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ABSTRACT

POTENTIATION OF BETA-LACTAM ANTIBIOTICS AGAINST
MYCOBACTERIUM TUBERCULOSIS BY 2-AMINOIMIDAZOLES:
INVESTIGATION INTO THE MECHANISM OF ACTION

AND ITS RELEVANCE TO MYCOBACTERIAL BIOENERGETICS

Tuberculosis, caused by Mycobacterium (M.) tuberculosis, is a global health problem still causing
morbidity and mortality due in part to the emergence of drug-resistance and the lack of new antimicrobial
agents to treat the disease. While infection with drug-sensitive M. tuberculosis has cure rates between 90-
95% with the conventional multidrug-regimen comprised of four different first-line anti-tuberculosis
drugs, administered for a minimum of 6 months. In the event where premature termination of the
treatment or poor patient compliance occurs, the disease may progress into latent tuberculosis, which
holds the risk of reoccurring disease or even leads to development of drug-resistant strains that are
refractory to first line anti-tuberculosis drugs. This persistence is a major hurdle in global tuberculosis
control and warrants the development of a new class of anti-tuberculosis drugs or novel strategies to
target persisting bacilli. However, the current anti-tuberculosis drug pipeline does not suggest an
immediate solution required for the successful control of global tuberculosis epidemic. In sum, there is an
urgent need for a new strategy to complement current tuberculosis chemotherapy.

2-aminoimidazoles and their derivatives have been shown to be effective inhibitors of bacterial
biofilms. Not only does this class of small molecules inhibit the formation of or disperse biofilms, but
they also exhibit a clinically relevant feature of potentially abrogating antibiotic resistance in important
pathogenic bacteria. From the studies characterizing persistent M. tuberculosis bacilli after anti-
tuberculosis therapy in animal models, it has been suggested that this subpopulation of bacilli share
similarities with bacterial biofilms. Our group developed an in vitro culture system where M. tuberculosis

can be cultured in biofilm-like surface-attached communities with host-derived macromolecules and



showed they express extensive drug-tolerance to one of the first-line anti-tuberculosis drug, isoniazid.
Based on the previous effects of 2-aminoimidazoles on biofilms and drug-resistant bacteria, we
hypothesized that 2-aminoimidazoles could reverse phenotypic drug-tolerance expressed by M.
tuberculosis in our model and demonstrated that, indeed, derivatives of 2-aminoimidazoles effectively
resensitized drug-tolerant bacilli to isoniazid. Additionally, a fortuitous but critical observation was made
in which one of the potent 2-aminoimidazole derivatives potentiated the effect of B-lactam antibiotics
against M. tuberculosis. As repurposing B-lactams in tuberculosis treatment regimen has potential
therapeutic value, which are described throughout this dissertation.

In chapter 2, 2-aminoimidazole compounds are shown to be effective at potentiating multiple -
lactam antibiotics. Minimum inhibitory concentrations, as well as bactericidal concentrations, of [3-
lactams were dramatically reduced when combined with 2-aminoimidazoles. Through a transcriptional
analysis of M. tuberculosis treated with 2B8, one of our lead 2-aminoimidazoles induced cell envelope
related stress responses and suppressed mycolic acid biosynthesis. Thereafter, it was hypothesized that 2-
aminoimidazoles disrupts one or more factors conferring M. tuberculosis R-lactam resistance, which we
shown in chapter 3 is in large part due to a reduction in secretion of the enzyme [3-lactamase and by
increasing cell envelope permeability. 2B8 treated M. tuberculosis exhibited significantly lower -
lactamase activity in culture supernatant, which was due to a general protein secretion defect, and not
from direct inhibition of 3-lactamase enzyme activity by 2-aminoimidazole compounds. As expected
from the transcriptional analysis, 2B8 induced alterations in cell envelope lipid composition highlighted
by the accumulation of trehalose monomycolate, the reduction of trehalose dimycolate, as well as a
decrease in mycolic acid biosynthesis. Additionally, increased sensitivity to the detergent SDS, increased
permeability to multiple nucleic acid staining dyes, and increased bindings of peptidoglycan-targeting
antibiotics were observed when with 2B8 treatment. Based on major findings from chapter 3, it was
hypothesized that the underlying mechanisms of 2-aminoimidazoles are the disruption of proton motive
force and the disturbance of mycobacterial bioenergetics. In chapter 4, the collapse of proton motive force

with additional dose-dependent block of mycobacterial electron transport chain is highlighted. Through a



series of assays, we determined that 2B8 blocks the M. tuberculosis electron transport chain downstream
of complex I and I, but upstream of complex IV. Taken together, these results collectively extend our
current understanding of the various effects 2-aminoimidazole treatment has on M. tuberculosis
susceptibility to B-lactam antibiotics through perturbation of mycobacterial bioenergetics which can
provide a profound impact in improving current tuberculosis therapy. Furthermore, this study offers
valuable information for the construction of the next generation of potent 2-aminoimidazoles to improve
efficacy against M. tuberculosis as well as other compounds that may be developed as a new anti-TB drug

targeting bioenergetics.
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CHAPTER ONE

Review of literature

1.1. Introduction: Tuberculosis and Mycobacterium tuberculosis

1.1.1. History of tuberculosis

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M. tuberculosis), is an ancient disease.
There is evidence of the first M. tuberculosis infection in humans occurring approximately 9,000 years
ago [1]. After the investigation into evolutionary origin of M. tuberculosis complex, investigators
concluded that the common ancestor of M. tuberculosis complex was a human-specific bacterial pathogen.
With the domestication of animals and expansion of agriculture, other members of the complex, such as
Mycobacterium bovis, branched out and adapted to additional non-human hosts [2]. There is very little
known about TB incidence before the 19" century, but the familiar clinical manifestations among people
from different geographical regions resulted in a disease with different names like phthisis, consumption
or the great white plague [3].

On March 24™, 1882, Robert Koch presented a finding that revolutionized the field of infectious
disease where he revealed that he identified the causative agent of TB as a rod-shaped bacillus. Not only
was the discovery significant in the sense that it shed light to etiological agent of the deadliest human
disease at that time, but also it was Koch’s experimental approach and techniques he employed that
became a paradigm-shifting concept in the world of medical microbiology. Later came to be known as
“Koch’s Postulates”, the set of criteria Koch used to identify the causative agent of TB gave the world a
strategy to discover the etiology of other infectious diseases and also ways to treat or prevent them [4].
Eight years after his discovery, Koch claimed to have successfully treated TB with his new medicine
made from extracts of the bacilli, tuberculin. Treatment with tuberculin was attempted in patients who

flew from all over the world only to conclude later that the treatment was not therapeutically effective [5].



Unfortunately, following this initial treatment failure, there were no significant advances in controlling
the spread of TB until the mid-20™ century.

In the 1920s, the first vaccine for TB would be developed by Albert Calmette and Camille
Guerin. This attenuated strain of Mycobacterium bovis, named BCG (bacilli Calmette-Guérin), however
does not offer complete protection against the disease (more reviews on vaccines below) [6, 7].
Additionally, Selman Waksman developed the first antibiotics effective against the bacilli, streptomycin,
in 1943 [7]. A series of antimicrobial agents were introduced after streptomycin in attempt to cure TB, but
new drugs are still needed and being developed to treat the more recent resurgence in TB. Even after
more than 130 years since the discovery of the etiological agent, controlling the spread of TB remains
challenging due to the lack of an effective vaccine to prevent infections and new antimicrobial drugs that

are effective against drug-susceptible and multidrug-resistant strains (MDR-TB) of M. tuberculosis.

1.2. Global burden of tuberculosis

Although TB is an ancient disease as stated above, it is by no means a disease of the past. Despite
the global incidence rate of TB reaching its peak at 2004 and slowly declining [8], global TB incidences
in 2015 was estimated at 10.4 million which is about an 800,000 increase from prior year’s 9.6 million
according to the most recent TB report by WHO (2016). This indicates that the decline in incidence rate is
not keeping pace with exponential global population growth.

The WHO implemented “End TB Strategy” in 2014 highlighting milestones to reach by 2020
including 20% reduction in TB incidence. The average decrease in TB incidence was 1.5% between 2014
and 2015 (average of 1.4% for prior ten years). There would need to be at least a 5% decrease per year to
meet the goal set by End TB Strategy by 2020. Also, it should be noted that 60% of these cases were
concentrated in countries including India, Indonesia, China, Nigeria, Pakistan, and South Africa [9].
While western Europe and North America experienced a dramatic fall of TB incidence during 20"
century, under-developed countries did not benefit from the same trend [10]. This disparity is probably

linked to socioeconomic factors such as high population density or malnutrition, as well as various TB



risk factors. For instance, co-infection cases of TB and human immunodeficiency virus (HIV) was over
50% in southern Africa [9] and diabetes co-morbidity was responsible for about 20% of TB cases in India
in 2000 [11]. Worldwide, TB remains the number one cause of death humans from an infectious agent [9].
In the absence of the anti-TB drug treatment, 70% of the sputum smear-positive patients and 20% of
culture-positive patients with pulmonary TB will die [12]. Advancement in TB treatment with anti-TB
drugs prevented an estimated 39 million deaths between 2000 and 2015 in HIV-negative patients while
overall deaths from TB continued to drop from 1.8 million in 2000 to 1.4 million in 2015. However, the
global case fatality ratio in 2015 was 17% which still needs to be reduced to at least 10% by 2020 to meet
the End TB Strategy milestone [9].

In sum, although significant progress has been made in decreasing incidence and death from TB,
it remains a major public health problem due to the lack of sensitive and specific diagnostics, vaccines
that prevent infection and new antimicrobial drugs that are effective as short-course therapy. Therefore

the principal research challenge remains the development of new strategies to overcome these obstacles.

1.1.3. The bacilli

M. tuberculosis is a non-spore forming, non-motile, aerobic, human pathogen in the genus
Mycobacterium (the phylum Actinobacteria, the class Actinobacteria, the order Actinomycetales, the
suborder Corynebacterineae, and the family Mycobactericeae). It is one of the 9 species that constitute the
Mycobacterium tuberculosis complex. Microscopically, the organism is a rod-shaped bacillus, often
forming a rope-like structures referred to as “cording”. It is unique in the sense that its cell wall resist
decolorization process by acid-alcohol thus is neither classified as gram-positive or gram-negative, but as
being acid-fast. Therefore, specialized staining techniques such as Ziehl-Neelsen or fluorescent staining
using auramine are required for visualization microscopically [13].

Laboratory culture of M. tuberculosis can be accomplished by using egg-based media
Lowenstein-Jensen or Middlebrook 7H10 or 7H11 agar, with liquid culture in 7H9 broth being preferable

for larger cultures. Doubling time for M. tuberculosis is approximately 20 h, which is considerably slower



compared to other bacteria and represents a challenge for both in vitro and in vivo studies [14]. In
research laboratories, the most commonly used strain is M. tuberculosis H37Rv. The strain H37 was
isolated from a chronic patient, and underwent serial passages in laboratory settings. Depending on the
media it was cultured in, the strain exhibited different virulence phenotypes and the more virulent strain
was named H37Rv [15]. In 1998, the complete genome of H37Rv strain was sequenced, which
significantly advanced our understanding of the organism [16]. Although it is considered a standard
laboratory strain across the world, there have been reports about polymorphism occurring over time in
different laboratories. So caution should be used when comparing research results conducted in different

laboratories using M. tuberculosis H37Rv [17].

1.1.4. The disease

As an aerobic pathogen, M. tuberculosis predominantly infects the human lung, the site of
primary infection when spread by aerosols. In pulmonary TB, various respiratory symptoms including
cough and sputum production may be accompanied by non-specific systemic signs such as fever, weight
loss, and night sweats [14, 18]. Unusual clinical manifestation like spontaneous pneumothorax, dyspnea
or hemoptysis can also be present in some cases [19]. Primary extrapulmonary TB is less common and
represents a particular challenge in the diagnosis and treatment of TB. Organs that may be affected by M.
tuberculosis other than lung include but not limited to lymph nodes, pleura, kidney, bones, joints and also

the central nervous system [20].

1.1.5. Disease progression

The spectrum of infection by M. tuberculosis in a patient can be roughly divided into latent TB
infection (LTBI) and active TB. Patients with LTBI are asymptomatic and are in non-transmissible state
while active TB patient can potentially transmit the disease. Some patients can have active TB without
showing any clinical symptoms, hence subclinical TB [14]. TB can be contracted by inhalation of

aerosols containing M. tuberculosis from a patient with active TB disease. Most healthy adults can



successfully clear M. tuberculosis or contain the infection but remain latently infected. It is estimated that
a staggering 2 billion people globally have M. tuberculosis as have latent TB [21]. While the mechanism
by which M. tuberculosis survives within the host without being eliminated or inducing clinical disease is
not fully understood, our body of knowledge in TB immunopathology is constantly building.

Once M. tuberculosis enters the host, it is first recognized by the innate immune system via
pattern recognition receptors on macrophages and dendritic cells, which may bind to M. tuberculosis cell
envelope lipid components such as mannosylated lipoarabinomannan [22]. In the case of lung infection,
alveolar macrophage or neutrophil engulfment of M. tuberculosis initiates a series of cell-mediated
immune responses that are important in containing the infection. Other conventional bacteria are often
eliminated by alveolar macrophages following phagolysosomal fusion and subsequent degradation, but M.
tuberculosis is uniguely capable of blocking the fusion between phagosomes and lysosomes of infected
macrophages [23-25]. The inability of macrophages to clear bacilli provides an intracellular niche that M.
tuberculosis can use in the early stages of establishing infection to survive inside the host. This leads to
persistence of bacilli inside the lung along with sustained immune cell recruitment that leads to a balance
between survival of M. tuberculosis and bacterial killing by the host immune system. In most cases, these
events will culminate in granuloma formation which is a cellular structure comprised mostly of infected
and non-infected macrophages, lymphocytes, plasma cells and neutrophils admixed with lung epithelial
and mesenchymal cells. This hallmark structure of mycobacterial disease serves to contain localized
infection and prevent further spread of the disease within and between hosts[26]. Granuloma formation,
from the host’s standpoint, is a double-edged sword because while it prevents further dissemination of the
bacilli, it also provides a shielded microenvironment where bacilli can survive and persist even following
antimicrobial drug therapy. Poor diffusion of antibiotics into granulomas also contribute to the possible
emergence of drug-resistance strains because bacilli can be exposed to sub-therapeutic concentrations of
drug over the course of treatment [27].

Cell death within the granuloma results in a central accumulation of caseonecrotic material that
may facilitate eroding of airway walls, and when combined with destruction of extracellular matrices, can
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lead to cavity formation. M. tuberculosis infections that progress to cavitary disease can contribute to the
proliferation of large numbers of bacilli that can be expelled through airways to infect other susceptible

hosts [28].

1.2. Problems in controlling global tuberculosis epidemic

1.2.1. Vaccine

Currently, BCG is the only approved vaccine available to prevent or mitigate the severity of TB.
However, there is a significant amount of variability in the level of protection among individuals and
human populations. For example, the accepted practice is to vaccinate infants shortly after birth which
can lessen the severity of childhood TB disease, but its protective capacity wanes off gradually when the
person reaches adolescence and adulthood [29]. Moreover, several recent studies suggest that there are
concerns regarding BCG’s efficacy even in infants. South African’s BCG coverage is almost 95%, while
TB is most common cause of bacterial meningitis in young children even though more than 80% of
children who had TB meningitis received BCG vaccination at birth [30-32]. Therefore, there are
numerous vaccine candidates in the development pipeline to replace or boost BCG vaccination.

The optimal pre-exposure TB vaccines would prevent M. tuberculosis infection despite the
variability of host susceptibility. It would be safe and effective when administered to newborns alone or
in conjunction with BCG. The second group of candidates is classified as preventive post-exposure
vaccines and administered to patients with LTBI to prevent progression to active TB. The last group of
vaccine candidates under development is for therapeutic purposes and would be administered to patients
recently infected or currently receiving treatment for LTBI or active TB disease as a strategy to shorten
antimicrobial drug therapy [9].

One vaccine candidate of note is MTBVAC, which is the first live-attenuated M. tuberculosis to
enter human clinical trial to date. The vaccine strain contains multiple genes encoding important

immunodominant proteins that are missing in BCG. [33, 34]. The virulence of the strain is attenuated by



deletion of virulence genes phoP and fadD26. Because of the deletion of these genes, MTBVAC is not
able to properly regulate transcription of the PhoP regulon and is defective in phthiocerol

dimycocerosates (PDIM) biosynthesis and export. By virtue of phoP deletion, MTBVAC lacks diacyl
trehalose (DAT), polyacyl trehalose (PAT) and PDIM. This represents an example of a strategy to limit M.
tuberculosis virulence by inhibiting the expression of the cell envelope lipid structure, which contributes
to the ability of bacilli to survive in the face of host defense mechanisms. The M. tuberculosis cell

envelope will be discussed below in more details in regards to conferring antibiotic resistance.

1.2.2. Diagnosis

The prompt and accurate diagnosis of M. tuberculosis infection is imperative to successful TB
treatment. For detection of LTBI, the tuberculin skin test (TST) and interferon-y release assays (IGRA)
are most often used. The TST involves intradermal injection of purified protein derivative, and the
intradermal injection site is monitored for a subsequent delayed type hypersensitivity response in patients
that are infected or recently exposed. Positive reaction can result from BCG vaccination or non-
tuberculous mycobacterial infection which is the major limitation for this method [35]. On the other hand,
IGRA is an in vitro blood test that quantifies the production of interferon-y from T cells upon stimulation
by M. tuberculosis antigens 6kDa early secretory antigenic target and culture filtrate protein 10 [36].
These antigens are more specific to M. tuberculosis hence increased specificity. However, both assays are
not ideal in that they do not predict progression of positive individuals to active TB disease. The
remaining challenge is to develop a test with high predictive value so LTBI patients with higher risks for
developing active TB could be accurately identified.

For active TB, X-rays, positron emission tomography-computed tomography, sputum smear
microscopy, culture-based identification, and molecular tests are used [37]. Microscopic visualization of
the organism on a sputum smear has been the most widely used first-line diagnostic assay especially for
resource poor settings. However, recent advanced technologies such as XpertMTB/RIF molecular assay is

being recommended by WHO as the test of choice for identifying patients with active TB disease [38, 39].



In addition to general diagnosis of the disease, detection of drug-resistance is also a critical
diagnostic procedure that will help determine the appropriate TB therapy. Both traditional culture-based
method and molecular-based methods are being used. For example, the aforementioned XpertMTB/RIF
can also detect resistance to rifampicin, one of the first line anti-TB drugs [40] and GenoTypeMTBDR
detects drug-resistance to both of the first line anti-TB drugs, isoniazid and rifampicin [41]. Another
important research agenda in the development of improved TB diagnostics is an identification of novel
TB-specific biomarkers, either host-specific or pathogen-specific. Combination of several biomarkers

may be of value for distinguishing various stages of TB infection [42].

1.2.3. Therapy

Recommendation by WHO states that LTBI treatment consists of 6 to 9 months of isoniazid alone,
3 months of isoniazid and rifampicin, or 3 to 4 months of rifampicin alone [43]. In the case of active TB,
for drug-sensitive pulmonary TB, patients are recommended for treatment with combination of isoniazid,
rifampicin, pyrazinamide, and ethambutol for initial intensive phase and then the use of isoniazid and
rifampicin for a subsequent continuation phase, which may last as long as 26 weeks. Modifications are
made depending on the feasibility of directly observed therapy and HIV status [44]. For drug-resistant TB,

fluoroquinolones, aminoglycosides, thioamides, and oxazolidinones are considered (Table 1.1) [14].

Table 1.1. List of WHO recommended antimicrobial agents for TB therapy. For drug-susceptible TB,
initial 2 months of group 1 drugs treatment followed by 4 months of continuation phase with isoniazid
and rifampicin are needed. 3-lactams are categorized as group 5, recommended only for the MDR-TB.

Description Drugs
Group 1 First-line oral anti-TB drugs Isoniazid, rifampicin, pyrazinamide, ethambutol
Group 2 Injectables Streptomycin, kanamycin, amikacin, capreomycin
Group 3  Fluoroquinolones Ciprofloxacin, ofloxacin, levofloxacin

Group 4 Oral second-line anti-TB drugs Ethionamide, cycloserine, P-amino-salicylic acid

Group 5 Only considered for MDR-TB Clofazimine, linezolid, amoxicillin/clavulanic acid




There has been limited progress in the development of new TB drugs. Bedaquiline (BDQ), which
was approved by the United States FDA in 2012, was the first new anti-TB drugs developed and
approved in nearly 40 years [45]. In 2014, another new drug called delamanid was approved in Europe for
treatment of drug-resistant M. tuberculosis [43]. However, it goes without saying that we are in need of
more effective anti-TB drugs or novel treatment strategies to stop the ongoing spread of TB. The current
TB drug pipeline includes a large library of candidates in various stages of development and testing, but
the answer to how many of them will prove to be effective remains unknown.

Among the limitations of current TB drug therapy remains the high incidence of toxic side effects
from a combination of multiple drugs, which contributes to poor patient compliance, and most
importantly, the emergence of drug-tolerance and drug-resistance. Along with the development of new
drugs, an innovative strategy to potentiate the activity and efficacy of existing antimicrobial drugs and

drug combinations is a viable and promising option.

1.2.4. Research priorities

From basic microbial physiology to translational medicine, basic TB research plays an essential
role in developing new treatment strategies. Not only is the in vivo pathogenesis and immunopathology in
humans and animals still poorly understood, but a simple diagnostic that can rapidly and accurately detect
both LTBI and active TB is urgently needed. A vaccine that is substantially more effective than BCG is
also urgently needed. Lastly, identification of new molecular targets to weaken M. tuberculosis ad
overcome resistance to existing antimicrobial agents is heeded. Moreover implementation of innovative
strategies to circumvent limitations associated with current TB chemotherapy would potentially
revolutionize the field of TB treatment. The rest of this literature review will be focused on the
background of this particular project, which aims to describe a novel adjunctive strategy to treat TB. The
backdrop includes targeting specifically bacilli that express non-replicative drug-tolerance when cultured
as surface-attached communities of M. tuberculosis and reversal of drug tolerance by 2-aminoimidazole

(2-Al) based small molecule compounds. Finally, we show how 2-Al can be used to increase the



susceptibility of M. tuberculosis to the R-lactam class of antimicrobial drugs, which are currently

underutilized the treatment of TB.

1.3. M. tuberculosis persistence that complicates TB therapy

1.3.1. Non-replicative persistence

Persistence, or persistent infection, by M. tuberculosis, stems from a subpopulation of bacilli that
survive inside the host for a prolonged period of time. Historical evidence from autopsy of accidental
death victims or from diseases other than TB, show the persistence of M. tuberculosis in individuals
without clinical evidence or signs of active TB disease [46]. Persistent bacilli can survive even following
aggressive antimicrobial therapy or immune pressure that create a harsh microenvironment [47].
Surviving bacilli may be genetically identical or similar to that of the original infection or be completely
different suggesting re-exposure, all of which can reactivate and progress to active TB disease. However,
recently developed molecular typing methods are able to provide some indication that links the initial
infecting strain with the strain associated with reactivation disease [48, 49].

