP20/alpha crystallin family protein
bpeF 6.86283 nd
RND efflux transporter protein
bpeF 5.69087 nd
bsaO 391953 397205 YscC/HrcC family type Il secretion outer

membrane protein
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Bp82 Bp82

Gene bpeSezss bpeSe2ss Gene annotation
Rep. 1 Rep. 2

bsaQ -2.45621 -2.48254 | type lll secretion system protein BsaQ
bsaR nd -3.43555 | surface presentation of antigens protein
cspD 1.39336 1.39566 | cold shock transcription regulator protein
flgK -1.24803 -1.25689 | flagellar hook-associated protein FIgK
glpD nd 1.72983 | glycerol-3-phosphate dehydrogenase
hmpA -1.69811 -1.69953 | Flavo-hemoprotein
ik 0.963744 nd ii-:;p;i;osphocytidyl-2-C-methyI-D-erythritoI
narG -3.15097 -3.191 nitrate reductase, alpha subunit
narH -2.06898 -2.17402 | nitrate reductase, beta subunit
nark -3.56095 -3.55651 | nitrate/nitrite transporter NarK
DOtF -1.18096 1.15257 r[;;Jet:isrcs:icr)mre-binding periplasmic protein
spaP -2.86041 -2.85832 | surface presentation of antigens protein Sp
xdhB -1.53458 nd xanthine dehydrogenase, subunit B

'Data listed in Rep. 1 and Rep. 2 columns represents FPKM gene expression in comparison to
Bp82 control expression. Only genes with a false-discovery rate adjusted P value <0.05 were
included. Nd indicates no mapped or placed fragments passing QC were identified in that
particular replicate for a given gene.
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Table A4. RNAseq gene expression in Bp82 bpeT ssop VS. Bp82

Bp82 Bp82
Gene bpeT s280p | bPET sp80P Gene Annotation
Rep. 1 Rep. 2
adhA 451641 | nd alcohol dehydrogenase, zinc-containing
arcB 444324 | 447742 | ornithine carbamoyltransferase
arcC 3.71689 | 4.01325 | carbamate kinase
BP1026B_10099 | 4.28698 | 4.56119 | hypothetical protein
BP1026B_10263 | 3.51776 | 3.48071 | 16s ribosomal RNA
BP1026B_10267 | 3.25448 | nd 23S ribosomal RNA
BP1026B 10948 | 3.51355 | 3.63566 | cation-binding hemerythrin HHE family protein
BP1026B 10963 | 3.30071 | nd 2-nitropropane dioxygenase
BP1026B 10964 | 4.13105 | 4.33206 | hypothetical protein
BP1026B_10965 | 4.97345 | 5.23078 | U32 family peptidase
BP1026B 10966 | 5.34037 | 5.12838 | hypothetical protein
BP1026B 10969 | 3.98981 | 4.21551 | hypothetical protein
BP1026B 10970 | 4.41938 | 4.50606 | anaerobic ribonucleoside triphosphate reducte
low molecular weight protein-tyrosine-
BP1026B_11039 | 2.42559 | 2.37946 | phosphatase
BP1026B 11321 | -4.05941 | -3.97679 | hypothetical protein
BP1026B 11564 | nd -3.39953 | hypothetical protein
polyhydroxyalkanoate depolymerase domain-
BP1026B 11565 | nd -4.12986 | containing protein
BP1026B 12302 | 3.27218 | nd 23S ribosomal RNA
BP1026B 12833 | nd 3.43612 | hypothetical protein
BP1026B 13469 | nd 3.71401 | 16S ribosomal RNA
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Bp82 Bp82

Gene bpeT s2s0p | bPET s280p Gene Annotation

Rep. 1 Rep. 2
BP1026B 110292 | nd 3.43972 | outer membrane porin
BP1026B 111185| nd 4.85605 | GTP cyclohydrolase Il
BP1026B 111186| 4.6855 | nd WD domain-containing protein
BP1026B 111232 | -4.25168 | -4.49045 | TauD/TfdA family dioxygenase
BP1026B _111241| -6.22629 | nd non-ribosomal peptide/polyketide synthase
BP1026B_111250| -5.87298 | -6.11703 | Non-ribosomal peptide synthetase
BP1026B 111251 | nd - 5.26036 | N-acylhomoserine lactone synthase
BP1026B 111979 3.20696 | nd lipoprotein
BP1026B 112055| 3.38014 | 3.62167 | acetoacetyl-CoA reductase
BP1026B 112095 | nd 3.64642 | poly-B-hydroxybutyrate polymerase
BP1026B 112466| 5.61381 | 5.16004 | HSP204-crystallin family protein
bpeF nd 7.17971
multidrug-efflux transporter protein

bpeF nd 6.0139
cydA 3.84688 | 4.23419 | cytochrome d ubiquinol oxidase subunit |
cydB nd 3.18341 | cytochrome d ubiquinol oxidase, subunit II
nosZ nd 4.64764 | nitrous-oxide reductase