It is important to appreciate the host micro-environment in the development of non-replicative
persistence (NRP) and M. tuberculosis drug-tolerance. In pulmonary granulomatous lesions, M.
tuberculosis encounters diverse micro-environmental conditions to which it has to adapt, regardless
whether bacilli are intracellular or extracellular. The microenvironment can be unfavorable or hostile to
bacilli as it can be hypoxic, low in pH, limited nutrient availability, or exert sustained oxidative stress [50,
51]. This variation and diversity in micro-environmental conditions induce heterogeneous populations of
M. tuberculosis that differ in response to antimicrobial drug treatment and favor the persistence of the
population which is genetically susceptible but drug-tolerant [52, 53].

The mechanism M. tuberculosis uses to survive and persist host or antimicrobial drug treatment
pressure remains an unanswered mystery that TB researchers have struggled with for a long time. In vitro

and in vivo survival strategies used by other bacteria such as spore formation has not been associated with
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M. tuberculosis [16, 54]. It is thought that M. tuberculosis persistence is closely related to non-replicative
state of bacilli, although this criterion cannot be applied to all cases of persisting infections. When
surgical removal of tubercle lesion became a viable treatment option with advancement in antibiotics to
limit TB disease progression, it created opportunities for investigators to examine the metabolic state of
bacilli within tubercle lesions [55]. A pioneering study in 1961 described that, from the comparison of
total microscopic counts of bacilli and counts of viable bacilli, total counts did not increase over viable
bacilli. This indicated that constant load of bacilli did not result from steady state equilibrium between
replication and death, but from either very slowly or non-replicating bacilli [56]. Other evidence
supporting the importance of non-replicative persistent bacilli is that the antimicrobial agents that target
actively dividing cells have reduced efficacy on persisting population of bacilli [57].

Multiple in vitro and in vivo models have been developed and adapted to study NRP in M.
tuberculosis. These models aim to recapitulate various conditions M. tuberculosis might encounter inside
the host and serve as a trigger to switch into non-replicative state. Factors that researchers have
investigated include but are not limited to availability of nutrients, changes in pH, presence of specific
growth-limiting products, and limited oxygen concentration [53]. The most famous in vitro model was
developed by Wayne and colleagues in which M. tuberculosis was cultured in vitro in air-tight culture
tubes with specific headspace-to-culture ratio that resulted in a time-dependent gradual depletion of
oxygen [58]. When the environment inside the tubes became hypoxic, bacilli adapted a non-replicative
state that made the anti-TB agent isoniazid less effective. However, the in vitro culture model contributed
to the discovery of new effective therapeutic options against non-replicative bacilli, for example
metronidazole [59]. This nutrient starvation model was also used to study NRP in which M. tuberculosis
cultured in minimal media exhibited a metabolic shunt and subsequent shutdown. Nutrient starvation has
been shown to trigger bacilli to a non-replicative state, which expressed tolerance to isoniazid, rifampicin
and metronidazole, but remained susceptible to pyrazinamide [60, 61]. These and other in vitro models of
stress induced NRP demonstrate the value of these assays have for screening compounds that may target
NRP. While changing M. tuberculosis culture conditions can be used to induce NRP, the level of
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complexity can be increased by including host factors to further mimic the in vivo micro-environment in
human and animal hosts.

Experimental animal models compensate for some of the limitations of in vitro models by
providing host factors that accumulate at the site of infection which also contribute to the expression of
NRP by bacilli. Like humans, there are numerous host and pathogen factors that determine the host
response to infection and thus the in vivo micro-environment that harbor persistent bacilli. Certain strains
of mice are inherently more resistant to TB than humans, while transgenic strains with an
immunosuppressed phenotype are highly susceptible. Low-dose M. tuberculosis infection of wild type
C57BL/6 mice progress to a plateau phase in bacterial lung load after one month of infection [62]. This
stationary equilibrium is thought to be the expression of NRP induced by developing adaptive immune
response of the host to infection. In addition to natural immunity, the stress of antimicrobial drug
treatment can induce NRP in which suboptimal drug treatment is withdrawn prior to the complete
eradication of bacilli, thus leaving a residual population of non-replicating bacilli [63, 64]. The persistent
subpopulation of bacilli in this model was not culturable under standard in vitro culture conditions, but
residual, viable bacilli were able to proliferate and induce reactivation disease following administration of
an immunosuppressive agent [65]. Other useful animal models include guinea pigs which are more
susceptible to TB than mice and they also provide pathologic advantages as they respond to infection with
lung lesions that more closely resemble the naturally occurring infection in humans compared to mice
[66].

Changes in transcriptional regulation in response to various external stimuli provide valuable
information for studying bacterial adaptation to hostile environments. In the Wayne model described
above, a metabolic switch to preferentially use fatty acids as a main carbon source via process termed the
glyoxylate shunt was observed [67]. With methods such as microarray or next generation RNA
sequencing, whole-genome profiling in bacilli exposed to these different stress conditions is possible.
Using these techniques, critical response regulators that dictate the transcription of genes were identified
when exposed to hypoxic stresses, such as DosS/DosR two component system regulator [68]. Also, by

12



virtue of targeted mutagenesis, mutant M. tuberculosis strains that lack functional genes linked to the
expression of NRP have been identified. To name a few, knockout of icl which cannot undergo the
glyoxylate shunt during hypoxia due to lack of isocitrate lyase enzyme [69], deletion of pcaA that encodes
cyclopropane synthase [70], and absence of transcriptional regulator WhiB3 [71] all resulted in reduced
persistence in mice. From these single-gene replacement studies, several metabolic pathways have been
identified as being involved in NRP. These include metabolic pathways such as: 1) alternative carbon
assimilation, 2) protein degradation pathways, 3) cell wall biosynthesis and export pathways, and 4)

bioenergetics-related pathways leading to the ATP production [72-76].

1.3.2. Phenotypic drug-tolerance and genotypic drug-resistance

The persistence phenotype is closely linked to bacilli that also tolerate antimicrobial treatment in
vitro and in vivo. Despite being genetically identical, subpopulations of bacilli can differ in the expression
of drug-tolerance, which can be reversed once stressors are removed. This tolerance is referred to as
phenotypic drug-tolerance [77]. Besides, displaying the non-replicating phenotype, these bacilli can
withstand or tolerate transient exposure to even high dose of antibiotics. A good example of the
expression of drug-tolerance are bacteria that form and survive within biofilms [78]. The persistence of
extracellular and intracellular bacilli within granulomatous or necrotizing lesions has been equated to
biofilm formation and may explain the ability to tolerate prolonged antimicrobial therapy [79], a finding
that led to inception of this project, and will be discussed in more details later.

In TB, even in the drug-susceptible cases, a complete eradication of TB requires a minimum of 6
month of extensive chemotherapy and is presumed necessary to effectively eradicate these persistent
bacilli [80]. Wallis and colleagues attempted to describe the relationship between drug-tolerance,
persistence and reactivation. They observed that M. tuberculosis isolates from drug-susceptible TB
patients harboring persistent bacilli and at risk of developing reactivation disease, showed significantly

increased in vitro drug-tolerance compared to isolates from active TB patients [81]. This study
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demonstrates that in even drug-susceptible TB cases M. tuberculosis can become tolerant to anti-TB
drugs, however all the factors that contribute to this phenotype in vitro and in vivo are unknown.

Drug-resistance, on the other hand, refers to the decreased sensitivity to antimicrobial drugs as the
result of a mutation in genes involved in the drug binding, uptake or metabolism. The consequence of
altered gene expression, such as mutations in drug targets, a loss of enzymes that activate drugs, and
expression of efflux pumps can all manifest as drug-resistance. In the basic TB therapeutic regimens, five
first line anti-TB drugs are used: isoniazid, rifampicin, ethambutol, pyrazinamide, and streptomycin.
Resistance to isoniazid and rifampicin give rise to MDR-TB. Isoniazid was one of the first anti-TB drugs
to be discovered and was introduced in 1952. Isoniazid is functions as a pro-drug which requires
enzymatic activation by catalase/peroxidase KatG (encoded by katG). However, a recent study conducted
with uninfected mice treated with isoniazid identified a novel metabolite 4-isonicotinoylnicotinamide,
which is produced by M. tuberculosis via KatG [82]. This study suggests that isoniazid can also be
activated by the host. Isoniazid inhibits biosynthesis of mycolic acid through acyl carrier protein
reductase encoded by inhA. Both mutation in katG and inhA may confer resistance to isoniazid [83-86].
Rifampicin was introduced in 1972 and is used in combination with isoniazid as the basic multi-drug
therapy for TB. It targets B-subunit of RNA polymerase and resistance can arise from mutation of gene
that encodes rpoB [87]. Genotypic drug-resistance has been also revealed in other first and second line
anti-TB drugs, as well as most recently developed BDQ [88]. BDQ is a diarylquinolone, which targets M.
tuberculosis ATP synthase. Thus, mutation in atpE encoding for the Fo subunit of the ATP synthase can
confer resistance to BDQ [89]. Recently, it was shown that up regulation of efflux pump through
mutation also induces antimicrobial drug-resistance [90].

In 2015, approximately 3.9% of new TB cases were considered multidrug-resistant. An estimated
21% of previously treated cases were confirmed MDR-TB as well. Problems with MDR-TB are only
intensifying, as high TB burden countries showed accelerated increase MDR-TB cases compared to drug-
susceptible cases (or slower decrease in countries with decreasing TB burden). Surveys have identified
even more drug-resistant strains, including extensively drug-resistant (XDR-TB, MDR-TB with
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resistance to at least one fluoroquinolone and a second line injectable agent), revealed that estimated 9.5%
of MDR-TB was XDR-TB [9]. To make matters worse, M. tuberculosis resistant to all drugs available for
TB therapy has been described recently as a totally drug-resistant case [91]. Taken together, the issue of
emerging drug-resistance will remain a concern and will continue to demand new TB drug treatment

strategies.

1.3.3. Intrinsic drug-resistance

Yet another type of drug-resistance that can be exhibited by bacteria is intrinsic or inherent
resistance. This type of resistance stems not from spontaneous genetic mutations but from the bacteria’s
natural structural or functional properties that allows them to resist activity of particular antimicrobial
agents [92, 93]. Intrinsic drug-resistance can be expressed from the lack of target in the organism,
inaccessibility of drug to its target site due to impermeability, highly efficient naturally occurring efflux
pumps, and production of enzyme that inactivates the drug [94]. For example, both Mycobacterium
smegmatis (M. smegmatis) and M. tuberculosis complex are naturally resistant to macrolides antibiotics
owing to the presence of 23S rRNA methylase encoded by erm gene [95]. When the enzyme methylates
the 23S rRNA, it leads to reduced affinity of the macrolide for the target [96, 97]. Intrinsic resistance of M.

tuberculosis to antimicrobial agents will be discussed more in depth later in this chapter.

1.4. Similarities between M. tuberculosis in granulomatous lesions and biofilms

1.4.1. Biofilms

In some biofilm-forming bacteria, adhesion to abiotic or biotic surface is the earliest step in the
formation of multicellular communities embedded in pathogen- or host-derived extracellular polymeric
substances (EPS). This unique alternative form of bacterial life provides a survival advantage and the
ability to persistence in harsh microenvironments [98, 99]. Not only the biofilm structure, but constant
on-going intercellular communication within the community makes this form of existence significantly

distinct from free-living planktonic mode of growth in bacteria.
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The very first step in biofilm formation is adherence or attachment to biotic or abiotic surfaces.
Attached bacteria can be released from the communities passively by hydrodynamic forces or voluntarily
depending on changes in gene expression or in the environment [100-102]. The microbial attachment
becomes irreversible with the aid of specialized organelles such as pili in Escherichia coli (E. coli) and
other adhesion proteins that attach to eukaryotic extracellular matrix such as SagA in Enterococcus
species [103, 104]. Firm attachment to the surfaces triggers subsequent transcriptional alterations in
bacteria, leading to up-regulation of proteins that can produce EPS. EPS serve as structural scaffold,
which promote cohesion between resident bacteria. EPS also augment the attachment as shown in
Pseudomonas aeruginosa (P. aeruginosa) Psl, which facilitates bacterial adhesion to mucin and CdrA,
which further stabilize the structure by binding to Psl [105, 106]. In general, EPS are comprised of sugars
like polysaccharides, as well as proteins, lipids, and nucleic acids [107]. Typically serving as a physical
diffusion barrier, EPS also serves as a mechanical barrier from hostile conditions. For example, EPS
decelerate or block antimicrobial agents from reaching their target bacteria within biofilms. Alginate
exopolysaccharide of P. aeruginosa is anionic EPS, which can bind to positively charged antibiotics like
fluoroquinolones and sequester the drugs [108, 109]. They also accumulate signaling molecules to high
enough concentrations that can also interfere with effective cell to cell communication [110]. These
signaling molecules are produced by bacteria and accumulate to reach specific threshold levels, which can
lead to the induction of gene expression related to various enzyme or EPS synthesis. This concentration-
dependent physiological response to chemical signaling is referred to as quorum sensing in biofilms [111-
113]. Once the environmental cues that initiate biofilm formation are removed, dispersal of the structure
becomes an option. Also, increases in toxic byproducts of metabolism inside the biofilm can also trigger
dispersion as well [114]. In P. aeruginosa, reduction of cyclic di-GMP plays important role in shifting
from attached to the free-living planktonic lifestyle [115]. Also, EPS degrading enzymes and production
of surfactants can detach bacteria from surfaces [116].

Biofilms cause problems in industrial settings contaminating water lines, pipelines and in medical
devices like catheters and implants. They also create problems during infections of hosts because biofilms
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are more refractory to antibiotic treatment compared to their planktonic counterparts [117-120]. Multiple
strategies have been suggested to combat biofilms that resists antibiotics, including phage therapy and
silver nanoparticles [121, 122]. Also, inhibition of attachment, the initial step of biofilm formation has
also been explored. Compounds such as monomeric biphenyl mannosides as inhibitors of fimbria
encoded by E. coli FimH has led to successful prevention of biofilm formation [123]. Interfering with
guorum-sensing system, as such as blocking two component system response regulators QseBC in E. coli,
has also been shown to be a promising approach, since it does not exert selective pressure on bacteria
therefore side-stepping emergence of drug-resistance [124]. In addition, enzymes that result in EPS
destruction or chelating agents to eliminate critical metal cations from EPS are also potential options

available [125, 126].

1.4.2. Drug-tolerance and drug-resistance in biofilm-forming bacteria

Arguably, the most clinically important feature of biofilms and biofilm-forming bacteria in
infectious disease is drug-tolerance and drug-resistance [127]. First of all, as mentioned earlier, the EPS
of biofilms form a physical permeability barrier to limit penetration of some antimicrobial agents, which
can be degraded by enzymes within the biofilm matrix.

Another important factor contributing to drug-tolerance and drug-resistance is heterogeneity and
slow growth leading to persistent phenotype of bacteria. Different areas of biofilm were stained using
acridine orange, demonstrating diversity of bacterial populations in terms of metabolic heterogeneity
[109]. Depending on the location of the bacteria and individual subpopulations within biofilms, chemical
parameters such as pH, oxygen concentration, and nutrient availability vary dramatically which are
driving force of bacterial phenotypic diversity [128]. Limiting oxygen concentration also affects the
antimicrobial agents itself, shown by hampered action of aminoglycosides driven by low oxygen
availability [129]. Nutrients are relatively more abundant near outer boundary of biofilms. Therefore,
bacteria residing near the surface of the biofilms will have easier access to nutrients required for survival,

proliferation and dispersion. On the other hand, bacteria located toward the center of the biofilms have
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less access to nutrients, thus are less metabolically active. These organisms are more resistant to
antibiotics, especially drugs in which the mode of actions targets cell division or molecular biosynthesis
[130].

Biofilm-forming bacteria that express this type of phenotypic drug-tolerance display striking
resemblance to non-replicating persistent subpopulation of M. tuberculosis in vitro and in vivo. Following
antimicrobial drug treatment, the majority of bacteria are killed but subpopulations of bacteria survive,
thus requiring prolonged drug treatment [131]. The treatment of active TB disease even from drug-
sensitive M. tuberculosis necessitates prolonged treatment with a combination of antimicrobial drugs to
eradicate persistent subpopulations of drug-tolerant bacilli [49]. Importantly, certain persistence genes
have been described in biofilm-forming bacteria and multiple genes have also been implicated in the
persistence of M. tuberculosis [132-134]. When antimicrobial treatments are removed, both persistent
bacteria in biofilms and persistent M. tuberculosis retain the ability to resume normal growth and thus can
lead to reactivation of the disease [135].

Most mycobacterial species will form a biofilm-like structure called a pellicle at the liquid-air
interface in vitro when they are cultured without any detergent [136, 137]. Furthermore, when Kolter and
colleagues attempted to survey any genetic elements that were required for biofilm formation in
mycobacteria, they identified acetylated glycopeptidolipid being essential for attachment to abiotic
surface in M. smegmatis [138]. Later on, a non-essential chaperone GroEL1 was identified to be
important in the KasA interaction, which is the enzyme required for mycolic acid biosynthesis and its loss
conferred a defect in the biofilm maturation stage in M. smegmatis [139]. These in vitro studies indicate
that such surface-attached complex structures of mycobacterial species have characteristics of biofilm
formation of initial attachment, maturation, and dispersal. Whether M. tuberculosis bacilli actually form
biofilm in vivo upon infection is still debatable but similarities of non-replicating persistent M.
tuberculosis and biofilm-forming bacteria suggest that M. tuberculosis may also adopt biofilm-like
communities as a strategy to persist inside the host as extracellular multicellular structures. These
similarities include phenotypic drug-tolerance, formation of surface-attached communities that follow
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distinctive developmental stages that require specific genes, and also induction of formation that are
triggered by external stress factors such as thiol reductive stress that elicit formation of M. tuberculosis
biofilms [140, 141]. Therefore, prevention and dispersal strategies for biofilms represent another

treatment strategy to specifically target persisting M. tuberculosis.

1.4.3. Focus on extracellular M. tuberculosis within granulomatous lesion

When Canetti and colleagues conducted extensive histopathological examination of TB lesions
from autopsies in 1955, they reported multiple cases of extracellular M. tuberculosis present in the host as
clustered multicellular communities [142]. A study to determine the location of persisting M. tuberculosis
in vivo within animal model lesions was conducted by Lenaerts and colleagues [143]. By examining
guinea pig lung lesions from M. tuberculosis infection following anti-TB drug treatment, the group found
that bacilli surviving were mostly situated extracellular, especially in an acellular rim of the primary
granuloma lesions. Further follow up studies indicated that extracellular persistent bacilli were mixed
within a milieu composed of host-derived cellular debris including extracellular DNAs (eDNA) (Figure
1.1) [79]. The multifaceted importance of eDNA derived from both host and pathogen in biofilm and host
immunity has been shown previously in other bacterial species [144]. Staphylococcus aureus (S. aureus)
secrete eDNA that promotes amyloid fiber formation which is crucial for its biofilm formation while
eDNA in P. aeruginosa biofilm can present antimicrobial activity by cation chelation that induce
destabilization of lipopolysaccharide [145, 146]. The prime example of host-derived eDNA contributing
to host immunity is neutrophil extracellular traps where neutrophils secrete chromatins and other
antimicrobial proteins to form structures that can entrap and confine bacteria [147]. However, perhaps the
most important role of eDNA in host-pathogen interaction is associated with being a major component of
the EPS in bacterial biofilms [148]. The presence of abundant host-derived eDNA associated with
extracellular M. tuberculosis populations in necrotic lesions provided visual evidence that persistent M.
tuberculosis in vivo shares common characteristics with biofilms from other bacteria which are also

associated with host- or pathogen-derived eDNA. Stimulated by this observation, our group developed a
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novel in vitro M. tuberculosis culture system that more closely mimics the in vivo microenvironment in

animals and humans.

Figure 1.1. Location of extracellular acid-fast bacilli in the acellular rim of the primary TB
granuloma. Primary lung lesion of an M. tuberculosis-infected guinea pig treated for 6 weeks with
TMC207 (BDQ) is shown. Extracellular M. tuberculosis (red) bacilli are forming micro-communities
associated within the acellular necrotic lesions. x400, acid fast staining. Adapted with permission from
reference [143].

1.4.4. M. tuberculosis in vitro drug-tolerance model using host derived factors

In mycobacteria including M. tuberculosis, many biofilms studies have focused on what is called
a pellicle which forms at the liquid-air surface of the culture. Ojha and colleagues conducted studies using
this culture model both in M. smegmatis and M. tuberculosis. Pellicles from both organisms contain rich
levels of free mycolic acid and mutation in genes responsible for mycolic acid synthesis such as kasB
resulted in defective biofilm formation [139, 149-151]. While this pellicle model represent a valuable
model to differentiate between biofilm and planktonic M. tuberculosis, we reasoned that this model lacks
a constituent of persistent bacilli within actual lesions, which is the host-derived macromolecules.

In an attempt to fill in this gap of current pellicle model, we developed a novel culture system in

which we allowed M. tuberculosis to attach to either abiotic surfaces or a biotic surface in the form of

20



lysed human leukocytes [152]. We employed three modes of M. tuberculosis growth by removing or
adding supplemental materials in RPMI mammalian cell culture media. First, to represent normal
laboratory culture settings, the detergent tween 80 was added to establish non-aggregated, planktonic
culture. Next, we removed tween 80 so M. tuberculosis bacilli can settle to the bottom of the culture
material and attach to an abiotic surface. Lastly, in the media without any detergent, we provided lysed
human leukocytes additionally for M. tuberculosis to attach to host derived macromolecules instead of
abiotic surfaces. In this in vitro culture model, M. tuberculosis attached to abiotic or biotic surface
expressed high level of drug-tolerance by tolerating up to ten-fold concentration of isoniazid MIC.
Similar to biofilms in other bacteria, treatment of attached M. tuberculosis cultures with DNase | partially
restored isoniazid susceptibility which points to the fact that eDNA is at least one of the important
elements of attached micro-communities in the culture model. This in vitro drug-tolerance model
provided us with a valuable tool that we could use to screen multiple anti-biofilm compounds to identify

one that is effective against M. tuberculosis.

1.5. 2-Al based small molecules

1.5.1. Origin

Given the significance of biofilms in both industry and medical clinics, efforts have been made towards
developing small molecules that can modulate the formation or dispersal of biofilms [135]. Our
collaborator, Dr. Christian Melander, and his group focused on developing readily synthesizable small
molecules from marine sponge species that are non-bactericidal, but have biofilm dispersing activity [153,
154]. Being a stationary life form, marine sponges need an antifouling mechanism to remove
contaminating microorganism biofilms on their surfaces. Natural products from such marine sponges
have provided this group with a scaffold from which to build a library of molecules having anti-biofilm
properties [155-159]. One of the metabolites of interest was pyrrole-imidazoles. These are produced only

by marine sponges as metabolites from Agelasidae, Dyctionellidae, Hymeniacidonidae, and Axinellidae
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species, reported to have anti-biofilm effects in bacteria such as Phodospirillum salexigens and Vibrio
vulnificus [160]. The structure that was common across all pyrrole-imidazoles was a 2-Al ring (Figure
1.2). Melander and colleagues were able to synthesize a library of potent anti-biofilm compounds that
contain a crucial 2-Al structural moiety found in these pyrrole-imidazoles [161-166].

The nitroimidazoles, which has a similar imidazole ring structure, have shown anti-TB potential
under hypoxic conditions [167]. For example, metronidazole (5-nitroimidazole) is being used to treat
anaerobic bacterial infection and previously has been shown to have an effect to M. tuberculosis under
hypoxic environments. However, metronidazole is not being used in current TB therapy because activity
is limited against aerobic M. tuberculosis [59, 168, 169]. Further investigation into this compound has led
to the identification of 4-nitroimidazo-oxine (PA-824), which has been shown to be effective against both
aerobic and anaerobic populations of M. tuberculosis [170]. The important distinguishable features of PA-
824 from metronidazole were: 1) nitro group location, 2) the presence of a lipophilic side chain, 3) the
charged state of 2-position of nitroimidazole ring, and 4) being a monocyclic rather than bicyclic
molecule [171]. The biological activity of nitroimidazoles and 2-Als are likely different, considering the
importance of the nitro group in nitroimidazoles for its activity. However, the previous work with
nitroimidazoles show the importance of structure-activity relationships in this type of small molecule
particularly against M. tuberculosis which will be discussed later in this dissertation concerning different

types of 2-Al compounds that vary in efficacy and potency.
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Figure 1.2. Structures of 2-Al compounds used in this study. The pKa for 2-Als is 8.5 in general, and
logD, a measure of lipophilicity at pH 7.4, is calculated as follows: 2B8 (2.76), RA11 (3.15), RA13 (4.04).
RA13 has two additional carbon chains at the long-end of alkyl chain of RA11. Structures were initially
published in reference [172].

1.5.2. 2-Al and other bacteria

Not only do 2-Al compounds have anti-biofilm properties, but they also had other biological
activities that have potential clinical value. The class of compounds also reversed phenotypic drug-
tolerance and genotypic drug-resistance in human pathogenic bacteria. With the emergence of drug-
resistance across multiple clinically important bacterial pathogens, a variety of fields in medicine are
impacted by the failure of antibiotic treatment to treat infections. In fact, WHO designated multi-drug-
resistant bacteria as one of the top public health threats and CDC recently published a list of the top 18
drug-resistant bacterial pathogens that threaten global health [173, 174]. The benefit gained from the
development of new antibiotics has been offset by the ongoing emergence of bacterial resistance. For
instance, Enterococcus faecium and methicillin-resistant S. aureus (MRSA) both developed resistance
against daptomycin less than a year after its introduction to the clinic [175].

One strategy that can be used to solve this problem would be the prolonged use of antibiotic

cocktails. Current first line TB therapeutic regimens consist of a combination of isoniazid, rifampicin,
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ethambutol, and pyrazinamide, used to treat drug-sensitive strains of M. tuberculosis. Another approach is
combining a compound that may lack specific bactericidal effects but potentiate the activity of known
antibiotics as an adjunctive therapy. The complementing compound, or adjuvant, aims to potentiate
antimicrobial activity by blocking resistance mechanisms [176]. For example, enzymatic hydrolysis of -
lactams by R-lactamase can be blocked by the presence of the 3-lactamase inhibitor clavulanic acid.
Bacterial efflux pumps can be also be targeted by efflux pump inhibitors to reduce the extrusion of
antibiotics from inside the cells [177]. As an adjuvant, 2-Al compounds have been shown to suppress
carbapenem resistance in Klebsiella pneumoniae (K. pneumoniae), oxacillin resistance in MRSA, and
colistin resistance in Acinetobacter baumannii [165, 178-181]. A series of studies show promising
responses and the potential value in using 2-Al compounds to function as novel adjuvants combined with

conventional antibiotics as a strategy to overcome drug resistance.

1.5.3. Reversal of M. tuberculosis drug-tolerance by 2-Als

Because of the expression of drug tolerance by M. tuberculosis cultured as attached microbial
communities in vitro, this model system has value in the screening of new drugs that specifically target
persistent, non-replicating bacilli in vivo. Wang and colleague recently showed a small molecule called
TCAZ1 successfully inhibited M. tuberculosis biofilm formation and exhibited bactericidal activity in vitro
[182]. The mycobacterial biofilm model developed in our laboratory was instrumental in the discovery
that 2-Al based small molecules not only inhibited and dispersed M. tuberculosis biofilms, but these
compounds effectively reversed phenotypic tolerance to conventional anti-TB drugs isoniazid and
rifampicin either alone or in combination. The Melander group screened an array of 2-Al compounds
against M. smegmatis for anti-biofilm activity and selected 10 candidates based on the ability to reverse
isoniazid drug tolerance in our in vitro model. M. tuberculosis grown in a variety of different culture
conditions including planktonic, surface-attached untreated plastic wells, or surface-attached lysed human
neutrophils, were treated with 2-Al compounds either alone or in combination with isoniazid. To surface-

attached drug-tolerant M. tuberculosis, combination treatment restored isoniazid susceptibility as shown
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by dose-dependent drop of minimum inhibitory concentration (MIC) (Figure 1.3) [172]. From this study,
we further explored the feasibility of using 2-Al compounds as antimicrobial adjuvants to specifically
target drug-tolerant and drug-resistant M. tuberculosis. The rationale was that this combination therapy
had the potential to potentiate the activity of conventional anti-TB drugs against mixed populations of
drug tolerant bacilli and thus represented a novel treatment strategy that could not only shorten treatment
TB treatment intervals but also be effective against drug resistant strains of M. tuberculosis. This
dissertation was built upon a serendipitous but keen observation that 2-Al compounds increased the
effectiveness of the B-lactam class of antimicrobials drugs that are not clinically effective against M.
tuberculosis. This approach has the potential to not only expand the number of available drugs to treat TB

but represented a completely new strategy to treat drug resistant strains of M. tuberculosis as well.
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Figure 1.3. Reversal of isoniazid tolerance by 2-Al compounds. Combined treatment with 2-Al
compounds potentiates the bactericidal activity of isoniazid (INH) against drug-tolerant M. tuberculosis.
Adapted from reference [172] with permission.

1.6. R-lactam antibiotics and tuberculosis

The concept of one organism antagonizing the growth of others has been a subject of

microbiology research for decades. The practice of applying organic materials or chemicals toward
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wound-healing process dates back to ancient times [183]. Discovery of the 3-lactam class of antibiotics
hold a special place in the history as they were the first antibiotics introduced and used to treat human
infections [184].

The large family of B-lactams includes penicillins, cephalosporins, carbapenems, monobactams,
and cephamycins [185]. Penicillin, the first R-lactam, was isolated from the saprophytic fungus
Penicillium notatum by Alexander Flemming in 1928, although several other researchers had also
encountered antagonistic activity of Penicillium mold against bacteria. The value of treating patients with
penicillin was not immediately recognized and was not used as a clinical therapeutic agent until the 1940s
[186]. The common R-lactam ring structure, which is conserved throughout the class of antibiotics was
revealed in 1945 using X-ray crystallography. Resistance to penicillins due to the hydrolysis of the
antibiotic by B-lactamase enzyme was first reported shortly thereafter [187]. Penicillins include natural
penicillin and its derivatives like penicillin G and V, as well as methicillin, oxacillin and ampicillin [188].
Additionally, Cephalosporium acremonium producing broad spectrum antibiotic activity was isolated by
Giuseppe Brotzu and the penicillin-like substance was nhamed cephalosporin C, which later paved the way
to semi-synthetic mass production of Cephalothin in 1962 [189]. Cephalosporins are further classified as
first-, second-, third-, and fourth-generation cephalosporins.

Subsequently, other semi-synthetic cephalosporin related -lactams like cephamycins were
introduced. Cefoxitin is a well-known cephamycin derived from Streptomyces lactamdurans.
Carbapenems are especially valuable clinically because of their relative resistance to hydrolysis by the 3-
lactamase enzyme. Imipenem, a famous carbapenem, derived from Streptomyces cattleya shows broad
spectrum of activity against a wide range of bacteria. Lastly, monobactam antibiotics produced by
Chromobacterium violaceum also shows good activity against gram-negative bacteria. Clavulanate, the
first 3-lactamase inhibitor, was discovered in 1976 and was recognized as a potential adjunctive therapy
when used in combination with B-lactams. Semi-synthetic -lactamase inhibitors sulbactam and
tazobactam are also available for use today, and a novel R-lactamase inhibitor active against virtually all
existing R-lactamase is currently being evaluated in human clinical trials [184, 186, 190-192].
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After the introduction of B-lactams for clinical applications, there was an increase in confidence
within the medical community infectious diseases could be eradicated with the help of vaccination and
new antibiotics. In fact, United States Surgeon General William Stewart even erroneously quoted in
1960s that “it is time to close the book on infectious diseases” [193]. However, this quote proved to be
premature considering that emergence of antibiotic resistance is still one of the most significant public
health problems even today. In 1940, Edward Abraham and Ernst Chain found enzymatic activity in the
culture supernatant of penicillin-resistant bacteria, but failed to recover the same protein in cultures from
penicillin-sensitive bacteria, which was the first description of B-lactamase [194]. The Abraham group
also demonstrated that emergence of resistance can be induced by selective pressures from antibiotics by
showing that staphylococci cultures become resistant to antibiotics following repeated sub-culturing in the
presence of antibiotics [195]. Multi-drug-resistant staphylococci emerged in 1947, and drug-resistance in
Gram-negative organisms such as E. coli and K. pneumonia soon followed [196, 197]. Despite the
obvious challenges posed by the ongoing emergence of antimicrobial drug resistance, 3-lactam antibiotics
are still drugs of choice to combat a wide variety of bacterial infections without severe side effects.

R-lactams are bactericidal drugs [198]. Contrary to mammalian cells, the bacterial cell membrane
is further surrounded by cell wall, which represents an excellent target for antimicrobial agents. The
deepest layer of bacterial cell wall is the peptidoglycan layer. The peptidoglycan structure is crucial for
maintenance of cell envelope integrity. It is formed by cross-linking of polysaccharide structures through
oligopeptide links and is thicker in Gram-positive bacteria compared to Gram-negative bacteria [199]. In
mycobacteria, the peptidoglycan layer is further protected by a specialized cell wall complex, which will
be discussed in depth later.

The peptidoglycan layer of bacteria is formed by macromolecules made of sugars cross-linked by
short polypeptides. In general, the biosynthesis of the peptidoglycan layer occurs in three stages that take
place in three different locations within bacterial cell. First, phosphoenolpyruvate, a lactate residue is
derived and attached to N-acetylglucosamine (NAG), which is further processed to generate N-acetyl-
muramic acid (NAM). On NAM, peptidyl linkages are formed with an enzymatic addition of amino acids
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with its terminal amino acid residue being D-alanyl, D-alanine [200]. This nascent subunit, NAM-
pentapeptide, is formed inside the cytoplasm. During the second stage at the cytoplasmic membrane, the
NAM-pentapeptide precursor is conjugated with lipid, which acts as a transporter, forming a structure
called lipid I. This is further complexed by the addition of NAG to make lipid Il and translocates toward
the bacterial cell membrane exterior. The cross-linked and translocated molecule with the adjacent
peptidoglycan strand is initiated by the enzyme transpeptidase also referred to as penicillin-binding-
protein (PBP). In this reaction, PBP also releases the terminal D-alanine residue by the activity of the
enzyme carboxypeptidase (Figure 1.4) [201-203]. In the simplest terms, B-lactams act by inhibition of
peptidoglycan biosynthesis of the bacterial cell wall by having an analogous structure to D-alanyl, D-
alanine. The CO-N bond situated in the -lactam ring of the drug molecule is in the same location as the
CO-N bond in D-alanyl,D-alanine dipeptide. By having this structural similarity, 3-lactams preferentially
bind to PBPs and irreversibly blocks transpeptidase activity of the enzyme. Thus, the final
transpeptidation process in peptidoglycan biosynthesis cannot be completed and cell wall integrity is
impaired [204]. Some antimicrobial agents other than R-lactams also target bacterial cell wall biosynthesis.
For example, cycloserine inhibits D-alanyl,D-alanine formation by alanine racemase and alanine ligase
blockage while vancomycin binds to the terminal D-alanyl,D-alanine dipeptide and prevents further
cross-linking [205, 206].

Current TB therapy does not routinely include the use of the B-lactam class of antibiotics owing
to intrinsic resistance expressed by M. tuberculosis [208]. R-lactams are arguably the most valuable class
of antimicrobial agents introduced to date, with a long history of being effective against a wide variety of
bacterial pathogens. As a whole -lactams account for more than 50% of all commercially available
antibiotics up to the early 2000s [209]. Increasing interest in repurposing this class of safe and effective
drugs has emerged recently, with the potential impact on the treatment of TB being of particular interest
[210, 211]. In early attempts, amoxicillin was combined with clavulanic acid to treat TB, and more
recently Barry and colleague showed limited in vitro and in vivo efficacy of meropenem/clavulanate
combination, which led to a clinical trial targeting drug-resistant M. tuberculosis. Additionally, an oral
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Figure 1.4. Peptidoglycan biosynthesis pathway in bacteria. Adapted from with permission from
reference [207].

carbepenem, tebipenem has been shown to have a potent effect against M. tuberculosis when combined
with clavulanate. Most recently, an orally bioavailable Faropenem showed inactivation of mycobacterial
L, D-transpeptidases even in the absence of clavulanate and cephalosporin was combined with first-line

anti-TB drugs as well as in triple combination with clavulanate [212-220].

1.7. M. tuberculosis’s intrinsic resistance mechanisms against B-lactams

In general, intrinsic resistance of M. tuberculosis against many antimicrobial agents is attributed
to its unique cell wall structure resulting in a low permeability diffusion barrier to these external agents
[221]. Another common mechanism that affects efficacy of drugs, regardless of classes is the presence of
efflux pumps [222]. Furthermore, M. tuberculosis has yet other characteristics that confer intrinsic
resistance to B-lactams specifically in the form of expression of 3-lactamase and altered affinity of PBPs

to R-lactams [223-225].
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1.7.1. Multidrug efflux pumps

M. tuberculosis possesses multiple efflux pumps used to exclude drugs from its interior. One of
these, encoded by Rv0194, was shown to export B-lactams and deletion of the gene resulted in increased
susceptibility to B-lactams [226, 227]. The question of how crucial the function of efflux pumps is in the
context of 3-lactam resistance still remains unknown as none of the adaptor proteins required for

transportation of substrates have been identified as of yet.

1.7.2. Alterations in PBPs

Modification of PBPs, the target sites for $-lactams, would also allow bacteria to escape from the
antibiotics’ activity. There could be two distinct mechanisms where M. tuberculosis might achieve this
goal. One is alteration in existing PBPs and the other is synthesis of entirely new PBPs [228, 229]. Point
mutations in genes encoding PBPs can either alter the deacylation rate of PBPs allowing them to more
rapidly restore its functionality after being bound to RB-lactams or reduce affinity of PBPs to B-lactams
[230]. In regards to creating a different repertoire of PBPs, it has been shown in S. aureus that it can
produce alternative PBP2 with fully functional transpeptidase activity while exhibiting low affinity to 3-
lactams [231, 232]. However, currently there is no sound evidence that M. tuberculosis uses this strategy

to express resistance against B-lactam antimicrobial drugs.

1.7.3. Mycobacterial cell envelope

Despite being conventionally classified as a Gram-positive bacterium, the M. tuberculosis cell
wall structure exhibits far greater complexity compared to other Gram-positive bacteria. The unigue and
complex mycobacterial cell wall is among the two most critical features, along with the production of 3-
lactamase that confers R-lactam resistance to M. tuberculosis. The drug has to penetrate through the cell
wall exhibiting unusually low permeable nature [233]. In fact, the diffusion of 3-lactam antibiotics across

the cell wall of mycobacteria has been shown to be limited compared to that of E. coli [224].

30



1.7.3.1. Overall structure of the mycobacterial cell envelope

From the broad perspective, the mycobacterial cell envelope in whole contains several layers
(starting from the innermost structure): the cell membrane, a periplasmic space, a peptidoglycan layer and
an arabinogalactan with covalently attached mycolic acids layer collectively referred to as the mycoly-
larabinogalactan-peptidoglycan (mAGP) complex (Figure 1.5) [234-236]. Densely populated lipids in the
outer membrane disallow traditional Gram staining, but rather M. tuberculosis is positive when stained
with acid-fast dyes [237]. The mycobacterial outer membrane composed of mycolic acids that comprise
mAGP, form the inner leaflet of an asymmetrical bilayer with other extractable lipids such as trehalose
dimycolate (TDM) and PDIM of the outer leaflet [238]. However, using cryo-electron tomography
techniques on M. smegmatis, the structure has been revised such that the outer membrane is a symmetrical
lipid bilayer. Data suggests that the outermost layer of the mycobacterial cell envelope as consisting of a
symmetrical bilayer lipid membrane with extractable lipids present in both the inner and outer leaflets
[239]. This outer membrane containing mixture of mycolic acids, the extractable lipids including PDIM,
sulfolipids (SL-1), and glycolipids like lipomannan and lipoarabinomannan forms a boundary to the
extracellular space or capsular polysaccharides. This hydrophobic outer membrane represents the major
permeability barrier to hydrophilic molecules as arabinogalactan underneath it is a hydrophilic layer [240-

242].

1.7.3.2. Peptidoglycan

The peptidoglycan layer is located exterior to the plasma membrane and possesses cross-linked
NAG and NAM pentapeptides and the initial step forming these long polymers is catalyzed by enzymes
of the Mur family [244-246]. M. tuberculosis possesses a type Aly peptidoglycan layer where
pentapeptide sequences linking glycan chains are L-alanine-D-glutamate-meso-diaminopimelic acid-D-
alanine-D-alanine [246-248]. During the cross-linking process, the side chain of meso-diaminopimelic

acid (position 3) from the nascent glycan chain is linked to either the same position 3 or D-alanine at
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Figure 1.5. Diagrammatic presentation of the mycobacterial cell wall. The inner cell membrane lies
beneath the peptidoglycan layer. The outer membrane of the cell wall is over-simplified and does not
include all components of the lipid bilayer. Three major layers depicted here are sometimes referred to as
mycolylarabinogalactan-peptidoglycan (mAGP) complex. The grayscale bar on the right indicates the

permeability barrier in outer membrane due to its hydrophobicity. This figure was adapted with
permission from reference [243].

position 4. When position 3 of the nascent glycan chain is linked to position 4 of the existing glycan chain,
it is referred to as 4-3 cross-linkage. In mycobacteria, the PBPs PonAl, PonA2, LdtA and LdtB introduce
incoming subunits to the pre-existing peptidoglycan layer [249]. In Mycobacterium abscessus and M.
tuberculosis, the other form of 3-3 cross-linking predominates occupying up to 80% of the peptidoglycan
chains [250, 251]. This type of cross-linking is promoted by actions of D,D-carboxypeptidase and L,D-
transpeptidase and this difference across mycobacterium species or under different growth conditions may
play a role in R-lactam susceptibility due to the fact that only carbapenems are effective in blocking this

type of cross-linking [252-254].

1.7.3.3. Arabinogalactan

Arabinogalactan is covalently attached to the N-acetyl-glucosamine residues in the peptidoglycan
layer through a phosphodiester bond with rhamnose as a linker unit. Arabinan chains are attached to the

galactan domain at three different positions and branched toward the exterior of the cell where it is
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covalently attached in turn with mycolic acids [246, 255]. Biosynthesis of arabinogalactan involves a
multiple stepwise process. In brief, it starts with the linker unit formation by GIcNAc transferase WecA
encoded by Rv1302, catalyzing transfer of GICNAc to decaprenyl phosphate. To this precursor molecule,
rhamnose is added by WbbL and additional galactan residues are added by GIfT1 and GIfT2. Before the
addition of arabinosyl residues are added to the chain, it is thought to be flipped across the cell membrane
through an unknown mechanism [256, 257]. At the extracellular space, concerted actions from
arabinosyltransferases add arabinosyl residues and ends with the addition of terminal arabinofuranosyl

residues (Figure 1.6) [258-260].
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Figure 1.6. Biosynthetic pathway of mycobacterial arabinogalactan. Adapted with permission from
reference [260].
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1.7.3.4. Mycolic acids

Mycolic acids are unusually long-branched (Ceo to Cyo) fatty acids. The length of the carbon chain
in mycolic acids is considerably longer than that of fatty acid found in typical inner cell membranes of
other bacteria [261]. Mycolic acids confer the majority of the hydrophobicity to the mycobacterial outer
membrane. For instance, when comparing the cephalosporin concentrations at the exterior of cell wall to
that of the periplasmic region, it was 500 to 5,000-fold higher which is considerably concentrated as
compared to that of conventional Gram-negative bacteria [262]. Furthermore, the unique pattern of
unsaturation that occurs in M. tuberculosis mycolic acids also gives rise to decreased fluidity which
further contributes to the crucial role of mycolic acids in establishing a permeability barrier [242].