!Data listed in Rep. 1 and Rep. 2 columns represents FPKM gene expression in comparison to
Bp82 control expression. Only genes with a false-discovery rate adjusted P value <0.05 were
included. Nd indicates no mapped or placed fragments passing QC were identified in that
particular replicate for a given gene.
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Figure A.1. Kyoto encyclopedia of genes and genomes (KEGG) functional pathway

associations of transcriptionally altered genesidentified by RNAseq.

The pool of 103 significantly upregulated genes from Bm@2Ts2s0pbpe$rssandbpeS st

were analyzed using the KEGG pathway search tool to identify putative metabolic or functional
pathway associations. Genes were grouped into hypothetical, virulence, motiliy, chaperone and
homeostasis, secondary metabolism, central metabolism, membrane permeability and transport,
and cell envelope biogenesis categories. Data is represented as percentages of the total number of
genes. A full listing of pathway associations can be se@alihe A.5.

184



Table A.5 RNAseqg KEGG pathway analysis

metabolic pathways bpz01100

bpz:BP1026B_10970
bpz:BP1026B_11284
bpz:BP1026B_11287
bpz:BP1026B_11674
bpz:BP1026B_12723
bpz:BP1026B_110164
bpz:BP1026B_111185
bpz:BP1026B_112084
bpz:BP1026B_11699
bpz:BP1026B_11700
bpz:BP1026B_11701
bpz:BP1026B_12613
bpz:BP1026B_10472
bpz:BP1026B_12997
bpz:BP1026B_12998
bpz:BP1026B_12973
bpz:BP1026B_10588
bpz:arcD

bpz:BP1026B_11283

anaerobic ribonucleoside triphosphate reductase
allantoicase
transthyretin family protein
argininosuccinate synthase
tagatose 6-phosphate kinase protein
amylase
GTP cyclohydrolase I
adhA alcohol dehydrogenase, zinc-containing
arcA; arginine deiminase
arcB; ornithine carbamoyltransferase
arcC; carbamate kinase
argD; acetylornithine transaminase protein
aroG; phospho-2-dehydro-3-deoxyheptonate aldolase
cydA cytochrome d ubiquinol oxidase subunit |
cydB cytochrome d ubiquinol oxidase, subunit Il
ipk; 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
xdhB xanthine dehydrogenase, subunit B
arginine/ornithine antiporter
uridylate kinase, putative urate catabolism protein

bpz01110 Biosynthesis of secondary metabolites

bpz:BP1026B_11674
bpz:BP1026B_111185
bpz:BP1026B_112084
bpz:BP1026B_11699
bpz:BP1026B_11700
bpz:BP1026B_12613
bpz:BP1026B_10472
bpz:BP1026B_12835
bpz:BP1026B_12973
bpz:arcD

bpz:BP1026B_11672

argininosuccinate synthase
GTP cyclohydrolase I
adhA alcohol dehydrogenase, zinc-containing
arcA; arginine deiminase
arcB; ornithine carbamoyltransferase
rgD; acetylornithine transaminase protein
aroG; phospho-2-dehydro-3-deoxyheptonate aldolase
glpD; glycerol-3-phosphate dehydrogenase
ipk; 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
arginine/ornithine antiporter

Kinase Protein involved in
propanediol utilization,

bpz01120 Microbial metabolism in diver se environments

bpz:BP1026B_11284
bpz:BP1026B_11287
bpz:BP1026B_112055
bpz:BP1026B_112084

allantoicase
transthyretin family protein
acetoacetyl-CoA reductase
adhA alcohol dehydrogenase, zinc-containing
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bpz:BP1026B 11701 arcC; carbamate kinase

bpz:BP1026B 12613 argD; acetylornithine transaminase protein
bpz:BP1026B 11018 narG; nitrate reductase, alpha subunit
bpz:BP1026B 11017 narH; nitrate reductase, beta subunit
bpz:BP1026B 11546 nosZ nitrous-oxide reductase
bpz:BP1026B 10588 xdhB xanthine dehydrogenase, subunit B