Myecolic acids in M. tuberculosis are sub-divided into a-, keto-, and methoxy-mycolic acids
according to functional groups attached. It should also be noted that mycolic acids can be found in three
distinct forms: 1) bound to arabinogalactan forming mAGP complex, 2) as part of extractable lipids like
trehalose monomycolate (TMM) and TDM, and 3) in a form of free mycolic acids which are an important
component of M. tuberculosis biofilms [263]. The biosynthesis of mycobacterial mycolic acids begins
with the formation of fatty acids through eukaryotic-like fatty acid synthase | (FAS I). Mycobacteria
possess a single gene encoding FAS | (fas, Rv2524c¢) and this enzyme produces long chain acyl-CoA. The
unique feature of acyl-CoA produced by mycobacterial FAS I is that they are distributed in bimodal
fashion, where C16-C1s acyl-CoA is shuttled into FAS Il system directly and C4-Cas acyl-CoA is
incorporated into mycolic acid biosynthesis later after carboxylation as an a-branch. The malonyl-CoA is
also produced by carboxylation of acetyl-CoA through the enzymatic action of acyl-CoA carboxylases. M.
tuberculosis has multiple genes encoding a-subunits (accAl to accA3), carboxyltransferase domain
(accD1 to accD6), and e-subunit (accE). Then it is transferred to acyl carrier proteins (ACP) by malonyl-
CoA:ACP transacylase (FabD, Rv2243) to produce malonyl-ACP. Condensation of acyl-CoA and
malonyl-ACP is catalyzed by R-ketoacyl-ACP synthase 111 (FabH, Rv0533c) occurs through a series of

enzymatic reactions by MabA, HadAB, HadBC, and InhA, the acyl-ACP is produced. Further elongation
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by KasA and KasB yields B-ketoacyl-ACP again to re-enter the FAS Il system and the elongation
terminates when acyl-ACP obtains sufficient chain length required for further modification by multiple
enzymes such as PcaA, MmaAl, MmaA2, MmaA3, MmaA4. The FadD32 (Rv3801c) finally activates the
meromycolate before the condensation step with C24-Csys a-branch [264-266]. The polyketide synthase 13
(Pks13) is responsible for the condensation reaction between the two activated fatty acid, an a-branch Ca-
Cas carboxyacyl-CoA and a Cso-Cso meromycolate. This step gives rise to mycolic B-ketoester, which is
reduced in turn by CmrA (Rv2508). Transfer of the final product to arabinogalactan or other mycolic
acids-bearing structures is governed by Antigen 85 complex (Figure 1.7) [264, 267-269]. Mycolic acids
also appear in TMMs and TDMs as extractable lipids in the outer membrane. For TMM and TDM,
mycolic acids are esterified with trehalose of which biosynthesis of both occur inside the cytoplasm and,
by the inner membrane transporter MmpL3, TMM which is then translocated to the periplasm where
subsequent formation of TDM occurs through mycolyltransferases of Antigen 85 complex [267, 268,

270-272].

1.7.3.5. Other cell wall glycolipids and phospholipids

The phospholipids including phosphatidyl inositol mannosides (PIMs), lipomannan (LM), and
lipoarabinomannan (LAM) are important constituents of the inner cell membrane, but has been recently
shown to be exposed at the outer surface of the cell as well [273]. They can be generated from precursor
phosphatidyl myo-inositol. Again, biosynthesis of these molecules starts inside the cytoplasm. The mid-
product of PIMs, AcPIM is flipped to the extracellular space then can be glycosylated to further produce
LM and LAM [274]. In M. tuberculosis, arabinan in LAM is additionally attached with mannose residues
to yield mannose-capped LAM (ManLAM) [275]. There is yet another prominent glycolipid structure
called PDIMs which are long-chained phthiocerol esterified by polymethyl-branched fatty acids (Figure
1.8). PDIMs can be found in the outer membrane which indicates their possible role in permeability

barrier [276].
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Figure 1.7. Biosynthetic pathway of mycobacterial mycolic acids. Compounds in red indicate
inhibitory effects and proteins in blue indicate enzymatic facilitation of the process. Adapted with
permission from reference [266].

Other extractable lipids in the outer membrane of M. tuberculosis include DAT, PAT, and SL-1.
SL-1 is the most commonly encountered sulfolipid in M. tuberculosis (Figure 1.8). Its synthesis is

initiated by sulfation of trehalose to form trehalose-2-sulfate by sulfotransferase Sft0 (Rv0295c) [277].

36



The acyltransferase PapA2 esterifies trehalose-2-sulfate to produce a monoacylated intermediate SLesg.
Then the polyketide synthase Pks2 generates methyl-branched phthioceranoyl chains, which are
transferred to SLesg by PapALl to produce SLi27s. Chpl completes the process by additional acylations to
finally produce SL-1 at the cytoplasm. The membrane transporter MmpL8 is thought to be responsible for
the translocation of SL-1 and another transmembrane protein called Sap is thought to be important for this
process as well (Figure 1.9) [278]. The biosyntheses of DAT and PAT are processed in a similar manner
with that of SL-1. The acyltransferase PapA3 transfers a palmitoyl group to the glucosyl residues of
trehalose to generate trehalose 2-palmitate. Then Pks3 and Pks4 synthesize mycolipenoyl groups using
the starter unit provided by FadD21, which is transferred by PapA3 again to trelaose 2-palmitate for
production of DAT. DAT is then translocated across the inner membrane by MmpL10 and further
elaborations occur by Chp2 at the periplasmic surface of the inner membrane (Figure 1.9) [279, 280].
Taken together, along with the extensive mycolic acids layer which forms the core of outer
membrane of M. tuberculosis, multiple lipid containing structural molecules contribute to formation of a

formidable hydrophobic barrier that impedes the penetration by antimicrobial agents.
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Figure 1.9. Proposed pathways for DAT, PAT, and SL-1 biosynthesis. The precursor DAT is
synthesized at the cytoplasm and exported to periplasmic space where it is finally converted to PAT
whereas SL-1 biosynthesis is completed at the cytoplasm. Adapted with permission from reference
(license link: https://creativecommons.org/licenses/by/4.0/) [280].

1.7.3.6. Transcriptional regulation related to cell envelope stresses

M. tuberculosis is confronted by numerous micro-environmental stresses upon establishment of
infection inside the host. One of them is surface-related stress. As reviewed in this chapter, an
impermeable barrier formed by the complex mycobacterial cell wall plays a crucial role in protecting
bacilli against the effects of harsh microenvironments. For example, M. tuberculosis can be exposed to
alveolar surfactant, antimicrobial peptides, lysosomal enzymes inside the host, and antibiotics that causes
damage to cell envelope structures [282-285]. Thus, M. tuberculosis has developed sophisticated
mechanisms of sensing and responding to dangers exerted upon the cell wall. An example is the
employment of transcriptional regulators to rapidly respond to environmental stress, which induces the
expression of tightly regulated functional proteins.

There are approximately 190 transcriptional regulators in the M. tuberculosis genome [16].
Besides unconfirmed putative transcriptional regulators, there are 13 ¢ factors, 11 two-component
regulatory systems, 5 orphan response regulators, and 11 protein kinases [286]. Through extensive
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research, environmental cues that trigger some of these transcriptional regulators have been elucidated.
For instance, response to heat shock is regulated by transcriptional control via three different ¢ factors:
SigB, SigE, and SigH [287-289]. In the bacterial RNA polymerase, sigma factor is one of the subunits
which aids in promoter region recognition [290]. Each o factor in M. tuberculosis has its own specificity
in terms of response switch to promote transcription of different set of genes. Mutants lacking in sigE
gene exhibited increased sensitivity to detergent, and therefore SigE was implicated in sensing surface-
related stress. The organism lacking SigE was also hypersensitive to the proton ionophore carbonyl
cyanide chlorophehylhydrazone (CCCP) and did not survive in macrophages. The SigE belongs to the
group of extracytoplasmic-function (ECF) sigma factors which are responsive to environmental changes
[291]. Subsequent research revealed that SigE was required for transcriptional induction of 23 genes in
response to SDS exposure, further supporting its role in responding to cell wall stresses [288, 292]. A
putative PSpA protein encoded by Rv2744c is an example of a gene induced by cell wall stress. In E. coli,
membrane-attacking agents and defective protein secretion trigger upregulation of this gene. It is also
important to note that PSpA protein protects E. coli from CCCP by maintenance of normal electron
transport [293-295]. Interestingly, some genes induced by SigE by cell wall stress encode proteins
involved in fatty acid degradation fadE23 and fadE24, along with genes involved in mycolic acid
biosynthesis, metabolizing and detoxifying fatty acids, thus suggesting a probable role of SigE in
maintaining proper cell wall integrity as well as detoxification of the cell [296]. Transcription of tatA,
encoding for a protein that constitute the Twin-arginase protein transport (Tat) system, is also under
control of SigE. The gene encoding another component of the Tat system TatB (tatB) is also located
downstream of sigE alongside with a SigE specific putative anti-sigma factor encoding rseA [290].
Expression of SigE (and SigB) is also closely related to two-component system regulator MprAB and
polyphosphate kinase 1, which is highly conserved in many bacterial species to serve as a prerequisite for
MprAB-SigE signaling cascade by phosphorylating MprA (Figure 1.10). It has been also shown to have
an important role in biofilm formation by P. aeruginosa [297]. Two-component systems are comprised of
histidine kinases that sense specific environmental cues and the cognate response regulators. MptAB
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induces both sigE and sigB upon cell wall stresses. Deletion of mprAB resulted in down regulation of

SigE regulon [298, 299].

Cell envelope stress
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Pkk1
N Phosphorylation
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Figure 1.10. The regulatory network in response to cell wall stress involving SigE. Adapted from
reference [290] with permission.

SigB is a major housekeeping sigma factor along with SigA. Transcription of sigB is entirely
controlled by SigE in an unstressed environment, but can be influenced by other o factors such as SigH
and SigL depending on the type of stresses. The sigB mutant is also hypersensitive to SDS and its regulon
encodes proteins involved in cell wall biosynthesis processes, lipid metabolisms, and detoxifications
[300].

The importance of the sigma factor network in dealing with cell wall associated stress was further
confirmed by studying M. tuberculosis’s response to cell envelope-attacking agent thioridazine (TRZ), a
phenothiazine anti-psychotic drug which is being considered for treatment of drug-resistant M.
tuberculosis [301]. In the work done by the Kaushal group, TRZ induced differential expression of genes
encoding efflux pumps, oxido-reductases as well as proteins involved in fatty acid metabolism. TRZ
treatment results in significant expression of SigB regulon genes and subsequent cell wall damage.

Moreover, the mutant of SigE was hypersensitive to TRZ [302]. They also identified yet another sigma
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factor, SigH, to be important as a key cell wall stress response regulator. This sigma factor was previously
well known for its role as a response regulator to heat shock and oxidative stress [303]. Exposure to SDS
and TRZ induced expression of MT2816 (Rv2745c). The protein encoded by this gene was involved in
responding to heat shock, detoxification, lipid metabolism, and cell wall biosynthesis processes. For

induction of this regulator protein transcription, SigH, but not SigE, was required [304].

1.7.4. R-lactamases

1.7.4.1 M. tuberculosis R-lactamase

In addition to a hardy cell wall that prevents diffusion of antibiotics, production of -lactamase by
M. tuberculosis largely contributes to its intrinsic 3-lactam resistance. The presence of an enzyme that can
degrade BR-lactams has been a problem for other pathogenic bacteria as well, thus B-lactamase inhibitors
were indispensable in the history of B-lactams usage [305]. In all pathogenic mycobacterial species, the
presence of B-lactamase has been reported [306]. Coupled with the permeability barrier of mycobacterial
cell wall, B-lactamase enzyme activity presents a major 3-lactam resistance mechanism. As discussed
above, R-lactamase is translocated through the Tat pathway and is encoded by the blaC in M. tuberculosis
[307]. M. tuberculosis 3-lactamase is a class A B-lactamase that possesses broad spectrum activity. This
class of R-lactamases has a flexible substrate-binding site, which contributes to the highly promiscuous
characteristic of the enzyme [308]. In terms of enzyme activity, mycobacterial 3-lactamase does not
exhibit significantly higher level of activity compared to R-lactamase secreted by other pathogenic
bacteria. Nonetheless, with the low diffusion rate of drugs through the mycobacterial cell wall, M.
tuberculosis B-lactamase is highly efficient in degrading target substrates [240]. Especially, compared to
other B-lactamases, M. tuberculosis B-lactamase shows an impressive level of activity against the
carbapenem class of 3-lactams whereas most other R-lactamases are ineffective [309, 310]. Previously, it
was thought that M. tuberculosis R-lactamase was constitutively expressed. However, recent findings by

Sala and colleagues show that the transcriptional repressor Blal binds to the recognition sites in the blaC
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gene when there is no B-lactam pressure. In the presence of R-lactams, Blal escapes the binding site and
frees blaC from transcriptional suppression [311]. Purified BlaC protein has been shown to be effectively
inhibited by all three available 3-lactamase inhibitor clavulanic acid, sulbactam, and tazobactam. Of those,
clavulanic acid was the most promising as the effect was irreversible by allowing secondary
conformational changes in R-lactamase that leads to occupied active sites by reactive intermediates.
Inhibition by sulbactam and tazobactam were reversible [310].

In sum, potentiation of 3-lactams against M. tuberculosis seems plausible through disrupting one
or more resistance mechanism and it could provide a valuable therapeutic option against not only drug-

susceptible but also drug-resistant M. tuberculosis strains.

1.7.4.2 Protein secretion machinery of M. tuberculosis

The dual-edged sword is the lipid rich hydrophobic cell wall of M. tuberculosis which protects
the cell but also can be an obstacle for secretory products to be exported. Just like other bacteria,
mycobacteria have a general secretion pathway (Sec system) [312-314]. The system is composed of
protein targeting units, a motor protein, and a membrane channel (translocase) [315]. The Sec translocase
has SecY, SecE, and SecG that are integral membrane proteins. SecA is an ATPase that provides the
driving force for protein translocation, which allows secretion of unfolded proteins across the cell
membrane. The excreted proteins have a signal sequences at their N-terminus which is recognized by
SecA ATPase [316]. Translocation of protein through this system requires energy provided by the proton
motive force (PMF). One interesting feature of mycobacterial proteins exported through this system is
that they contain an unique aspartate-proline motif at the N-terminus near signal sequence [317]. Also,
mycobacteria has another homologue of SecA, SecA2, of which the role is still unclear [318].

Another well-established system is Tat system [319]. This system involves receptor protein and a
protein conduction channel formed by TatA and TatC, or TatA, TatB, and TatC. Energy generated by
PMF is also required for this system. A major difference between Sec and Tat systems is that, unlike Sec,

the Tat system is able to transfer folded proteins. Substrates of the Tat system have N-terminal signal
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sequences that are similar to the Sec system signal sequences, however contain two conserved arginines
followed by two uncharged amino acid residues that are necessary for proper protein translocation [320-
323]. In M. tuberculosis, small subsets of proteins such as phospholipase C enzymes are predicted to be
exported through the Tat system [324]. These proteins were identified using a 3-lactamase reporter
system described by Braunstein and colleagues. R-lactamase enzymes target B-lactam antibiotics binding
in the peptidoglycan layer outside the cell membrane, thus the enzyme has to be translocated beyond the
cell membrane to be effective. In their study, they truncated the signal sequence of 3-lactamase, which
were then fused with proteins with unknown export pathways. If the exported chimera shared the same
secretory mechanism as B-lactamase, the mutant would therefore exhibit 3-lactam resistance. By
characterizing the translocation of the reporter protein, they showed that mycobacterial B-lactamase
translocation is Tat system specific where both twin-arginine motif and a functional Tat system were
required [325, 326]. More recently, Cole and colleagues showed non-coding RNA encoded by PhoP
dependent Mcr7 regulated tatC transcription and impacted Tat system. In this study, they illustrated the
secretion defect of B-lactamase in the M. tuberculosis phoP mutant [327].

Alternative protein secretion systems exist in mycobacteria. Immunodominant proteins like early
secreted antigen target 6 kDa (ESAT-6) and culture filtrate protein 10 kDa (CFP-10) lack Sec system
signal sequences [36]. The first evidence of a specific machinery responsible for the secretion of these
proteins were suggested by Stanley and colleagues where deletion of genes in the vicinity of esxBA
operon (includes genes that encode ESAT-6 and CFP-10) resulted in defective secretion of both ESAT-6
and CFP-10 [328]. The location of these individual genes was termed RD1 and the related functional
secretory system was named ESX-1. Later, further characterization of the ESX-1 system was established,
revealing a requirement for ATPases (Rv3868, Rv3870, and Rv3871) and other genes such as Rv3870,
Rv3871, Rv3614c, and Rv3615c [329]. The process of protein secretion by ESX-1 also requires energy

generated through PMF.
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1.8. Mycobacterial metabolism and bioenergetics

M. tuberculosis is an extremely flexible organism in terms of metabolic capacity with the ability
to utilize various carbon sources as a source of energy for survival and replication. This flexibility
provides the bacteria with unique ability to adapt to different in vitro and in vivo microenvironments that
vary in nutrient availability. Metabolism and bioenergetics of mycobacteria is still an area that is under-
researched and many questions relating to the role metabolism and nutrient availability play in
pathogenicity, persistence, and drug susceptibility remain unanswered. In addition, there is an increasing
interest in identifying specific metabolic and bioenergetics pathways that may serve as molecular targets
in the development of new anti-TB drugs.

When grown in vitro, M. tuberculosis can use various carbohydrates as carbon sources to feed
subsequent glycolytic pathways though it can also catabolize fatty acids through 3-oxidation [330]. When
glycerol is present in laboratory media like 7H9, it is a preferred carbon source for M. tuberculosis over
other sugars. Catabolism of glycerol is initiated by phosphorylation to yield glycerol-3-phosphate by
glycerol kinase. This intermediate product is oxidized to dihydroxyacetone phosphate by glycerol-3-
phosphate dehydrogenase to the TCA cycle. In contrast with other bacteria, a-ketoglutarate is initially
converted to succinyl semialdehyde then oxidized to succinate which is a distinguishing feature of the M.
tuberculosis TCA cycle [331]. When 1 M of glycerol is completely oxidized, it produces 7 M of NADH
or FADH,. These molecules are important because they are used as endogenous reduced electron carriers
in the M. tuberculosis electron transport chain (ETC) [332].

Evidence from animal model studies suggests M. tuberculosis changes its preference for carbon
source from glycerol to fatty acids (or host lipids) in vivo [333-336]. Catabolism of fatty acids in this case
is supported by the glyoxylate shunt, which enables conservation of carbons [69]. In this pathway, the
isocitrate lyase converts isocitrate to succinate and glyoxylate and the importance is reiterated by the

requirement of host lipid cholesterol for M. tuberculosis persistence inside lungs of mice [337].
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1.8.1. Bacterial bioenergetics

Being an obligate aerobic bacterium, metabolism of M. tuberculosis is directly linked to oxygen
consumption through respiration and membrane bioenergetics of the bacteria. The term bioenergetics is
used to describe functional electron transporting complexes located in cell membrane generating energy
in the form of ATP via ion gradient across membranes [338]. Maintenance of ATP and homeostasis of
multiple parameters of bioenergetics are crucial for bacterial longevity and survival [339]. For that reason,
bacterial bioenergetics is becoming an increasingly important area of research and in new drug discovery.
In particular, the most recent anti-TB drug approved by the FDA, BDQ, targets mycobacterial
bioenergetics [340-344]. Aside from inhibiting F1Fo-ATP synthase which is the acting target of BDQ,
other unique components of mycobacterial bioenergetics such as NADH dehydrogenase 11 (NDH-2) can
also be an attractive target to explore [345].

In the field of membrane bioenergetics, pioneering research was conducted by Peter Mitchell in
the 1960s when he first proposed the chemiosmotic theory [346-348]. Simply put, chemiosmaosis is the
movement of ions across the cell membrane following their electrochemical gradient. For example, the
concentration of H* ions (protons) is higher at the exterior of the cell membrane. By an electrochemical
gradient force, protons diffusion through ATP synthase located in the cell membrane is coupled to ATP
generation [349]. This electrochemical gradient is generated by multiple proton pumps (complexes) that
send protons to the exterior of the cell membrane to achieve the differential concentration gradient.
Complexes are fueled by multiple source of energy such as NADH and FADH generated as a byproduct
of catabolism of molecules like glucose and lipids. This phenomenon is central to cells that are utilizing
oxygen during respiration [350]. Electrons are also passed through complexes by carrier molecules until
being accepted by the terminal electron acceptor oxygen to form water which completes the ETC [351].

Respiration of the cell is coupled with phosphorylation of ADP to generate ATP (oxidative
phosphorylation). In other words, consumption of oxygen occurs only when ADP is phosphorylated to

generate ATP, which is powered by the proton gradient across the cell membrane. However, uncoupling
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agents such as CCCP facilitates consumption of oxygen in the absence of ADP phosphorylation thereby
“uncoupling” the oxidative phosphorylation. Generally, uncouplers act by collapsing the proton gradient

that exists across the cell membrane [352].

1.8.2. PMF and the ETC

PMF is the energy generated by the proton gradient. As electrons flow through the ETC, protons are
pumped to the exterior of the cell membrane [338, 353]. ATP generation driven by PMF is a critical
prerequisite for the majority of cellular processes that require energy in the form of ATP [340, 354-357].
Additionally, some classes of protein such as resistance-nodulation-division (RND) family proteins can
use this proton gradient directly without consuming ATP to drive their cellular functions [270, 358]. The
PMF is a sum of electrical potential energy (Ay) and chemical potential energy created by the
transmembrane proton gradient (ApH). Therefore, any perturbation on one of these components can
compromise PMF required for various biological processes [359-361]. Normal mycobacterial growth is
perturbed by agents that disrupt the PMF such as CCCP, demonstrating importance of PMF in proper
metabolism of the bacteria. Especially in anaerobic condition, non-replicative M. tuberculosis still
generates significant PMF both by Ay and ApH. This is disrupted abruptly by TRZ which blocks NDH-2
suggesting the importance of NADH as an electron carrier that fuels the ETC to establish proton gradient
[362]. How M. tuberculosis generates PMF under a low oxygen environment remains to be elucidated.
One possible explanation is related to nitric oxide catabolism, which can provide nitrate as a potential
electron acceptor [363, 364]. Indeed, the M. tuberculosis genome has sets of genes encoding for proteins
involved in nitrate/nitrite exchange [16].