bpz01130 Biosynthesis of antibiotics

bpz:BP1026B 11674  argininosuccinate synthase

bpz:BP1026B 112084 adhA alcohol dehydrogenase, zinc-containing
bpz:BP1026B 11699 arcA; arginine deiminase

bpz:BP1026B 11700 arcB; ornithine carbamoyltransferase

bpz:BP1026B 12613 argD; acetylornithine transaminase protein
bpz:BP1026B 10472 aroG; phospho-2-dehydro-3-deoxyheptonate aldolase
bpz:BP1026B 12973 ipk; 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase

bpz01200 Carbon metabolism
bpz:BP1026B 112055 acetoacetyl-CoA reductase
bpz:BP1026B 11701 arcC; carbamate kinase

bpz01210 2-Oxocar boxylic acid metabolism
bpz:BP1026B 12613 argD; acetylornithine transaminase protein

bpz01230 Biosynthesis of amino acids

bpz:BP1026B 10537 serine O-acetyltransferase

bpz:BP1026B 11674 argininosuccinate synthase

bpz:BP1026B 11700 arcB; ornithine carbamoyltransferase

bpz:BP1026B 12613 argD; acetylornithine transaminase protein
bpz:BP1026B 10472 aroG; phospho-2-dehydro-3-deoxyheptonate aldolase
bpzarcD arginine/ornithine antiporter

bpz01220 Degradation of aromatic compounds
bpz:BP1026B 112084 adhA alcohol dehydrogenase, zinc-containing

bpz00010 Glycolysis/ Gluconeogenesis
bpz:BP1026B 112084 adhA alcohol dehydrogenase, zinc-containing

bpz00052 Galactose metabolism
bpz:BP1026B 12723 tagatose 6-phosphate kinase protein
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bpz00500 Starch and sucr ose metabolism
bpz:BP1026B 110164 amylase

bpz00630 Glyoxylate and dicar boxylate metabolism
bpz:BP1026B 112055 acetoacetyl-CoA reductase

bpz00650 Butanoate metabolism
bpz:BP1026B 112055 acetoacetyl-CoA reductase
bpz:BP1026B 112095 poly-beta-hydroxybutyrate polymerase

bpz00190 Oxidative phosphorylation
bpz:BP1026B 12997 cydA cytochrome d ubiquinol oxidase subunit |
bpz:BP1026B 12998 cydB cytochrome d ubiquinol oxidase, subunit Il

bpz00910 Nitrogen metabolism

bpz:BP1026B 10963 2-nitropropane dioxygenase

bpz:BP1026B 11020 nitrate/nitrite transporter

bpz:BP1026B 11701 arcC; carbamate kinase

bpz:BP1026B 11018 narG; nitrate reductase, alpha subunit
bpz:BP1026B 11017 narH; nitrate reductase, beta subunit
bpz:BP1026B 11019 narK; nitrate/nitrite transporter NarK
bpz:BP1026B 11546 nosZ nitrous-oxide reductase

bpz:BP1026B 11283 uridylate kinase, putative urate catabolism protein

bpz00920 Sulfur metabolism
bpz:BP1026B 111232 TauD/TfdA family dioxygenase

bpz00071 Fatty acid degradation
bpz:BP1026B 112084 adhA alcohol dehydrogenase, zinc-containing

bpz00564 Glycerophospholipid metabolism
bpz:BP1026B 12835 glpD; glycerol-3-phosphate dehydrogenase

bpz00230 Purine metabolism

bpz:BP1026B 10970 anaerobic ribonucleoside triphosphate reductase
bpz:BP1026B 11284 allantoicase

bpz:BP1026B 11287 transthyretin family protein

bpz:BP1026B_ 11701 arcC; carbamate kinase

bpz:BP1026B_10588 xdhB xanthine dehydrogenase, subunit B
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bpz00240 Pyrimidine metabolism
bpz:BP1026B 10970 anaerobic ribonucleoside triphosphate reductase

bpz00250 Alanine, aspartate and glutamate metabolism
bpz:BP1026B 11674 argininosuccinate synthase

bpz00300 L ysine biosynthesis
bpz:BP1026B 12613 argD; acetylornithine transaminase protein

bpz00220 Arginine biosynthesis

bpz:arcD arginine/ornithine antiporter

bpz:BP1026B 11674 argininosuccinate synthase
bpz:BP1026B 11699 arcA; arginine deiminase

bpz:BP1026B 11700 arcB; ornithine carbamoyltransferase
bpz:BP1026B 11701 arcC; carbamate kinase