Oxidative phosphorylation in mycobacteria is facilitated through actions of proton pumps, non-
proton pumping enzyme complexes, electron carriers between complexes, and ATP synthase (Figure
1.11) [365, 366]. The first complex of the chain is membrane-bound NADH dehydrogenase that relays
electrons from NADH to menaquinone of which two sets of genes that encode proteins in M. tuberculosis

have been identified. The conventional NADH dehydrogenase | (NDH-1) is encoded by the M.
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tuberculosis operon ranging from Rv3145 to Rv3158. This enzyme utilizes flavin mononucleotide (FMN)
to transfer electrons from NADH to menaquinone. During this process, four protons are pumped out to
the exterior of the cell membrane to generate PMF [367]. Unlike classical NDH-1, NDH-2 is a non-proton
pumping NADH dehydrogenase encoded by ndh and ndhA genes in M. tuberculosis [368]. The enzyme
complex is a membrane protein that is widely conserved in bacteria [369]. M. tuberculosis carries a
couple of genes encoding for this enzyme, ndh and ndhA. Proteins encoded by these genes share
homology in the NADH binding region, so both are functionally active in transferring electrons to
menaquinone species [370]. M. smegmatis relies more on NDH-2 for oxidation of NADH more so than M.
tuberculosis, and is therefore essential in M. smegmatis. The usage of NDH-1 compared to NDH-2 in M.
smegmatis is only about 5% [371]. This phenomenon is less drastic but still true in M. tuberculosis also.
In M. tuberculosis, NDH-1 activity is 25-50% lower than that of NDH-2 and NDH-1 inhibitors are less
effective in M. tuberculosis compared to other bacteria [368]. Therefore, researchers have questioned the
necessity of NDH-2 in M. tuberculosis in the presence of NDH-1. One possibility is that, being a non-
proton pumping complex, NDH-2 is not affected by a high electrochemical gradient which could
decelerate the rate of the enzyme reactions [372]. During aerobic respiration, oxidation of NADH or
succinate allows the electron transfer to menaquinone. The conventional ETC’s complex II is represented
by succinate dehydrogenase which is a vital link between the ETC and the TCA cycle [373]. Succinate
dehydrogenase oxidizes succinate to fumarate and also transfers electrons to oxidized menaquinone. In
most mycobacteria, there are two separate proteins, Sdhl and Sdh2, that carry out this function and this
redundancy may represent metabolic flexibility during hypoxia [374]. The mycobacterial ETC can shuttle
electrons directly from menaquinol to a cytochrome bd-type menaquinol oxidase or the cytochrome c
pathway [76]. Compared to the eukaryotic mitochondrial ubiquinone/ubiquinol complex, menaquinone in
M. tuberculosis has a better capability to transfer electrons under oxygen-limited conditions [375, 376].
The cytochrome bd-type oxidase is a preferred pathway in oxygen limiting condition whereas the
cytochrome ¢ pathway (menaquinol-cytochrome c oxidoreductase bci: complex combined with aas-type
cytochrome c oxidase) is the main pathway used by bacteria respiring under aerobic conditions [377].
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Finally, F1Fo-ATP synthase generates ATP by proton influx dictated by the proton gradient formed by
concerted efforts of the ETC described so far. The synthesis of ATP is facilitated under conditions such as
high proton gradient and low intracellular ATP levels. In M. tuberculosis the atp operon (Rv1304 to
Rv1311) encoding for ATP synthase is essential for growth [378-380]. The final electron acceptor at this
stage is oxygen, while under low oxygen conditions, other alternative electron acceptors like nitrate and
fumarate are available [381, 382]. It is suggested that functional ATP synthase activity may be a critical
requirement for NADH oxidation by allowing translocated protons to re-enter the cytoplasm [378]. For
example, the M. smegmatis cell membrane has been shown to be extremely impermeable to protons. This

would indicate that proton translocation into the cytoplasm would only be possible through ATP synthase

[383].
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Figure 1.11. Simplified schematic diagram of M. tuberculosm ETC and ATP synthase. Top panel
represents utilized complexes during aerobic condition and lower panel represents hypothetical scenario
under oxygen-limited conditions. Adapted with permission from reference [366].



There are important classes of drugs developed recently that target M. tuberculosis bioenergetics.
First, diarylquinolines (represented by BDQ) target FoF:-ATP synthase. A resistant mutant study revealed
the specific molecular target to be an oligomeric ¢ ring situated in the enzyme complex encoded by atpE
[384]. The second class of drugs includes phenothiazine analogs. The target of this class of drugs is
NADH dehydrogenase [368, 385, 386]. A well-studied phenothiazine as anti-TB drug is TRZ. TRZ
targets NDH-2 of M. tuberculosis and also has been shown to have a cell envelope permeabilizing effect
as well [387]. When tested in a mouse M. tuberculosis infection model, phenothiazine analogs were
effective in reducing bacterial loads in the lungs [368]. Recently in M. smegmatis, two novel compounds
scopafungin and gramicidin S have been identified as inhibitors of NDH-2 [388]. Lastly, a class of
imidazopyridine amide (IPA) compounds has been identified as a potent blocker of ETC through
targeting cytochrome bci complex and showed suppressive effects on M. tuberculosis growth both in
vitro and in vivo [389]. These studies further illustrate that specifically targeting the ETC of M.
tuberculosis with new drug candidates shows promise in the ongoing search for the next generation of

anti-TB drugs.

1.9. Overview of the dissertation

The potential clinical use of R-lactams in TB therapy using a novel strategy to circumvent
intrinsic resistance mechanism of M. tuberculosis would represent a significant improvement over current
anti-TB therapy. 2-Al compounds have demonstrated potential to be used as an adjunctive therapy by
reversing B-lactams resistance in other bacteria such as MRSA. Additionally, our data showing that M.
tuberculosis drug-tolerance in non-replicative culture could be reversed by 2-Al compounds, further
underpin the potential value of these small molecules along with antimicrobial drug combinations
targeting M. tuberculosis. Thus, our previous data with 2-Al compounds raised three critical questions.
First, can 2-Al compounds be combined with various 3-lactams to potentiate their antibacterial activity

against M. tuberculosis? Second, what intrinsic defense mechanisms of M. tuberculosis against R-lactams
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do 2-Al compounds disrupt? Lastly, how do 2-Al compounds achieve that goal? To answer these
guestions we developed three hypotheses and associated specific aims.

Hypothesis 1 and specific aim 1: We hypothesized that intrinsic -lactam resistance of M.
tuberculosis can be reversed by combination with 2-Al compounds. To address this question, we
compared the MIC of multiple 3-lactams against M. tuberculosis as drug alone or in combination with
selected 2-Al compounds. Additionally, we assessed bactericidal activity of R-lactams against M.
tuberculosis in the presence of 2-Al compounds. In Chapter 2, our initial observation of R-lactam
potentiation by 2-Al and results of supporting experiments are presented.

Hypothesis 2 and specific aim 2: We hypothesized that 2-Al compounds could have a disruptive
effect on mycobacterial cell envelope based on the observed membrane-permeabilizing or cell wall
structure alteration induced by these compounds in other bacteria [390, 391]. Chapter 3 summarizes our
findings as well as another important factors that contributes to intrinsic 3-lactam resistance, that being 3-
lactamase activity in the presence of 2-Al compounds. We showed that 2-Al compound treatment alters
major cell envelope lipid structure composition in M. tuberculosis and lead to significant permeability
changes. Additionally, we show that 2-Al compounds do not directly inhibit B-lactamase enzyme, but
hamper the overall R-lactamase activity by inducing defective protein secretion. Thus, we will have
assessed two of the most critical mechanisms that contribute to the expression of intrinsic 3-lactam
resistance of M. tuberculosis and whether 2-Al compounds affect those parameters or not.

Hypothesis 3 and specific aim 3: Based on our findings in aims 1 and 2, we hypothesized that 2-
Al compounds affect one or more components of M. tuberculosis bioenergetics. More specifically, we
investigated whether 2-Al compounds compromise mycobacterial capacity to generate PMF either by
dissipation of membrane potential or collapse in ApH. In chapter 4, we summarize a series of experiments
to test the impact 2-Al compounds have on M. tuberculosis bioenergetics. The overall goal of this section
is to demonstrate that 2-Al compounds affect read-outs related to bioenergetic homeostasis such as redox

potential, oxygen consumption, PMF, and ETC function.
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Chapter 5 will be devoted to discuss overall conclusions and our current understanding of how 2-
Al based small molecules may function as an adjunctive therapy in combination with antimicrobial drugs.
Also, we will discuss the significance of these findings in the context of using 2-Al based small

molecules in the development of a novel treatment to treat human TB patients.
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CHAPTER TWO

2-Al compounds potentiate 3-lactam activity against M. tuberculosis

This chapter will cover the serendipitous, but critical observation of 2-Al compounds treated M.
tuberculosis not being able to grow in the presence of carbenicillin. Given the possible significant impact
of repurposing B-lactam antibiotics in TB therapeutics, this observation was further investigated to test if
2-Al compounds potentiate this class of antibiotics against M. tuberculosis. Herein, we report that 2-Al
compounds effectively reversed M. tuberculosis intrinsic resistance to multiple classes of 3-lactam
antibiotics and the transcriptional analyses support possible potentiation through effects on M.

tuberculosis cell envelope.

1.1. Introduction

The ongoing, global spread of TB, is due in part to the lack of new and more effective
antimicrobial drugs to treat drug-sensitive and MDR strains of M. tuberculosis [1]. In 2015 alone, an
estimated 10.4 million people developed TB resulting in 1.4 million deaths. Moreover, the incidence of
new MDR-TB cases continues to increase and was estimated at 480,000 [2]. Treating drug-sensitive TB is
challenging and requires a minimum six month course of combination antimicrobial drug therapy
consisting of the first-line drugs isoniazid, rifampicin, ethambutol, and pyrazinamide that result in
undesirable side-effects in some patients [3]. Moreover, treatment of MDR-TB is considerably more
difficult and expensive requiring stronger and potentially more toxic drug combination therapy lasting
approximately 2 years [2]. In short, the difficulty in controlling TB partially stems from the prolonged
treatment using classical chemotherapy and the low treatment success rate especially in patients infected
with MDR strains of M. tuberculosis. Unfortunately, the current pipeline of new anti-TB drugs for the
treatment of resistant infections have unproven efficacy with undesirable side effects [4, 5].

The 2-Al class of small molecules is derived from the marine sponge metabolites oroidin and
bromoageliferin [6, 7]. Importantly, treatment with 2-Al reversed isoniazid tolerance of attached M.
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tuberculosis communities and significantly reduced numbers of viable bacilli when combined with
isoniazid in an in vitro model of non-replicating persistence [8, 9]. These observations suggested that
combining 2-Al compounds and conventional antibiotics can be a viable option to overcome M.
tuberculosis drug-tolerance or resistance as shown for other clinically important Gram-positive and
Gram-negative bacteria [6, 10, 11]. For example, 2-Al derivatives were shown to revert oxacillin
resistance in MRSA [12], and suppress PmrAB mediated colistin resistance of drug-resistant
Acinetobacter baumannii [13-15]. Altogether, these reports suggest that 2-Al compounds have promising
potential as an adjunctive therapy when combined with antibiotics to treat drug-tolerant or —resistant
bacteria.

Since their introduction, 3-lactam antibiotics, have proven to be safe and effective at controlling a
variety of bacterial infections [16, 17]. However, R-lactams are not currently used to treat TB, due to the
intrinsic resistance exhibited by M. tuberculosis. Since R-lactams are currently only considered in the
treatment of drug-resistant TB, any strategy that circumvents M. tuberculosis B-lactam resistance may
provide new opportunities to utilize this class of drugs to treat both drug susceptible and drug-resistant
strains of M. tuberculosis [18, 19]. Indeed, there is renewed interest in repurposing B-lactams to treat TB
in combination with 3-lactamase inhibitors [20-22], which are supported by recent human clinical trials
[23].

This study investigated the potential use of 2-Al compounds to potentiate B-lactams against M.
tuberculosis. It was hypothesized that 2-Al compounds would restore B-lactam susceptibility in M.
tuberculosis. Herein it is reported that 2-Al compounds lower MIC values and improve the bactericidal
activity of R-lactams against M. tuberculosis. Taken together, results indicate that 2-Al compounds
represent a novel class of small molecule compounds that can potentiate R-lactam antibiotics and may be

of significant value in anti-TB therapies in combination with R-lactams.
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2.2. Materials and Methods

2.2.1. Bacterial strains, media and culture conditions

Stock cultures of M. tuberculosis H37Rv ATCC 27294 and M. smegmatis mc?155 were stored
frozen at -80°C in Proskauer-Beck media (50% v/v glycerol) and glycerol stock media (50% v/v glycerol,
7H9, ADC, Tween 80), respectively. For propagation of initial culture, frozen stocks were thawed and
sub-cultured in Middlebrook 7H9 media with OADC (0.005% oleic acid, 0.5% bovine serum albumin
fraction V, 0.2% dextrose, 0.0003% catalase), 0.2% glycerol, and 0.05% Tween 80 until reaching a
desirable optical density (OD) for each experiment. 7H9 and OADC were purchased from BD (Franklin
Lakes, NJ, USA). Glycerol and Tween 80 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All experiments using virulent M. tuberculosis H37Rv were done in a BSL3 laboratory located at

Colorado State University.

2.2.2. 2-Al compounds

Structures and synthesis of 2B8 [8] and RA11 [24] were previously disclosed (Figure 1.2).
Compounds were dissolved at 100 mM as their HCI salts in molecular biology grade DMSO (Sigma-

Aldrich, USA) and stored at -80°C until use.

2.2.3. Growth assays

The effect of 2-Al compounds in M. tuberculosis growth in vitro was evaluated by monitoring
ODsoo and colony forming units (CFUs). M. tuberculosis H37Rv was grown in 7H9 media with OADC
supplement at 37°C, shaking for 20 days in the presence of 2B8 (0 to 125 uM). At day 1, 5, 8, 12, 15, and
20, ODgoo Was measured and CFUs were determined by plating on 7H11 agar (BD, USA). Similar growth
assay was performed with modifications. After 24 h of treatment, cultures were centrifuged at 1,700xg
and media was removed. Bacilli were washed with sterile PBS and resuspended in fresh 2-Al compound-
free 7H9 media to an ODsyo 0f 0.1. ODggo Was measured continuously thereafter.
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2.2.4. Determination of minimum inhibitory concentration of B-lactams against mycobacteria with

or without 2-Al compounds

Determination of 3-lactam MICs against mycobacteria was carried out by using a broth
microdilution method with alamarBlue® (Invitrogen, Carlsbad, CA, USA) as previously described [25].
Briefly, in 96-well flat-bottomed cell culture plates (Thermo-Fisher, Waltham, MA, USA), R-lactams
were serially two-fold diluted in 7H9 media starting from the following concentrations: 1024 mg/L
(ampicillin, oxacillin, carbenicillin, penicillin V and amoxicillin), 512 mg/L (cefotaxime and ceftazidime),
256 mg/L (cefoxitin), and 16 mg/L (meropenem). M. smegmatis and M. tuberculosis H37Rv grown in
7H9 media to an ODsgo 0f 0.4 to 0.6 were further diluted 1:20 and inoculated to wells containing B-
lactams. Final volume of each well was 200 L. Plates were incubated under stationary conditions at
37°C. After 48 h (for M. smegmatis) or 5 days (for M. tuberculosis), 20 puL alamarBlue® was added to
each well and incubated for an additional 6 h (for M. smegmatis) or 24 to 48 h (for M. tuberculosis). MIC
was determined as the lowest drug concentration that prevented color change from blue to purple or pink.
This was confirmed as MICgs when measured by fluorescence [26]. Briefly, fluorescence was recorded at
560ex/590em and % inhibition of reduction was calculated as follows: MIC = 1 — 100 x (Sample
fluorescence intensity — Negative control fluorescence intensity) / (Positive control fluorescence intensity
— Negative control fluorescence intensity), where the positive control is M. tuberculosis without drugs and
the negative control is media. All B-lactams were purchased from Sigma-Aldrich except for carbenicillin
and meropenem (Gold Biotechnology, St. Louis, MO, USA).

For MIC determination when -lactams are combined with 2-Al compounds, broth microdilution
MIC assay was performed in the presence of two-fold diluted RA11 or 2B8 ranging between 7.8125 and
250 uM. One column of the plate contained only 2-Al compounds without any B-lactams to determine the
MIC of 2-Al compounds against mycobacteria. MICs were determined as above and MIC of R-lactams
alone was divided by MIC of B-lactams combined with 2-Al compounds to calculate fold-reduction of

MIC resulting from 2-Al treatment.
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2.2.5. Evaluation of bactericidal activity of §-lactams against M. tuberculosis

M. tuberculosis H37Rv was incubated at 37°C for five days in 96-well flat-bottomed cell culture
plates containing different concentrations of 3-lactams alone, or with 2B8 or potassium clavulanate
(Sigma-Aldrich, USA). 2B8 was added at 31.25, 62.5, and 125 uM and clavulanate was added at 8 mg/L.
Tested concentrations for each 3-lactam were as follows: carbenicillin (2 and 32 mg/L), amoxicillin (2
and 32 mg/L), ceftazidime (1 and 16 mg/L), and meropenem (0.03125 and 0.5 mg/L). After 5 days of
incubation, cultures were serially diluted in sterile PBS and plated on Middlebrook 7H11 agar (BD, USA)
with glycerol, OADC and 8 mg/L cyclohexamide (Gold biotechnology, USA). The number of CFUs was
determined by counting visible colonies after three or four weeks of incubation at 37°C. Bactericidal
activity (%) was calculated as follows: 100 - 100 x (Treatment group CFUs/Control CFUs). For this
calculation, control CFUs were obtained from non-treated (for B-lactams only group), 2B8 only (for
2B8/R-lactams combination group), and clavulanate only (for clavulanate/3-lactams combination group)

treated samples.

2.2.6. RNA isolation and next generation sequencing

For RNA isolation, M. tuberculosis H37Rv was cultured in 7H9 media to an ODgoo of 0.4 then
treated with 125 pM 2B8 for 2 and 24 h. After treatment, mycobacterial RNA was extracted using
trizol/chloroform (Sigma-Aldrich, USA) as previously described with minor modifications [27]. Briefly,
cells were resuspended in trizol and disrupted using Zirconia beads (Biospec, Bartlesville, OK, USA) by
beating six times for 30 sec and cooling on ice for one min in between. Beads were removed and
chloroform was added to trizol (0.2:1, v/v). Samples were vortexed and centrifuged to extract solubilized
RNA in the aqueous phase. To precipitate RNA, molecular grade 100% ethanol (Sigma-Aldrich Aldrich,
USA) was added to the aqueous phase and incubated at -80°C overnight. The RNA was pelleted by
centrifugation (x17,000g) at 4°C, for 15 min followed by washing with 75% ethanol. DNA contamination

was removed by treating with 10 uL DNasel (New England Biomed, Ipswich, MA, USA) at 37°C for 30
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min. Then 100 pL of acid phenol (Sigma-Aldrich, USA) was added to the samples and vortexed. After
centrifugation (x17,000g) for one min, the aqueous phase was collected and transferred to clean RNAse-
free tubes, followed by the addition of 33 pL sodium acetate (Sigma-Aldrich, USA) and 250 pL of 100%
ethanol. Samples were gently mixed by inverting and placed at -80°C overnight. Samples were
centrifuged (x17,000g) for 15 min at 4°C to collect RNA pellets. Pellets were further washed with 80%
ethanol. After ethanol removal, pellets were air-dried at room temperature for five min and reconstituted
in 15 pL of RNAse-free water (Corning, USA). Isolated total RNA samples were prepared for next
generation sequencing (NGS) using the lllumina Stranded Total RNA Library Prep Kit (Illumina, San
Diego, CA, USA) with the Epicentre Ribo-Zero Gram positive bacteria ribosomal RNA depletion
(IMumina, USA). After validation and quantitation, the libraries were pooled for multiplexed sequencing.
The pool was loaded on one lane of a HiSeq Rapid Run flow cell (v1) and sequenced in a 1x50 bp single
end (SE50) format using Rapid SBS reagents. Base calling was performed by Illumina Real Time
Analysis (RTA, lllumina, USA) v1.18.61 and output of RTA was de-multiplexed and converted to FastQ
format with Illumina Bcl2fastq v1.8.4 (Illumina, USA). To compensate for the low number of reads
obtained for one sample, MiSeq (SE50) sequencing was performed with this one library. Reads from both
the HiSeq and MiSeq runs were combined for that particular sample. Sequencing data were analyzed
following methods similar to those previously described [28]. Briefly, raw reads were subjected to
trimming of low-quality bases and removal of adapter sequences using Trimmomatic (v0.32) [29] with a
4 bp sliding window, cutting when the read quality was below 15 (using the Phred33 quality scoring
system) or read length was less than 36 bp. Trimmed reads were then aligned to the M. tuberculosis
H37Rv genome (assembly 19595v2) using Bowtie (v1.0.0) [30] with the —S option to produce SAM files
as output. Alignment quality control was performed using the HTSeq-ga function within the HTSeq
software package (v.0.6.1) [31]. Further graphical quality control analyses were performed using the
Qualimap software suite (v2.0) [32]. Sequencing depth was calculated using SAMtools (v1.2) [33].
Aligned reads were then counted per gene feature in the M. tuberculosis H37Rv genome using the HT Seq
software suite (v0.6.1). Differential gene expression was calculated by normalizing the data utilizing the
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trimmed mean of M-values normalization method [34] and filtering out genes that had <23 counts per
million (CPM) within the edgeR package (v3.0.8) in R (v2.15.3) [35]. The transcriptional profiling data

have been submitted to the NCBI GEO database (accession no. GSE95773).

2.2.7. Statistical analysis

Statistical analyses were carried out using one-way ANOV A with Tukey’s post hoc test using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). P values less than 0.05 were considered
significant. For RNA transcriptome data, statistical analysis was performed in R Studio (ver. 0.98.1091)
by the exact test with a negative binomial distribution for each set of conditions and testing for
differential gene expression [36] using edgeR (v3.0.8). Differentially expressed genes were determined to
be statistically significant based on a g < 0.05 and >1.5-fold differentially regulated. Magnitude amplitude

(MA) plots were generated by modifying a function within the edgeR package (v3.0.8).

2.3. Results

2.3.1. Normal growth of M. tuberculosis is affected by the presence of 2B8

When 2B8 was present at 125 pM in the culture media, M. tuberculosis growth was thwarted
significantly from day 1 to day 20 measured by ODego (Figure 2.1A). 2B8 62.5 uM significantly inhibited
normal growth of M. tuberculosis at day 5, but resumed normal growth at day 8. There was no significant
difference in growth between control (DMSO treated) and 2B8 31.25 uM treated M. tuberculosis. Similar
trend was observed with corresponding CFUs with 2B8 125 uM as it significantly lowered CFUs of the
culture from day 8 (Figure 2.1B). To see if the inhibition of growth can be removed by washing bacilli, M.
tuberculosis culture was washed with sterile PBS after 24 h of treatment. Washed culture still grew

slower than the control, but resumed to normal growth at day 7 (Figure 2.2).
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Figure 2.1. 2B8 inhibits growth of M. tuberculosis. The growth of M. tuberculosis in 7H9 media with or

without 2B8 was evaluated by measuring ODsggo (A) and CFUs (B). 2B8 125 uM significantly affected

growth while 31.25 and 62.5 uM resulted in minimal effect on growth. Experiments were done three

separate times and representative data are shown. ** p<0.01, *** p<0.001 by ANOVA.
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Figure 2.2. Inhibition of M. tuberculosis growth by 2B8 is removed by washing the culture. After 24
h of treatment with 2B8 125 M, cultures were washed and resuspended in fresh 7H9 media without any
2B8 to ODggo of 0.1. Washed culture returned to the ODgoo comparable to DMSO-control at day 7.

Experiments were done two separate times and representative data are shown. *** p<0.001 by ANOVA.

2.3.2. 2B8 treated M. tuberculosis fails to grow in the presence of carbenicillin

When culturing M. tuberculosis in solid agar, a selective agar containing carbenicillin (50 mg/L)

may be used to eliminate contaminating bacteria that grow faster than M. tuberculosis. Due to intrinsic
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resistance against 3-lactam antibiotics, growth of M. tuberculosis would not be affected by the presence
of carbenicillin as shown in Figure 4A and 4B. In contrast, when M. tuberculosis was treated with 125
UM 2B8, the lead 2-Al compound, the presence of carbenicillin abrogated growth (Figure 2.3D) whereas
growth of 2-Al treated cultures was observed when carbenicillin was excluded from the media (Figure

2.3C).