bpz:BP1026B 12613 argD; acetylornithine transaminase protein

bpz00350 Tyrosine metabolism
bpz:BP1026B 112084 adhA alcohol dehydrogenase, zinc-containing

bpz00400 Phenylalanine, tyrosine and tryptophan biosynthesis
bpz:BP1026B 10472 aroG; phospho-2-dehydro-3-deoxyheptonate aldolase

bpz00430 Taurine and hypotaurine metabolism
bpz:BP1026B 111232 TauD/TfdA family dioxygenase

bpz00740 Riboflavin metabolism
bpz:BP1026B 111185 GTP cyclohydrolase II

bpz00900 Ter penoid backbone biosynthesis -
bpz:BP1026B 12973 ipk; 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase

bpz00625 Chlor oalkane and chlor oalkene degradation
bpz:BP1026B 112084 adhA alcohol dehydrogenase, zinc-containing

bpz00626 Naphthalene degradation
bpz:BP1026B 112084 adhA alcohol dehydrogenase, zinc-containing

bpz03010 Ribosome
bpz:BP1026B_1026316Sribosomal RNA
bpz:BP1026B_ 10267 23Sribosomal RNA
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bpz:BP1026B 12302 23Sribosomal RNA
bpz:BP1026B 13465 23Sribosomal RNA
bpz:BP1026B 13469 16Sribosomal RNA

bpz02010 ABC transporters
bpz:BP1026B 10711 ABC transporter, membrane permease

bpz:BP1026B 10713 ABC transporter, ATP-binding component
bpz:BP1026B_13039 D-methionine ABC transporter, periplasmic D-methionine-bini
protein

bpz:BP1026B 11493 potF; putrescine-binding periplasmic protein precursor

bpz03070 Bacterial secretion system

bpz:BP1026B 111644 MxiH protein

bpz:BP1026B _111641bsaQ YscC/HrcC family type Il secretion outer membrane prot
bpz:BP1026B _111639bsaqQ type Il secretion system protein BsaQ
bpz:BP1026B_111633spaPk surface presentation of antigens protein SpaP

bpz:bapB acyl carrier protein

bpz:bicA type Il secretion low calcium response chaperone LcrH/SycD
bpz:bipB translocator protein

bpz:bipC cell invasion protein

bpz:bsaR surface presentation of antigens protein

bpz:BP1026B _11164: type Il secretion system protein PrgH/EprH

bpz02020 Two-component systems

bpz:BP1026B 110303 aer; aerotaxis receptor

bpz:BP1026B 12997 cydA cytochrome d ubiquinol oxidase subunit |
bpz:BP1026B 12998 cydB cytochrome d ubiquinol oxidase, subunit Il
bpz:BP1026B 13555 fliC; flagellin

bpz:BP1026B 13544 motA flagellar motor protein MotA
bpz:BP1026B 11018 narG; nitrate reductase, alpha subunit
bpz:BP1026B 11017 narH; nitrate reductase, beta subunit

bpz02030 Bacterial chemotaxis
bpz:BP1026B_110303aer; aerotaxis receptor
bpz:BP1026B 13544 motA flagellar motor protein MotA

bpz02040 Flagellar assembly

bpz:BP1026B_13232flgK; flagellar hook-associated protein FIgK
bpz:BP1026B_13555fliC; flagellin

bpz:BP1026B_13544motA flagellar motor protein MotA
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Membrane per meability and transport

bpz:bpeF ,

bpz:BP1026B_11029Z
bpz:BP1026B_11179<
bpz:BP1026B_11490

RND efflux exporter protein

outer membrane porin

outer membrane porin

outer membrane protein W precursor

Céell envelope and EPS biogenesis

bpz:BP1026B_12915
bpz:BP1026B_12923

bpz:BP1026B_10538

bpz:BP1026B_10948
bpz:BP1026B_11054¢
bpz:BP1026B_10534

bpz:BP1026B 10531

acyl carrier protein

glycosyl transferase, group 1 family protein
Glycosyltransferase, Involved in the biosynthetic pathways of f:
acids, phospholipids, lipopolysaccharides, and oligosaccharide
cation-binding hemerythrin HHE family protein, Inorganic ion
transport and metabolism, cell envelope biogenesis

chitin binding domain-containing protein, cell envelope biogene
Tyrosine-protein kinase Wzc, EPS biosynthesis
undecaprenyl-phosphate galactosephosphotransferase,
exopolysaccharide biosynthesis polyprenyl
glycosylphosphotransferase

Hypothetical proteinsor proteinswith unknown pathway association

bpz:BP1026B_10964
bpz:BP1026B_10966
bpz:BP1026B_11286
bpz:BP1026B_11697
bpz:BP1026B_12917
bpz:BP1026B 10091
bpz:BP1026B_10099
bpz:BP1026B_10157
bpz:BP1026B_10205
bpz:BP1026B_10714
bpz:BP1026B_10723
bpz:BP1026B 10961
bpz:BP1026B_10969
bpz:BP1026B_11321
bpz:BP1026B_11564
bpz:BP1026B_11665
bpz:BP1026B_11676
bpz:BP1026B_12615
bpz:BP1026B_12833
bpz:BP1026B_11125¢€
bpz:BP1026B_11126€
bpz:BP1026B_11161(

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
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bpz:BP1026B_I11214¢ hypothetical protein

bpz:BP1026B_11197¢ lipoprotein

bpz:BP1026B 11039 low molecular weight protein-tyrosine-phosphatase
bpz:BP1026B _11210C OsmY domain-containing protein

bpz:BP1026B 11565 polyhydroxyalkanoate depolymerase domain-containing protei
bpz:BP1026B 12921 sigma-54 dependent transcriptional regulator

bpz:BP1026B 10965 U32 family peptidase

bpz:BP1026B _11118¢ WD domain-containing protein

Lacl family transcription regulator, similar to purR needed for
bpz:BP1026B 11518 purine biosynthesis
bpz:BP1026B 10949 Rrf2 family protein, Icsa transcriptional regulator

Non-ribosomal peptide synthesis

bpz:BP1026B 11675 nonribosomal peptide synthetase
bpz:BP1026B _11125C nonribosomal peptide synthetase
bpz:BP1026B 111241 non-ribosomal peptide/polyketide synthase
bpz:BP1026B 11664 carbamoyl transferase

bpz:BP1026B 111251 N-acylhomoserine lactone synthase

Maintenance of homeostasis

bpz:cspD cold shock transcription regulator protein

bpz:BP1026B 12218 heat shock protein

bpz:BP1026B 12216 HSP20 family protein, stress induced

bpz:BP1026B_1246¢ HSP20/alpha crystallin fa_lmlly protein, similar to molecular
chaperone IbpA , stress induced

flavohemoprotein nitric oxide dioxygenase, protects from

nitrosative stress

bpz:BP1026B 11338 Sigma 54 modulation protein YhbH

'KEGG pathway analysis places genes in functional groupings based on annotation
and/or empirical data identified through literature meta-analysis. All groups lacking a bpz
designation were unable to be placed by KEGG pathway searches, and were grouped according
to predicted functions assigned by the NCBI-Conserved Domain Database (CDD).

bpz:hmpA
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ade
ANOVA
Amp
ATP
BCA
Bm
Bpor Bp
BSA
BSL

°C

CDC
CHL
CNS

Ct

Da
DNA
DOX

FDA
Gm

HIV
HPLC
IR

kb
kDa
Km
LB
LPS
MDR
ul
UM
mg
min

mM
MRNA
nm

nM

ABBREVIATIONS AND DEFINITIONS

Absorbance

adenine

analysis of variance
ampicillin

adenosine triphosphate
Burkholderia
Bicinchoninic acid assay
Burkholderiamallei

base pair
Burkholderiapseudomallei
bovine serum albumin
Biosafety level

degrees Celsius

Centers for Disease Control and Prevention
chloramphenicol

central nervous system
cycle threshold

dalton

deoxyribonucleic acid
doxycycline

Federal Drug Administration
gentamicin

hour
human immunodeficiency virus
high pressure liquid chromatography
intergenic region

lysine

kilobase

kilodalton

kanamycin

Luria Bertani
lipopolysaccharide
multi-drug resistant
microliter

micromolar

milligram

minute

milliliter

millimolar

messenger RNA
nanometers

nanomolar

192



oD optical density

P proline

P.O.W. prisoner of war

PBP3 penicilin binding protein 3
PCR polymerase chain reaction
pg picograms

RNA ribonucleic acid

RPM rotations per minute

rRNA ribosomal RNA

RT room temperature

gRT-PCR real-time quantitative reverse transcription PCR
S seconds

S serine

SA Select Agent

SMX sulfamethoxazole
SXT co-trimoxazole

T threonine

TAT twin arginine transport
B tuberculosis

TMP trimethoprim

uv ultra-violet

\ volts

WHO World Health Organization
WWiI World War |

WWII World War Il

Zeo zeocin
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