2.3.3. 2-Al treatment reduces MIC of 3-lactams against mycobacteria

Based on the observation that 2B8 treated M. tuberculosis failed to grow in the presence of
carbenicillin, it was hypothesized that 2-Al compounds could potentiate R-lactams against mycobacteria.
Therefore, the MICs of multiple B-lactams against M. tuberculosis H37Rv and M. smegmatis were
evaluated in the presence or absence of 2-Al compounds. Compared to the use of R-lactams alone,
combination with 2B8 significantly reduced MIC values against both M. smegmatis and M. tuberculosis

(Table 2.1).

2B8 +/ Carb +D

Figure 2.3. 2B8 treated M. tuberculosis failed to thrive in the presence of carbenicillin. A and B)
Untreated M. tuberculosis H37Rv showing normal growth regardless of the presence of 100 mg/L
carbenicillin. C) Growth of M. tuberculosis H37Rv treated with 125 uM 2B8 was observed in the absence
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of carbenicillin, albeit to a lesser extent than untreated (A). D) No visible colonies were observed for 2B8
treated M. tuberculosis H37Rv in carbenicillin-containing agar. The experiment was repeated three
separate times in duplicate and a representative photo is shown.

For M. smegmatis, 2B8 reduced the MICs of the four B-lactams (carbenicillin, amoxicillin,
ceftazidime, and meropenem) tested at 25% of the 2B8 MIC (10 pM). MIC reduction was highest when
2B8 was used at 50% of its MIC (20 uM), was 128-fold for cefotaxime and 32-fold for the other tested
drugs. For M. tuberculosis, reduction in R-lactam MICs became evident at a 2B8 concentration of 12.5%
of its MIC (31.25 pM). When used at 50% of its MIC (125 uM), 2B8 reduced the MICs of the five tested
R-lactams at least 32-fold, with the highest fold-reductions of 128-fold observed for carbenicillin and
meropenem. RA11, a 2B8 derivative differing only in its alkyl side chains [8], was also tested against M.
tuberculosis. The addition of RA11 also resulted in a reduction in 3-lactam MICs, but to a lesser degree
than that for 2B8. For example, the amoxicillin MIC was reduced 64-fold by 2B8 while RA11 only

reduced the MIC by 16-fold.

Table 2.1. MIC of B-lactams against mycobacteria in combination with 2-Al compounds.

. MIC with 5 uM 2B8 Fold MIC with 10 uM 2B8 Fold MIC with 20 uM 2B8 Fold
M. smegmatis MIC
(12.5% MIC*) reduction (25% MIC) reduction (50% MIC) reduction
Ampicillin 256 256 1 128 2 8 32
Oxacillin 256 256 1 128 2 8 32
Cefotaxime 128 128 1 32 4 1 128
Cefoxitin 16 16 1 8 2 0.5 32

M. tuberculosis

H37Rv

MIC with 31.25 pM

2B8 (12.5% MIC*)

MIC with 62.5 pM

2B8 (25% MIC)

MIC with 125 yM 2B8

(50% MIC)
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Carbenicillin 512 32 16 8 64 4 128
Amoxicillin 512 64 8 16 32 8 64
Ceftazidime 256 128 2 32 8 8 32
Cefotaxime 256 128 2 32 8 4 64
Meropenem 8 2 4 0.25 32 0.0625 128
Penicillin V 512 64 8 16 32 8 64
M. tuberculosis MIC with 31.25 uM MIC with 62.5 pM MIC with 125 M
H37Rv RAL1 (12.5% MIC*) RAL1 (25% MIC) RAL1 (50% MIC)
Carbenicillin 512 256 2 128 4 16 32
Amoxicillin 512 512 2 256 8 32 16
Ceftazidime 256 256 1 128 2 64 8
Cefotaxime 256 256 1 128 2 32 8
Meropenem 8 8 1 8 4 1 32
Penicillin V 512 256 1 128 4 32 8

All MIC values are represented as mg/L.

*MIC of 2B8 against M. smegmatis and M. tuberculosis were 40 UM and 250 M, respectively.
**MIC of RA11 against M. tuberculosis was 250 uM.
Experiments were carried out at least three independent times and representative data are shown.
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2.3.4. 2-Al improves bactericidal effect of B-lactams

Since 2-Al compounds reduced the MICs of B-lactams against M. tuberculosis, it was
hypothesized that these compounds may augment bactericidal effects. This set of experiments focused on
2B8 because it showed a superior effect over RA11 in the MIC assays. It should be noted that at high
concentrations (125 pM), 2B8 treated M. tuberculosis had impaired growth compared to non-treated
culture (Fig S2). Thus, the bactericidal activity was calculated from non-treated (for R-lactams only
group), 2B8 only treated (2B8/-lactams combination group), and clavulanate only treated (clavulanate/R3-
lactams combination group) cultures.

For the four B-lactams tested, co-treatment for five days with 2B8 led to a significant increase in
bactericidal activity compared to 3-lactams alone. For carbenicillin (2 mg/L), amoxicillin (2 mg/L), and
ceftazidime (1 mg/L), a dose-dependent effect was observed with increasing concentrations of 2B8
(Figure 2). The combination of 3-lactams with clavulanate, a widely used 3-lactamase inhibitor, was also
evaluated. As expected, improved bactericidal activity was observed when clavulanate was combined

with all tested B-lactams as depicted in Fig 2.
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Figure 2.4. 2B8 affects normal growth of M. tuberculosis H37Rv. M. tuberculosis H37Rv was plated
on 7H11 agar after five days of culture with or without clavulanate or increasing concentrations of 2B8,
and CFUs were enumerated three weeks after. Compared to control, CFUs from cultures containing 2B8
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were significantly lower, suggesting that 2B8 affects normal growth of M. tuberculosis by itself. In
contrast, clavulanate did not affect bacterial growth. *p<0.05 by ANOVA.

For the four B-lactams tested, co-treatment for five days with 2B8 led to a significant decrease in
bacterial viability compared to -lactams alone. At 2 mg/L, carbenicillin co-treatment with 2B8 (62.5 and
125 pM) resulted in significant decreases in survival (Figure 2.5A). However, when carbenicillin was
increased to 32 mg/L, co-treatment with 2B8 resulted in a significant survival decrease even at 31.25 uM
2B8. The same trend was observed for amoxicillin (Figure 2.5B). For ceftazidime, the effect of 2B8 was
less significant than that for carbenicillin and amoxicillin (Figure 2.5C). However, when combined with
2B8, reduced survival was observed with ceftazidime at 16 mg/L, only 1/16 of the MIC when dosed alone
(256 mg/L). Of the tested [3-lactams, meropenem exhibited the lowest MIC against mycobacteria when
evaluated in the absence of 2B8 (Table 2.1). When 2B8 was combined with meropenem at 0.03125 mg/L,
percent survival decrease was significant with 62.5 and 125 uM 2B8 (Figure 2.5D). At 0.5 mg/L
meropenem, only 125 uM 2B8 co-treatment resulted in a significant decrease in percent survival. The
combination of B-lactams with clavulanate, a widely used -lactamase inhibitor, was also evaluated. As
expected, improved bacterial killing was observed when clavulanate was included with all tested 13-

lactams as depicted in Figure 2.5.

2.3.5. M. tuberculosis transcriptional responses to 2B8

To further characterize the impact of 2-Al compounds on M. tuberculosis physiology,
transcriptional profiling of M. tuberculosis exposed to 2B8 for 2 and 24 hours was performed. M.
tuberculosis H37Rv was treated with 125 uM 2B8 and following 2 or 24 h of treatment, RNA was
isolated and transcriptional profiles were determined by RNA-sequencing (RNA-seq). At 2 h and 24 h
post-treatment, genes were identified that were upregulated or downregulated >1.5-fold with a q <0.05.
To identify genes with both early and sustained differential gene expression, the gene lists at 2 and 24 h

were compared for common differentially regulated genes (Figure 2.6A). At both time points, 124 genes
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Figure 2.5. 2B8 potentiates mycobactericidal activity of B-lactams. Bactericidal activity of 3-lactams
against M. tuberculosis H37Rv was significantly increased after 5 days of treatment in combination with
2B8 or clavulanate compared to when 3-lactams were used alone. Statistical significance was determined
comparing each group with R-lactams only group. *p<0.05, **p<0.01, ***p<0.001 by ANOVA.
Experiments were carried out three separate times in duplicate and all results were pooled together for
statistical analysis.

were induced and 77 genes were repressed (>1.5-fold, q<0.05). Genes encoding for several transcriptional

regulators including the alternative sigma factors sigB, sigE and sigK and the response regulator mprA
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were induced (1.5 to 1.8-fold for 2 h, 2 to 3.7-fold for 24 h) (Figure 2.6B). 2B8 treatment enhanced
expression of SigK regulated genes including mpt83, dipZ, mpt70, and rv0449c [37], supporting that the
SigK regulon was induced in a sustained manner by 2B8 (Fig 2.7B). Other genes of interest that were
strongly induced at both time-points include: prpCD which is proposed to play a role in propionate
detoxification [38], rv3160c and rv3161c, a putative dioxygenase and its regulator, previously shown to
be strongly regulated by triclosan and suggested to be involved in degradation of arenes [39]. Finally, it
was noted that mmpL8 (2 and 24 h) and mmpL10 (24 h) involved in SL-1 and acyl-trehalose export,
respectively [40, 41], were induced by 2B8 treatment (Figure 2.6B).

The downregulated genes at both time-points show a strong signature for inhibition of genes
associated with mycolic acid biosynthesis (Figure 2.6B) including fas, fabD, acpM, kasAB, pks13 and
fadD32. Multiple genes involved in peptidoglycan biosynthesis (mur family) were repressed, but genes
involved in protein secretion were not generally modulated by 2B8, and blaC encoding for R-lactamase
was also unaffected (Figure 2.6B). Finally, one of the most significantly downregulated genes was rv0280,
which encodes for a member of the PE/PPE family with no known function to date, but previously

reported to be downregulated in a phoP mutant strain [42].
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Figure 2.7. Transcriptional responses of M. tuberculosis to 2B8. RNA-seq analysis was performed on
M. tuberculosis H37Rv treated with DMSO (untreated control) or with 125 uM 2B8 for 2 and 24 h.
Induced and repressed genes were defined as >1.5-fold change in expression compared to the untreated
control, g < 0.05. A) Venn diagram showing number of genes induced or repressed after 2 and 24 h. B)
Heat map showing differential transcriptional regulation of selected relevant genes. Genes that did not
make the 1.5-fold cut-off and statistical significance (q<0.05) were considered no change (1 in fold-
change scale, white color). *Hypothetical protein, **Conserved hypothetical protein, ***Upregulated in
response to triclosan.

2.4. Discussion

Recently, we disclosed that a 2-aminoimidazole-based anti-biofilm agent was able to inhibit and
disperse M. tuberculosis biofilms and in the process re-sensitize bacteria to the effects of isoniazid [8].
During these studies, we noted that treatment with this 2-Al derivative also potently sensitized planktonic
M. tuberculosis to R-lactams. Specifically, 2-Al treated M. tuberculosis did not grow in agar plates
containing carbenicillin. Based upon this observation, the goals of this study were to determine if the
combination of 2-Al compounds and -lactams circumvents M. tuberculosis intrinsic resistance to [3-
lactams. It is reported herein that selected 2-Al compounds were effective in reducing -lactam MICs
against M. tuberculosis while also improving their bactericidal activity. It is noteworthy that the effect of
2-Al was not limited to a specific class of B-lactams. Indeed, 2-AT’s effect was observed (albeit to a
different degree) across all 3-lactams tested including carboxypenicillin (carbenicillin), aminopenicillin
(amoxicillin), third generation cephalosporin (ceftazidime), and carbapanem (meropenem). In essence, 2-
Al compounds effectively nullified M. tuberculosis intrinsic B-lactam resistance.

The concept of having an adjunctive element with R-lactam antibiotics has been already proven

to be effective with successful example like clavamox which is a combination of amoxicillin and B-
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lactamase inhibitor clavulanate. This signifies the importance of R-lactamase enzyme activity in
conferring B-lactam resistance to bacteria. To date, three 3-lactamase inhibitors were developed into
clinical medicine: clavulanate, sulbactam, and tazobactam. These molecules are structurally similar with
R-lactam antibiotics that enable them to binding with R-lactamase enzymes thus abrogating its effect. In
general, these inhibitors are mostly active against class A R-lactamases and less active against class B, C,
and D B-lactamases [43]. In TB, meropenem was surveyed as a potentially usable 3-lactam as it has been
shown to be resistant to M. tuberculosis produced R-lactamase enzyme and combination of meropenem
with clavulanate has been shown to be effective both in vitro and in vivo [21, 44]. Additionally, a recently
conducted clinical trial in human suggests that meropenem-clavamox combination was effective in
reducing M. tuberculosis bacilli load in sputum samples [23]. In our studies, 2-Al compounds potentiated
R-lactam drugs in a dose-dependent manner comparable to R-lactam-clavulanate combination. It is
noteworthy that clavulante had minimal effect on bacterial growth by itself while 2-Al compounds alone
also exhibited bacteriostatic effect on M. tuberculosis culture. This indicates that the pattern of B-lactam
resistance reversal by 2-Al compounds in M. tuberculosis may be distinct from that by clavulanate. While
clavulanate directly targets R-lactamase enzyme to inhibit its activity, one can assume 2-Al compounds
are exerting its effect on bacilli itself and not directly on 3-lactamase enzyme. Additionally, we observed
similar level of potentiation of meropenem and other 3-lactam antibiotics tested. As mentioned earlier,
meropenem is less susceptible to degradation by M. tuberculosis B-lactamase and the fact that meropenem
was potentiated comparable to other -lactams can be indicative of other possible potentiation mechanism
involved besides R-lactamase inhibition. Several hypotheses can be made at this point including the
possible effect of 2-Al compounds might have on mycobacterial cell envelope. In Acinetobacter
baumannii and K. pneumoniae, analogs of 2-Al compounds have been shown to modulate cell wall
structural component while also having permeabilizing effect on the cell membrane [14]. Since
mycobacterial cell envelope is a major diffusion barrier for hydrophilic molecules such as B-lactam
antibiotics, the permeabilization of cell envelope by 2-Al compounds would definitely increase M.
tuberculosis susceptibility to R-lactams [45].
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Transcriptional analyses performed in M. tuberculosis treated with one of our 2-Al compounds,
2B8, provide further insights to the potentiation mechanism. The signature transcriptional response to
2B8 treatment was upregulation of extracellular sigma factor SigK (Rv0447c, Rv0449c, Rv0446c) and its
regulon (Rv2873 to Rv2876) that are dramatically induced after 2 h of treatment. Also, noticeable
induction of mprA and both sigB and sigE was observed (Figure 2.6). The sigma factor regulatory
network involving SigB and SigE has been shown to be responsible for the transcriptional changes in
response to cell envelope associated damage or stress [46]. The upregulation of another gene further
supports the possible impact of 2-Al on cell envelope. The Rv0516¢ encoding one of the PknD substrate
was significantly induced which has been previously shown to be induced by osmotic pressure on cell
wall. Also, the mutant of Rv0516¢ showed decrease in peptidoglycan thickness and increase of resistance
to peptidoglycan biosynthesis targeting antibiotics [47]. Another interesting finding was that multiple
genes that have been shown to be induced by triclosan treatment were also significantly induced with 2B8
such as Rv3159c, Rv3160c, and Rv3161c [39]. Triclosan has an impact on mycolic acid biosynthesis by
inhibiting enoyl acyl carrier protein reductase InhA [48], and also has a broad cell envelope disruption
effect if used at high concentration [49]. This overlap between triclosan induced genes and 2B8 induced
genes leads to question whether 2B8 has an effect on mycolic acid biosynthesis. Indeed, the notable
downregulated genes included kasB operon (Rv2243 to Rv2248) which is required for elongation of acyl
subunits of mycolic acids, fatty acids and polyketides [50]. Recently, diarylcoumarins have been shown to
target FadD32 encoded by Rv3801c which was also downregulated with 2B8 treatment [51]. While 2B8
share no structural similarity with triclosan or diarylcoumarins, this suggests the possibility that 2B8
targets cell envelope integrity like those drugs.

It is also noteworthy that Rv3161c has been shown to be also induced by bioenergetics affecting
drugs such as CCCP and TRZ [46, 52] since some genes encoding components of ETC including NDH-I
(nuo family), cytochrome subunits, and ATP synthase subunits were found to be downregulated by 2B8
treatment. Therefore, it is logical to suspect that 2B8 could be affecting both ends of M. tuberculosis cell
envelope, outer membrane and inner membrane which contains core complexes for the ETC.
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The blaC gene encoding B-lactamase did not show difference with 2B8 treatment which shows
that 2B8 is not directly reducing [3-lactamase expression at transcriptional level. The fact that genes
involved in Tat protein secretory pathways also did not change suggests 2B8 is not affecting B-lactamase
secretion specifically. Other genes involved in protein secretion machinery including Sec and ESX
pathways also had minimal changes. There was no noticeable suppression of efflux pumps encoding
genes which could possibly lead to potentiation of antimicrobial agents.

Taken together, 2-Al compounds significantly potentiated 3-lactam antibiotics against M.
tuberculosis comparable to clavulanate. With the possibility of potentiation mechanism being different
from that of clavulanate, the adjunctive therapeutic approach using 2-Al compounds in combination with
R-lactams can be an innovative, yet effective alternative to conventional anti-TB chemotherapy. The
approach will benefit from the proven efficacy and safety of 3-lactams for use in human clinical medicine
and may even help us to explore novel options for treatment of MDR-TB. The transcriptional response
from 2B8 treatment suggests a significant impact on M. tuberculosis cell envelope which may be the
primary mechanism of R-lactam potentiation. The suppression of mycolic acid biosynthesis is a feature
that is similar to other InhA targeting drugs, but more like triclosan than isoniazid. It is also indicated that
2B8 may be having an effect on membrane bioenergetics of M. tuberculosis. Elucidation of how 2-Al
compounds potentiate B-lactam antibiotics will lead to better understanding of unknown weaknesses of M.

tuberculosis which we can exploit to combat drug resistance issues in TB.
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CHAPTER THREE

2-Al compounds reduce B-lactamase secretion

and increase cell envelope permeability of M. tuberculosis

In this chapter, we reveal the putative mechanism by which 2-Al compounds potentiate 3-lactam
antibiotics. Previously, it was shown by Dr. Melander’s group that structurally similar 2-
aminobenzimidazoles (2-AB) compounds sensitized mycobacteria to R-lactams, but had no effect on [3-
lactamase enzyme [1]. Thus, we evaluated if that observation holds true with 2-Al compounds against M.
tuberculosis and report that 2-Al compounds suppress B-lactamase activity by reducing general protein
secretion, and not by directly inhibiting R-lactamase enzyme. Furthermore, 2-Al compounds have been
shown to alter the bacterial cell envelope and increase the permeability of the M. tuberculosis cell
envelope to B-lactams is one of the major factors conferring M. tuberculosis intrinsic resistance to -
lactams [2-4]. The overall cell envelope permeability and the binding of antibiotics to the M. tuberculosis
cell wall were evaluated. We obtained multiple lines of evidences of increased cell envelope permeability

and thereby increased binding of R-lactam antibiotic and other cell wall targeting drug.

3.1. Introduction

It has long been known that M. tuberculosis is intrinsically resistant to 3-lactam antibiotics [5].

The inherent resistance of M. tuberculosis to 3-lactams is mainly attributed to two mechanisms: a)
inactivation of the antibiotics by blaC encoded -lactamase and b) low permeability of the mycobacteria
cell envelope limiting the diffusion of antibiotics such as B-lactams [4, 6-10]. First, the contribution of a
class A 3-lactamase produced by M. tuberculosis to R-lactam resistance has been demonstrated through
both deletion of blaC gene which led to significantly increased susceptibility [9] and combination with 3-
lactamase inhibitor [11].

As occurs in Gram-negative bacteria, mycobacteria have an outer cell membrane [12-14], a major

permeability barrier against B-lactams targeting PBPs that reside in the periplasmic compartment [15].
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The inner leaflet of the mycobacterial outer membrane is composed of mycolic acids, long fatty acids
approximately 90 carbons in length, that are covalently bound to arabinogalactan and tightly packed
together effectively blocking the diffusion of hydrophilic molecules. The outer leaflet of the M.
tuberculosis outer membrane is enriched with non-covalently bound lipids such as TDM and PDIMs [12,
16]. Together, this outer membrane serves as a low fluidity and low permeability barrier to antibiotics.
This study investigated the mechanisms by which 2-Al compounds work to potentiate R-lactams. It
was hypothesized that 2-Al compounds would interfere with several mechanisms conferring M.
tuberculosis intrinsic B-lactam resistance. Herein it is reported that 2-Al compounds reduce M.
tuberculosis R-lactamase activity by altering secretion of the enzyme rather than by directly inhibiting the
enzymatic activity as in the case of classic R-lactamase inhibitors such as clavulanic acid. Mechanistic
studies revealed that 2-Al treatment alters M. tuberculosis cell envelope composition, leading to increased
permeability and accessibility of external agents and drugs targeting the cell wall biosynthesis. Taken
together, results indicate that 2-Al compounds abolish at least two of the major defense mechanism of M.

tuberculosis against R-lactams and suggest a possible unifying mechanism of altered bioenergetics.

3.2. Materials and Methods

3.2.1. Bacterial strains, media and culture conditions

For experiments using the BSL2 strain, M. tuberculosis H37Rv mc? 6206, bacteria was grown in
7H9 media supplemented with OADC, 0.2% casamino acid (BD, USA), 0.05% tyloxapol, 0.005% L-
leucine, 0.0048% D-pantothenic acid, and 0.0025% kanamycin (Sigma-Aldrich, USA). M. tuberculosis
H37Rv mc? 6206 was a kind gift from Dr. William R. Jacobs Jr. at Albert Einstein College of Medicine

[17].

3.2.2. Collection of M. tuberculosis culture filtrate proteins (CFP)

To obtain M. tuberculosis H37Rv CFP, it was grown to an ODggo 0f 0.4 to 0.6 in glycerol-alanine-

salts (GAS) media containing 0.03% Bacto Casitone (Difco, Franklin Lakes, NJ, USA), 0.005% ferric
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ammonium citrate (Sigma-Aldrich, USA), 0.4% dibasic potassium phosphate, 0.2% citric acid, 0.1% L-
alanine, 0.12% magnesium chloride hexahydrate, 0.06% potassium sulfate, 0.2% ammonium chloride,
0.18% sodium hydroxide, and 1% glycerol (all purchased from Sigma-Aldrich, USA). Subsequently,
cultures were centrifuged (x1,700g) for 10 min and supernatants were harvested. Collected supernatant
was filtered through a 0.45 uM syringe filter (Millipore, USA) to obtain CFP. Total protein concentration
present in CFP was determined using the BCA assay (Pierce, Waltham, MA, USA) following the
manufacturer’s instruction. CFP was also obtained from 2-Al compounds treated M. tuberculosis. Briefly,
after the initial culture in GAS media, cells were washed twice with sterile PBS and reconstituted in GAS
media to an ODego 0f 0.4. Cultures were treated with 2-Al compounds (RA11 or 2B8) or clavulanate (8

mg/L) and incubated at 37°C for 24 h and CFP was harvested as described above.

3.2.3. B-lactamase activity assay

R-lactamase activity was evaluated with the colorimetric kit from Biovision (Milpitas, CA, USA).
Briefly, a total of 50 pL samples were transferred to a 96-well cell flat-bottomed culture plate and
nitrocefin included in the kit was added to a final concentration of 20 uM. Immediately following the
addition of nitrocefin to samples, absorbance at 490 nm was monitored every five min for 2 h at 37°C
using a Synergy 2 multi-mode plate reader (BioTek, Winooski, VT, USA) to obtain a nitrocefin
hydrolysis curve. A standard curve was derived from known amounts of hydrolyzed nitrocefin provided
in the assay kit. Total nitrocefin hydrolyzed (nM) per min was calculated from a standard curve. Data

were normalized to CFUs or nM nitrocefin hydrolyzed/min/mg of protein.

3.2.4. Preparation and analysis of M. tuberculosis cell envelope lipids

M. tuberculosis H37Rv mc? 6206 BSL2 strain was grown to an ODeoo of 0.4. Cultures were
treated with 2-Al compounds (RA11 or 2B8) at 2.5, 12.5 and 62.5 uM for 24 h in the presence of 0.5 pCi
of [1.2-1C] acetic acid (113 Ci/mol) and [1-'“C] propionate (56.7 Ci/mol, MP Biomedicals, Santa Ana,

CA, USA). Extractions and preparation of total lipids and cell-bound mycolic acids followed earlier
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procedures [18]. In brief, cultures were centrifuged (x1,700g) for 10 min, washed twice in sterile PBS.
Cell pellets were subjected to chloroform:methanol (1:2, v/v, Sigma-Aldrich, USA) extraction in a tube
spinner for 24 h at room temperature. Tubes were then centrifuged (x1,700g) for 10 min to spin down cell
pellets and supernatants were decanted into new tubes and dried under nitrogen gas. Remaining cell
pellets were further extracted two more times with chloroform:methanol (1:1 then 2:1). All extractions
were pooled and dried under nitrogen and reconstituted in chloroform:methanol (1:1). For recover of cell
wall associated fatty acyl-, mycolic acyl-methylesters, bacterial pellets remaining after organic extractions
were saponified in 15% tetrabutylammonium hydroxide (Sigma-Aldrich, USA) at 100°C overnight.
Thereafter, water/dichloromethane/iodomethane (2:3:0.3, v/v/v, Sigma-Aldrich, USA) was added and
incubated at room temperature for 4 h. After centrifugation (x1,700g), the aqueous phase was discarded
while the organic phase was dried under nitrogen. The dried material was resuspended in 4 mL of diethyl
ether (Sigma-Aldrich, USA) and sonicated for five min. After drying with nitrogen, extracted
methylesters were reconstituted in dichloromethane. Total radioactivity counts were measured for all
samples before being analyzed by thin layer chromatography (TLC) on a silica gel 60-precoated plate
F254 (Merck, Kenilworth, NJ, USA) in various solvent systems. For visualization of radiolabeled lipids,
silica gel plates were scanned with Typhoon Trio Imager (GE Healthcare, Little Chalfront, UK) for

autoradiogram. Densitometry analysis was performed using ImageQuant TL 8.1 (GE Healthcare, UK).

3.2.5. SDS sensitivity assay

M. tuberculosis H37Rv was grown to an ODeqo 0f 0.4 to 0.6 in 7H9 media with OADC
supplement and 0.05% Tween 80, then treated with 125 uM 2B8 for 24 h. After treatment, bacterial
pellets were washed twice with sterile PBS and reconstituted with PBS to an ODggo of 0.1. Sodium
dodecyl sulfate (SDS, Cayman Chemical, Ann Arbor, MI, USA) was added to the cultures to achieve a
final concentration of 0.005 and 0.05%. Cultures were plated on 7H11 agar plates at 0, 1, 2, 3 and 4 h post
addition of SDS. After three or four weeks of incubation at 37°C, CFUs were enumerated and percent

survival through 4 h was calculated for each sample and compared to starting CFUs at 0 h time-point.
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3.2.6. Dye accumulation assays

M. tuberculosis H37Rv was grown to an ODeqo 0f 0.4 to 0.6 in 7H9 media supplemented with

OADC and 0.05% Tween 80 and used for an ethidium bromide (EtBr) or Sytox Orange uptake assay as
previously described [19, 20]. Briefly, cultures were dispensed in opaque-walled 96-well flat-bottomed
cell culture plates (Corning, Corning, NY, USA) and pre-energized with 0.4% glucose (Sigma-Aldrich,
USA) for five min. Thereafter, 2-Al compounds (RA11 or 2B8, 125 pM), reserpine (100 mg/L) or TRZ
(80 uM) (Sigma-Aldrich, USA) were added, followed by EtBr (Sigma-Aldrich, USA) and Sytox Orange
(Invitrogen, USA) to a final concentration of 10 uM and 100 nM, respectively. For both fluorescent dyes,
relative fluorescence units (RFUS) were monitored every two minutes by 530ex nm/590em nm filter using

Synergy 2 multi-mode plate reader for 90 min.

3.2.7. Evaluation of cell envelope permeability and cell membrane integrity using BOCILLIN®,

BODIPY® FL vancomycin and propidium iodide

M. tuberculosis H37Rv was grown to an ODeqo 0f 0.4 to 0.6 in 7H9 media supplemented with
OADC and 0.05% Tween 80, then diluted to ODsgo Of 0.1 in the same media prior to use. Diluted cultures
were treated with 62.5 and 125 uM 2-Al compounds (RA11 or 2B8), SDS 0.05% or 20 pM meropenem
with 100 uM clavulanate (MCA) [21]. After treating for 30 min, 120 min, or 24 h at 37°C while shaking,
cultures were aliquoted into 5 mL polystyrene tubes and stained with 1 mg/L BODIPY® FL vancomycin,
10 mg/L BODIPY® -tagged penicillin V (BOCILLIN®)) or 15 uM propidium iodide (P1) (Life
Technologies, Carlshad, CA, USA), for 30 min at 37°C in the dark. Cells were pelleted by centrifuging
(x1,700g) for 5 min to remove remaining free dye and washed with sterile PBS two times (PI stained
samples were not washed, but directly fixed as described below after removing the supernatant). After
these washes, PBS was removed and cell pellets were fixed with 4% paraformaldehyde (VWR, Radnor,
PA, USA) in PBS for 15 min. After fixation, bacterial cells were analyzed by flow cytometry using an

LSRII flow cytometer (BD, USA). The cytometer was adjusted as follows: Forward scatter (FSC) and
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side scatter (SSC) were set to logarithmic scale, threshold was set at 2000 FSC and SSC, acquisition was
set to low (< 1000 events/sec) and 10,000 to 50,000 events were collected for each sample. Fluorescence
of BODIPY®-labeled antibiotics and PI was excited with the 488 nm blue laser and emission detected
with the 530/30 nm and 610LP filters, respectively. Data were analyzed using Kaluza 1.3 software
(Beckman Coulter, Brea, CA, USA). For competitive inhibition of BODIPY® FL vancomycin binding to
M. tuberculosis, unlabeled vancomycin (Gold Biotechnology, USA) at 50x, 100x, and 500x the amount
of BODIPY® FL vancomycin (1 mg/L), was added to 2B8 treated samples prior to the addition of
BODIPY® FL vancomycin. Fixed BODIPY® FL vancomycin stained bacteria were also analyzed under a
microscope equipped with X-cite 120 fluorescence illuminator (Excelitas Technologies, Waltham, MA,

USA).

3.2.8. Statistical analysis

Statistical analyses were done as described in Chapter 2.

3.3. Results

3.3.1. 2-Al treated M. tuberculosis cultures have reduced R-lactamase activity

An important factor contributing to M. tuberculosis intrinsic $-lactam resistance is the synthesis
and secretion of B-lactamase [9, 22, 23]. Indeed, the combination of a -lactamase inhibitor such as
clavulanate with meropenem has been demonstrated to be effective against MDR strains of M.
tuberculosis [21, 24]. Thus, the possibility that 2-Al compounds potentiate -lactams by reducing B-
lactamase activity was investigated. To evaluate whether the compounds have a direct effect on the
enzyme’s activity, 2-Al compounds were added to either purified Bacillus cereus 3-lactamase or M.
tuberculosis CFP, a rich source of mycobacterial specific B-lactamase [25], and the enzymatic activity
was evaluated using the nitrocefin hydrolysis assay. Under these experimental conditions, 2-Al
compounds did not directly inhibit B-lactamase activity (Figure 3.1A and 3.1B). As expected, however,

clavulanate efficiently inhibited R-lactamase activity from M. tuberculosis CFP (Figure 3.1B).
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Figure 3.1. B-lactamase is not directly inhibited by 2-Al compounds. A) Purified B-lactamase enzyme
from B. cereus was monitored for nitrocefin hydrolysis activity in the presence of 2B8. Presence of 2B8
did not have any effect in B-lactamase activity. B) Isolated CFP from M. tuberculosis H37Rv was
monitored for nitrocefin hydrolysis activity in the presence of 2-Al compounds and clavulanate (CA, 8
mg/L). Clavulanate decreased R-lactamase activity significantly, but 2-Al compounds had no effect on [3-
lactamase activity in CFP. Experiments were carried out two separate times in duplicate and
representative data are shown. Control: DMSO treated cells. ***p< 0.001 by ANOVA.

Alternatively, B-lactamase activity was measured in CFP obtained from 2-Al treated M.
tuberculosis cultures. M. tuberculosis cultures treated with RA11 or 2B8 resulted in a dose-dependent
decrease in B-lactamase activity after normalization of the data to the number of viable CFUs (Figure
3.2A). Consistent with results obtained from the assays described above, 2B8 more effectively reduced R-
lactamase activity than RA11. Reduced [-lactamase activity in 2-Al treated cultures correlated with a
lower protein concentration present in the CFP of these cultures (Figure 3.2B). In fact, no differences
were observed between control and 2-Al treated cultures when [3-lactamase activity was normalized to
protein concentration (Figure 3.2C). Clavulanate treatment also effectively decreased [3-lactamase activity
when data were normalized to viable CFUs (Figure 3.2A), but did not have any effect in overall protein
concentration in the CFP (Figure 3.2B). Therefore, clavulanate treatment still decreased [3-lactamase

activity in the sample even when the data were normalized by total protein concentration (Figure 3.2C).
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Figure 3.2. Reduced R-lactamase activity in 2-Al treated M. tuberculosis CFP resulting from lower
protein secretion. A) B-lactamase activity in the CFP of M. tuberculosis H37Rv cultures after 24 h
treatment with 2-Al compounds. Total nitrocefin hydrolysis activity was normalized to viable bacteria at
the time of the assay. Compared to DMSO control, 2B8 (31.25 to 125 uM) treated samples showed
significantly decreased R-lactamase activity. In contrast, RA11 did not significantly decrease R-lactamase
activity at any of the tested concentrations. B) Total protein concentration in CFP tested for 3-lactamase
activity (panel A), normalized to viable bacterial number. Significantly less protein concentration was
observed in samples treated with 2B8 (31.25 to 125 pM). Protein concentration in the CFP was not
affected by clavulanate (CA, 8 mg/L) treatment. C) B-lactamase activity normalized to total protein
concentration in the CFP. Except for clavulanate, treatment with 2B8 or RA11 did not reduce R-lactamase
activity in the CFP when normalized o protein concentration. This suggests the reduced 3-lactamase
activity observed in panel A, was attributed to lower protein concentration in the CFP. *p<0.05, **p<0.01,
***n<0.001 by ANOVA. Experiments were carried out three separate times in triplicate and
representative data are shown.

3.3.2. 2-Al treatment alters M. tuberculosis cell envelope lipid composition

Intrinsic resistance of mycobacteria to R-lactams has also been attributed to several unique
features including the low permeability of the lipid rich cell envelope [26]. It was posited that 2-Al
treatment could increase the susceptibility to 3-lactams by altering the mycobacterial cell envelope
composition and increasing permeability to this class of antibiotics. To investigate if 2-Al compounds
impair mycobacterial cell envelope lipid synthesis or composition, metabolic labeling of mycobacterial
lipids was performed with radiolabeled acetate or propionate and relative lipid abundance analyzed by

TLC and autoradiogram.
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After 24 h of 2-Al treatment, total radioactive counts from treated samples showed a dose-
dependent decrease, implying reduced biosynthesis of cell envelope extractable lipids (data not shown).
Thus, TLC loading was normalized to total radioactive count so that every sample would have equal
amounts of labeled total lipids. From TLC analysis of 14C acetate labelled extractable lipids (Figure 3.3A
and 3.4), it was observed that 2-Al treatment led to decreased TDM biosynthesis while accumulating its
precursor TMM. Also, significantly less mycolic acid methyl esters (MAMES) were extracted from 2-Al
treated samples (Figure 3.3B and 3.4). Consistent with the MIC assay results, 2B8 treatment exhibited
superior potentiation than RA11 treatment. Importantly, the biosynthesis of total mycolic acids
(determined as the sum of MAMESs from cell-bound and extractable lipids) was reduced in 2-Al treated
bacilli (Figure 3.3C) as well as free mycolic acids (Figure 3.5). In the TLC analysis of **C propionate
labelled extractable lipids, a significant decrease in SL-1 and PAT biosynthesis in 2B8 treated cultures
was observed (Figure 3.3D). However, DAT, a precursor of PAT, accumulated with 2B8 treatment. Again,

2B8 treatment more pronouncedly affected C propionate labelled lipids than RA11.
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Figure 3.3. 2-Al treatment alters cell envelope lipid composition of M. tuberculosis. Radioactive
metabolic labeling was performed on M. tuberculosis treated with increasing concentrations of 2-Al
compounds (2.5, 12.5, and 62.5 uM) for 24 h. TLCs (left) of a representative experiment are shown with
quantified comparison between specific bands as measured by densitometry (right). A) TLC of
extractable lipids derived from [1-1%C] acetate-labeled M. tuberculosis H37Rv mc? 6020 strain is shown.
For visualization of TDM, TMM, PE and CL (A), a total of 10,000 cpm was loaded per lane and TLCs
were developed in chloroform/methanol/water (20:4:0.5, v/v/v). Treatment with 2-Al compounds resulted
in reduced levels of TDM, but increased TMM, as confirmed by densitometry analysis (right). B) TLC of
cell wall associated mycolates is shown (Left panel). For visualization of MAMEs in cell-bound lipids,
hexane/ethyl acetate (95:5, v/v, three developments) solvent system was used and samples were loaded
volume to volume. Densitometry analysis confirmed significant reduction of MAMEs in 2-Al treated
samples (Right panel). C) Samples treated with 2-Al showed reduced levels of total mycolate
biosynthesis (sum of MAMEs from cell-bound, B, and extractable lipids, Figure S3). D) TLCs of
extractable cell envelope lipids derived from [1-1*C] propionate-labeled cultures are shown. TLCs were
developed in chloroform/methanol/water (90:10:1, v/viv) for visualization of SL-1 and DAT, and
petroleum ether/acetone (92:8, v/v) for visualization of PAT. Treatment with 2-Al compounds reduced
the amount of SL-1 and PAT, but increased DAT. Experiments were carried out three separate times and
representative data are shown. PE: phosphatidylethanolamine, CL: cardiolipin.
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Figure 3.4. 2-Al treatment reduces MAMEs from extractable lipids in M. tuberculosis. Radioactive
metabolic labeling was performed on M. tuberculosis treated with increasing concentrations of 2-Al
compounds (2.5, 12.5, and 62.5 uM) for 24 h. MAMESs were derived from extractable lipids of [1-1“C]
acetate-labeled M. tuberculosis H37Rv mc? 6206 strain and analyzed by TLC as described in Figure 5B.
Treatment with 2-Al compounds resulted in reduced MAMESs from extractable lipids. Experiments were
carried out three separate times and representative data are shown.
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Figure 3.5. 2-Al treatment reduces free mycolic acids in M. tuberculosis. Radioactive metabolic
labeling was performed on M. tuberculosis treated with increasing concentrations of 2-Al compounds (2.5,
12.5, and 62.5 uM) for 24 h. Using hexane/ethyl acetate (95:5, v/v, three developments) solvent system,
extractable lipids of [1-1“C] acetate-labeled M. tuberculosis H37Rv mc? 6206 strain were loaded count to
count. Experiments were carried out three separate times and representative data are shown.

3.3.3. 2-Al treated M. tuberculosis becomes hypersensitive to SDS
The lipid rich cell envelope of M. tuberculosis is known to serve as an impermeable barrier to

various chemicals and antibiotics [10]. Based on the alteration in cell envelope lipid composition after 2-
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Al treatment, it was hypothesized that 2-Al treated M. tuberculosis would become hypersensitive to
membrane-targeting agents such as detergents like SDS. After 24 h treatment with 125 pM 2B8, M.
tuberculosis cultures were exposed to 0.005% or 0.05% SDS. Following SDS exposure, CFUs were
enumerated every hour for 4 h. As shown in Figure 6A, significant survival differences were observed
between non-treated and 2B8-treated cultures exposed to 0.005% SDS (left panel). The viability of 2B8
treated cultures exposed to SDS dropped much more rapidly and to a greater extent than non-treated
cultures. As expected, when exposed to SDS at 0.05%, the viability of all the samples declined
throughout the course of exposure. However, the decline was more rapid and pronounced in 2B8 treated

M. tuberculosis cultures (Figure 3.6A, right panel).

3.3.4. 2-Al treatment increased M. tuberculosis permeability to nucleic acid staining dyes

Accumulation of nucleic acid staining dyes such as EtBr and Sytox Orange have been used to
evaluate the M. tuberculosis cell envelope permeability to external agents [19, 20, 27]. Based on the
altered cell envelope lipid composition and increased sensitivity to SDS, it was hypothesized that 2-Al
treatment would increase M. tuberculosis permeability to these dyes as well. EtBr or Sytox Orange was
applied simultaneously with 2-Al compounds, and the kinetics of fluorescence signal due to dye
accumulation was monitored over time.

M. tuberculosis treatment with 125 pM 2B8 resulted in a time-dependent increase in EtBr
fluorescent signal that was significantly higher than untreated control (Figure 3.6B). This increase was not
seen in RA11 treated cultures. Net dye accumulation determined upon completion of the assay was also
significantly higher in 2B8 treated cultures (Figure 3.7A). Reserpine, an inhibitor of the EtBr efflux pump
[28], also increased EtBr accumulation within M. tuberculosis, however it was not statistically significant
(Figure 3.6B). The same trend was observed using Sytox Orange, as both the time-dependent increase and
net dye accumulation were significantly elevated in 2B8, but not in RA11 treated cultures (Figure 3.6C
and Figure 3.7B). In agreement with a recent report [20], TRZ (an additional positive control) also

increased Sytox Orange accumulation (Figure 3.6C).
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Flow cytometry was performed to further evaluate the permeability of 2-Al treated M. tuberculosis
to a third nucleic acid staining dye, Pl. Despite sharing a similar chemical structure, Pl is a better
indicator of plasma membrane integrity than EtBr, due to its additional positive group [29]. In contrast to
the above results with EtBr (Figure 3.6B) and Sytox Orange (Figure 3.6C), M. tuberculosis treatment with
2-Al compounds did not acutely increase permeability to Pl when evaluated at 30 min and 120 min post-
exposure (Figure 3.6D and 3.9D). However, approximately 30% of M. tuberculosis became permeable to
Pl, a classical marker of cell death, upon prolonged exposure to 2B8 for 24 h. Again, M. tuberculosis
membrane disruption was greater for 2B8 than RA11 (Figure 3.6D). Finally, the two positive controls,
SDS and MCA, showed potent M. tuberculosis cell membrane disrupting capacity, albeit with different
kinetics. As expected, a detergent like SDS acutely lysed bacteria within 30 min (Figure 3.6D), while the

effect of MCA only became significant after 24 h.
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Figure 3.6. 2-Al treatment increased M. tuberculosis sensitivity to SDS and permeability to nucleic
acid staining dyes. A) M. tuberculosis was treated or not with 125 uM 2B8 for 24 h, exposed to 0.005%
(left panel) or 0.05% (right panel) SDS and bacterial viability was monitored by plating on 7H11 agar
hourly thereafter. 2B8 treated M. tuberculosis H37Rv was significantly more sensitive to killing by SDS
at both tested concentrations (0.005% and 0.05%). B and C) M. tuberculosis H37Rv was treated with 2B8
while being exposed to EtBr or Sytox Orange, and the change in fluorescent signal was monitored for 90
min at 2 min intervals. Compared to DMSO treated culture, 2B8 treated culture showed significantly
higher accumulation of EtBr and Sytox Orange after 90 min. 100 mg/L reserpine increased accumulation
of EtBr albeit not statistically significant (panel B), while 80 uM TRZ significantly increased
accumulation of Sytox Orange. D) M. tuberculosis H37Rv was treated with 2B8 for 30, 120 min and 24 h.
After treatment, cultures were stained with Pl and analyzed by flow cytometry. As indicated by increased
positive staining with PI, SDS acutely (30 min) permeabilized M. tuberculosis cell membrane, whereas
2B8 and RA11 treatment only compromised the membrane integrity past 2 h. Disruption of cell
membrane by 2-Al compounds was more pronounced with 2B8 than RA11 (24 h). MCA treatment also
resulted in increased staining with Pl after 2 and 24 h of treatment. *p<0.05, **p<0.01, ***p<0.001 by
ANOVA, (For EtBr and Sytox Orange accumulation assay, statistical significance marked for 90 min
time-point). Experiments were carried out three separate times and representative data are shown.
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Figure 3.7. 2B8 treatment increased M. tuberculosis net accumulation of nucleic acid staining dyes.
2B8 treated M. tuberculosis accumulated both EtBr (A) and Sytox Orange (B) significantly more than
untreated. Reserpine and TRZ increased net accumulation of EtBr, but it was not statistically significant
(A). TRZ significantly increased accumulation of Sytox Orange (B). *p<0.05, **p< 0.01 by ANOVA.

3.3.5. 2-Al treatment acutely increases binding of penicillin V and vancomycin

Using fluorescent BODIPY® -labeled antibiotics, it was possible to directly measure if 2-Al
compounds potentiate B-lactams by increasing mycobacterial cell envelope permeability and antibiotic
accessibility to their respective cell wall targets. To accomplish this, M. tuberculosis was treated with 2-
Al compounds for increasing amount of time (30 min, 120 min and 24 h), stained for 30 min with
fluorescent-labeled BODIPY® FL vancomycin or BOCILLIN®, and analyzed by flow cytometry. Similar
to what was observed with the tested R-lactams (Table 2.1), the MIC of vancomycin (Table 3.1) and
penicillin \V against M. tuberculosis was also lower after exposure to 2-Al compounds.

There was significantly increase in binding of both fluorescent penicillin V (Figure 3.8C, 3.9A
and 3.10) and vancomycin (Figure 3.8B, 3.9B and 3.10) to M. tuberculosis compared to controls after an
acute 30 min treatment with 2B8. For both fluorescent antibiotics, binding to treated M. tuberculosis
increased proportionally to treatment duration. Treatment with RA11 also increased antibiotic binding to
M. tuberculosis but the extent was much lower than that induced by 2B8. The binding of fluorescent

vancomycin to M. tuberculosis increased when treated with MCA (Figure 3.9B), as expected considering
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Table 3.1. MIC of vancomycin against 2B8 treated M. tuberculosis H37Rv.

Organism and MIC  MIC with 2B8  Fold MIC with 2B8 Fold MIC with 2B8  Fold
antibiotics (12.5% MIC) reduction (25% MIC) reduction (50% MIC) reduction
M. tuberculosis

H37Rv

Vancomycin 5 25 2 1.25 4 0.625 8

All MIC values are represented as mg/L.
Experiments were carried out two independent times in duplicate and representative data are shown.

meropenem’s inhibition of the mycobacterial D-carboxypeptidase that cleaves vancomycin’s target, the
D-ala-D-ala peptide motif [21]. However, this effect was delayed and only became evident after 24 h
treatment. Moreover, despite being very potent at disrupting the cell membrane (Figure 3.9A and 3.9B),
SDS only minimally increased binding of either BODIPY® FL vancomycin or BOCILLIN® to M.
tuberculosis, suggesting that direct membrane disruption does not underpin activity. The specificity of
BODIPY® FL vancomycin’s staining was confirmed by a competitive inhibition assay and fluorescent
microscopy. Increasing amounts of unlabeled vancomycin competitively inhibited binding of BODIPY®
FL vancomycin to 2B8 treated M. tuberculosis (Figure 3.10). This demonstrates that the fluorescent drug
is binding specifically to its cognate target, rather than non-specifically through the BODIPY® moiety.
Furthermore, in accordance with previous publications [30, 31], a punctate staining predominantly at the
mycobacterial poles, was observed when staining M. tuberculosis with BODIPY® FL vancomycin (Figure
3.9C). Consistent with the flow cytometry results, 2B8 treatment increased the number of stained bacteria
and fluorescence intensity versus DMSO-treated control (Figure 3.9C). BOCILLIN® s fluorescence was

not bright enough for microscopy (data not shown).
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Figure 3.8. 2B8 acutely increases binding of BODIPY® FL vancomycin and BOCILLIN® to M.
tuberculosis while having no effect on cell membrane integrity. A) Representative scatter plot of gated
population for M. tuberculosis. B and C) Representative histogram overlays of unstained, DMSO and 125
1M 2B8 treated M. tuberculosis after staining with BODIPY® FL vancomycin (B) or BOCILLIN® (C).
Treatment with 125 uM 2B8 for 2 h resulted in significantly increased binding of both fluorescent
vancomycin and penicillin V to M. tuberculosis. D) In contrast, this treatment did not significantly
increase M. tuberculosis permeability to PI.
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Control 2B8 125pM

Figure 3.9. 2-Al increased penicillin VV and vancomycin binding to M. tuberculosis. M. tuberculosis
H37Rv was treated with 125 uM 2-Al compounds (2B8 and RA11), 0.05% SDS, and 20 uM MCA for 30,
120 min, and 24 h. After treatment, cultures were stained with BOCILLIN® (A) or BODIPY® FL
vancomycin (B) for 30 min. Unbound fluorescent antibiotics were washed with PBS and single cells were
analyzed for fluorescence intensity by flow cytometry. A and B) Representative histogram overlays (right
panels) of BOCILLIN® or BODIPY® FL vancomycin stained M. tuberculosis after treatment with 125
UM 2B8 or DMSO control. Fold-change staining (left panels) was determined by dividing percent of
positively-stained treated bacteria by percent of positively-stained DMSO control bacteria. For
BOCILLIN®, a time-dependent increase in staining was observed with 2B8, but not with RA11, SDS or
MCA treatment. 2B8 treatment also increased staining with BODIPY® FL vancomycin in a time-
dependent manner to a significantly higher extent than that of RA11 or SDS treatment. MCA treatment
resulted in a time-dependent increase of BODIPY® FL vancomycin staining as expected. C) Fluorescent
images (x1000, bar = 3 uM) of M. tuberculosis stained with BODIPY® FL vancomycin after treatment or
not with 125 uM 2B8 for 120 min. Treatment with 2B8 (right panel) resulted in increased number of
bacteria with higher fluorescence intensity than DMSO control. *p<0.05, **p<0.01, ***p<0.05 by
ANOVA. Experiments were repeated three separate times in triplicates and results were pooled together
for statistical analysis. For clarity, significance is only shown for control and 2-Al compound treatment.

133



*kk

Competitive inhibition

@®
g

D+50(])( unlabeled vancomycin [Mtb] FITC-A
[]2B8 125uM 2h treated [Mtb] FITC-A

@
id

Count
S

o
T

BODIPY-Vancomycin+

% positive BODIPY-Vancomycin
D
o

- l; |ll)z “I:P |.I‘J‘ |II7
FITC-A
Marker %Gated K
] BODIPY-Vancomycin+  14.20 &

[[] BODIPY-Vancomycin+e  71.18

Figure 3.10. Unlabeled vancomycin competitively inhibits binding of BODIPY® FL vancomycin to
M. tuberculosis. Prior to staining with BODIPY® FL vancomycin, unlabeled vancomycin at three
different concentrations (50x, 100x, and 500x the amount of BODIPY® FL vancomycin) was added to M.
tuberculosis treated for 2 h with 2B8. Representative histogram overlay of 2B8 treated M. tuberculosis
with or without addition of 500x unlabeled vancomycin is shown (left panel). When 100x or 500x
unlabeled vancomycin was added to 2B8 treated samples, binding of BODIPY® FL vancomycin was
significantly inhibited (right panel). ***p< 0.001 by ANOVA. Experiments were done three separate
times and all individual samples were pooled together for statistical analysis.

3.4. Discussion

The goals of this study were to elucidate the 3-lactam potentiation mechanism of 2-Al
compounds in M. tuberculosis. Mechanistic studies have revealed that 2-Al compounds achieve this
effect by at least two distinct mechanisms: a) reducing M. tuberculosis R-lactamase secretion and b)
increasing M. tuberculosis cell envelope permeability and accessibility of cell wall targeting drugs.

Several lines of evidence indicate that a major mechanism contributing to R-lactam potentiation
by 2-Al compounds is the alteration of the mycobacterial cell envelope and an increase in the accessibility
of B-lactams to their target [2-4, 10, 26, 27]. Indeed, as early as 30 min post-treatment with 2-Al
compounds, increased M. tuberculosis permeability to a fluorescent R-lactam or glycopeptide antibiotic,
such as penicillin V and vancomycin, respectively was observed. In order to reach their targets located
within the periplasmic space delimited between the outer and inner cell membrane, these antibiotics first
have to diffuse through the outer cell membrane [8, 12, 32, 33]. It is well documented in both

mycobacteria and Gram-negative bacteria that the presence of an outer cell membrane acts as a
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permeability barrier to limit the diffusion of hydrophilic molecules [27, 34-37]. Specifically, in
mycobacteria, the outer cell membrane impermeability is further enforced by the presence of mycolic
acids and complex lipids such as TDM and PDIM in the inner and outer leaflets [12]. 2B8 treatment
decreased TDM, MAMEs, SL-1 and PAT content while precursors TMM and DAT from 2-Al treated
samples. Consistent with the MIC results (Table 2.1), 2B8 treatment resulted in a more dramatic effect
than RA11 treatment. The fact that 2B8-treated M. tuberculosis was readily stained with a bulky
antibiotic (such as BODIPY® FL vancomycin) in 30 min, in contrast to multiple hours usually required to
stain mycobacteria [30, 38], strongly suggests that 2B8 could be increasing the mycobacterial outer cell
membrane permeability. This hypothesis was further supported by the acutely (90 min) increased
permeability of 2B8-treated M. tuberculosis to nucleic acid staining dyes such as EtBr and Sytox Orange,
routinely used as markers of mycobacterial cell envelope integrity [26, 27]. The ability to increase the
outer membrane permeability could potentially be attributed to 2-AI compound’s alkyl chain(s) and could
explain the different structure-function relationship of several related 2-Al compounds sharing the same
2-aminoimidazole polar head group but distinguished with distinct apolar, alkyl chains. As suggested by
the results with fluorescent antibiotics and nucleic acid staining dyes, 2B8’s branched, albeit short alkyl
chain induces a superior effect on the mycobacterial outer cell membrane permeability than RA11’s
straight alkyl chain containing 11 carbons. Derivatization of the 2-aminoimidazole group with a straight
13-carbon alkyl chain (such as in another 2B8 derivative, RA13), completely abrogated the compound’s
activity in the mycobacterial biofilm dispersion assay [39]. This dependence on a critical chain length and
structure of the hydrophabic tail could explain why SDS, with a straight 12-carbon acyl chain, failed to
dramatically potentiate R-lactams (Table 3.2) or increase binding of fluorescent antibiotics to M.
tuberculosis despite being a potent inner cell membrane disruptor (as determined by PI staining).
Meanwhile, mycobacterial inner cell membrane disruption with 2B8 was only observed for a small
fraction of bacilli after 24 h. In contrast, Stowe et al. previously reported acute and dramatic
Acinetobacter baumannii lysis in the presence of reverse-amide 2-Als [2]. Beyond the role played by their
different hydrophobic tails, opposing outcomes induced by 2-Al compounds or SDS could also be
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determined or modulated by their respective polar head group and charge, and this remains to be
investigated. Collectively, these results indicate B-lactam potentiation by 2-Al compounds is probably

uncoupled from direct inner cell membrane disruption.

Table 3.2. MIC of B-lactams against SDS treated M. tuberculosis H37Rv.

Organism and antibiotics MIC MIC with Fold MIC with Fold MIC with Fold
SDS reduction SDS reduction SDS reduction
(12.5% (25% (50%
MIC*) MIC) MIC)
M. tuberculosis H37Rv
Carbenicillin 512 512 1 256 2 64 8
Amoxicillin 512 512 1 256 2 64 8
Ceftazidime 256 256 1 128 2 32 8
Meropenem 8 8 1 4 2 2 4
Penicillin V 512 512 1 256 2 128 4

All MIC values are represented as mg/L.

*SDS MIC against M. tuberculosis H37Rv was 0.025%.

Experiments were carried out at least two independent times in duplicate and representative data are
shown.

Further evidence that 2-Al compounds affect the mycobacterial cell envelope was obtained from
metabolic labeling experiments evaluating M. tuberculosis cell envelope lipid composition, as well as
from transcriptional responses to 2B8 (Figure 2.8). 2-Al treated M. tuberculosis had a dramatic decrease
in mycolic acids covalently esterified to the cell wall (MAMES), probably resulting from a combination
of: a) reduced biosynthesis, b) defect in TMM export, and c) decreased crosslinking to arabinose residues
in the mycolyl-arabinogalactan-peptidoglycan (mAGP) complex. Genes encoding for FAS-I (synthesizes
mycolic acid’s a-alkyl chain), FAS-II (synthesizes mycolic acid’s meromycolate chain) and pks13
(condenses both chains to form mycolic acids) [40, 41], were amongst the most significantly down-
regulated genes at 2 h post-treatment. Furthermore, mycolic acid export was also compromised by 2B8
treatment as suggested by the inverse relationship between high TMM (precursor) and low TDM (end

product) levels. However, this defect was not a consequence of reduced mmpL3 transcription, recently
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identified to encode for a TMM transporter [42]. Finally, by down-regulating expression of two members
of the mycolyl-transferase complex (fopA and fbpB), which catalyze mycolic acid-arabinose linkage [43],
2B8 could further compound the deficit of mycolic acid-dependent fortification of the mycobacterial cell
wall core. Trehalose-based lipids such as SL-1 and PAT were also less abundant in 2-Al treated bacilli,
while PAT’s precursor, DAT, accumulated. Again, this deficit was not due to decreased transcription of
their cognate transporters. In fact, transcription of mmpL8 and mmpL10, encoding for SL-1 [44] and DAT
transporter [45], respectively, was actually up-regulated. The fact that 2-Al treatment leads to
mycobacterial accumulation of unexported lipid precursors without decreased transporter transcription,
suggest that the defect is elsewhere, perhaps at the level of PMF generation required for MmpL-catalyzed
transport of related lipids [46, 47]. Finally, it was recently shown that methyl-branched lipid biosynthesis
acts as a propionate sink to limit its toxicity [48-50]. Interestingly, both prpC and prpD of the methyl-
citrate cycle that plays a role in detoxifying propionate were strongly induced 17- and 34-fold,
respectively, following 2 h of 2B8 treatment (Figure 2.8). This strong induction suggests that 2B8 may
induce propionate toxicity, possibly as part of changes to the cell envelope. Altogether, beyond the acute
increased outer cell membrane permeability discussed above, alterations in the biosynthesis and/or export
of M. tuberculosis cell envelope lipids probably further contribute to B-lactam potentiation and enhanced
SDS sensitivity induced by 2-Al compounds.

Bacteria respond to cell envelope stress by modulating their transcriptome through the activation of
transcription regulators. Consistent with this, at 2 h after treatment, 2B8 induced several transcriptional
regulators including the alternative sigma factors sigB, sigE, and sigK and the response regulator mprA
(Figure 8B). Notably, the two component regulatory system MprAB regulates sigB and sigE [51] in
response to envelope stresses, such as SDS or Triton X-100 treatment, which is consistent with 2-Al
promoting envelope stress and stimulating the MprAB regulatory network. Both SigE and SigK belong to
the family of ECF sigma factors, kept inactive/transcriptionally silent by remaining tethered to a
transmembrane protein, an anti-sigma factor [52-54]. In the presence of extracellular stress, proteolytic
cleavage of the anti-sigma factor releases the cognate sigma factor to become transcriptionally active and
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regulate the expression of multiple genes. Particularly interesting was the upregulation of sigK and SigK
regulated genes such as mpt70, mpt83, dipZ, and rv0449c [55], supporting that the SigK regulon is
induced in a sustained manner by 2B8 (Figure 2.8). Unfortunately, not much is known about the
biological role of the SigK regulon, besides the fact the mpt70/83 are highly immunogenic proteins and
their expression levels significantly differ between members of the M. tuberculosis complex [55, 56].
Two redox-sensitive cysteine residues were recently suggested to regulate the transcriptional activity of
SigK by altering the interaction with RskA, the cognate anti-sigma factor [57]. This is a recurring
mechanism regulating other ECF such as SigF and SigL [58, 59], however the upregulation of these
sigma factors or their regulons in response to 2B8 was not observed. Thus, the mechanism leading to the
specific upregulation of the SigK regulon by 2B8 is still unclear.

The M. tuberculosis blaC gene encodes for a highly active class A -lactamase, which significantly
contributes to M. tuberculosis intrinsic B-lactam resistance [9, 22]. Therefore, studies have attempted to
circumvent this resistance by combining B-lactams with a R-lactamase inhibitor such as clavulanate. This
combination has indeed proven to be promising against M. tuberculosis [11, 24, 60]. Thus, it was
important to determine if 2-Al compounds potentiate R-lactams by interfering with any aspect of M.
tuberculosis B-lactamase function. 2-Al compounds did not directly inhibit R-lactamase activity like a
classical inhibitor such as clavulanate, supporting our recently published results obtained with additional
compounds derived from the 2-Al scaffold [1]. This result was expected considering 2-Al compounds
similarly potentiated B-lactams regardless of their respective susceptibility to R-lactamase degradation,
suggesting R-lactamase inhibition was not the mechanism driving potentiation. Comparable MIC fold-
reduction was observed for carbenicillin/amoxicillin/penicillin V (early generation of R-lactams highly
susceptible to R-lactamase) and meropenem (a carbapenem with superior resistance to R-lactamase).
Furthermore, R-lactam potentiation by 2B8 was not due to down-regulation of blaC expression per se or
those encoding for the twin-arginine protein translocating system (tat), responsible for B-lactamase
secretion [61-63]. However, reduced 3-lactamase activity in the CFP of 2B8 treated M. tuberculosis,
correlated with reduced protein concentration in this fraction. As 2B8 did not alter the transcription of
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genes encoding for other major M. tuberculosis protein secretion systems (namely SecA, SecAz2 or type
VII, Figure 2.8), it is logical to explore if these compounds affect other parameters such as mycobacterial
bioenergetics required for protein secretion and lipid export, as described above. Thus, it is concluded that
reduced B-lactamase secretion could contribute in part to R-lactam potentiation by 2-Al compounds.

Other aspects of M. tuberculosis intrinsic resistance to 3-lactams that could be affected by 2-Al
treatment but were not directly evaluated, include the role of efflux pumps, peptidoglycan structure and
PBPs or L,D-transpeptidases involved in peptidoglycan crosslinking [4]. However, through
transcriptional profiling it was possible to rule out decreased gene expression of efflux pumps, PBPs or
L,D-transpeptidases as a mechanism explaining B-lactam potentiation by 2-Al compounds. In fact, 2B8
induced rv1218c and rv1258c, previously shown to be specifically involved in -lactam resistance [28,
64], as well as other efflux pumps associated with resistance to bedaquiline and clofazimine (mmpL5)
[65]. Nevertheless, it cannot be excluded that 2-Al compounds have an indirect effect on -lactam efflux
pumps, via alteration of mycobacterial bioenergetics as discussed above. Finally, as suggested by lower
expression levels for mur genes, 2B8 could potentially be reducing the amount of uncrosslinked
peptidoglycan precursors, the substrates for PBPs and L,D-transpeptidases. Ultimately, in the face of
dwindling amounts of peptidoglycan precursors, PBPs and L,D-transpeptidase inhibition by R-lactams
would have additive catastrophic effects.

Taken together, the data suggests that 2-Al compounds potentiate R-lactams by affecting M.
tuberculosis cell envelope integrity and R-lactamase secretion. This former effect serves to permeabilize
the normally impenetrable cell wall, allowing increased antibiotic access. This effect, however, is distinct
from non-specific membrane disruption that occurs by treatment by detergents like SDS that operate via
rapid physical disruption of the membrane. Evidently, a limitation in this study was the high
concentration of 2-Al compounds required for most of the assays. As the concentrations required to
achieve activity preclude evaluating activity in vivo, we are currently augmenting compound activity to be

active against M. tuberculosis at lower concentrations through medicinal chemistry. Identified compounds
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with higher efficacy will be used in experiments to directly identify the target of these compounds as well

as studies to validate activity against M. tuberculosis.
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CHAPTER FOUR

Collapse of PMF and ETC blockage in mycobacteria by 2-aminoimidazoles

This chapter covers the investigation into the unifying mechanism that could potentially explain
defects in both cell envelope lipid export and protein secretion of M. tuberculosis with 2-Al compounds
treatment. We focused on the fact that both processes require proton motive force generated through
membrane bioenergetics culminating in ATP synthesis. Thus, we evaluated if 2-Al compounds affect
proton motive force and other relevant parameters related to membrane bioenergetics. Herein, it is
reported that 2B8 effectively collapsed both components of proton motive force, Ay and ApH. In addition,
we showed that 2B8 blocks mycobacterial ETC, resulting in perturbation of bioenergetics homeostasis.
Not only do these findings support the mechanism of [3-lactam potentiation, but also provide the
foundation to further develop 2-Al compounds targeting bacterial bioenergetics, a highly pursued area of

research for new antimicrobial drug discovery.

4.1. Introduction

During the rapid phase of antibiotics discovery and development between 1950s and 1980s,
numerous drugs were developed to specifically target biosynthesis of bacterial DNA, RNA, proteins, and
cell wall [1]. One caveat of these early-developed drugs was that these antibiotics are not effective in
eliminating bacteria with low metabolic rates but rather were designed to target processes that dominate
in organisms involved in active division. Many of the clinically important bacterial infectious include
microbial populations that are metabolically quiescent such as non-replicating M. tuberculosis, which
contributes to the pathogenesis of persistent TB infections [2]. Therefore, interest in developing
antimicrobial drugs that specifically target quiescent bacteria is growing. Targeting bacterial cell
membrane and associated bioenergetics can be an effective approach to achieve such goals [3]. Indeed,

recently approved antibiotics such as daptomycin and telavancin for Staphylococcus aureus treatment
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demonstrate the effectiveness of disrupting functions of membrane-bound proteins involved in ETC
within cell membrane even in bacterial populations that are not rapidly dividing [4-6].

Targeting mycobacterial bioenergetics therapeutically is a highly promising yet recently emerging
field of research in terms of novel drug target discovery. The most recently developed anti-TB drug
approved by FDA is BDQ), targets the subunit ¢ of mycobacterial ATP synthase, which is essential for
both rapidly dividing and non-replicating bacilli [7]. Additionally, there are multiple drug candidates that
target bioenergetics specifically such as clofazimine, nitroimidazoles, and aminoalkoxydiphenylmethane,
IPA derivatives (Q203) intended for TB therapy, which are in the discovery phase or in clinical trials [8-
11]. Clofazimine induces membrane depolarization and reactive oxygen species release and
nitroimidazoles exert anti-TB effects through a complex mode of action involving nitric oxide release and
intracellular ATP depletion [12, 13]. Ro 48-8071, an aminoalkoxydiphenylmethane derivative, inhibits
menaquinone biosynthesis resulting in ETC blockage [10]. The value of such antimicrobial agents
targeting membrane bioenergetics stems from the essentiality of proper membrane function in both
metabolically active and inactive bacteria needed to generate proton motive force required for numerous
biological processes like protein secretion and macromolecules transport across the membrane.

From previous studies described in chapter 3, we observed two key findings linking
mycobacterial bioenergetics as a possible mechanism of action of 2-Al compounds. Treatment with 2-Al
compounds resulted in: 1) TMM accumulation with a concomitant decrease of TDM as determined by
metabolic labeling experiments and 2) generalized decrease of protein secretion into the M. tuberculosis
CFP. TMM biosynthesis takes place at the cytoplasmic side of the cell membrane and translocated across
the cell membrane by Mmpl3 [14, 15]. Being a RND family protein, Mmpl3 requires sustained proton
gradient to properly function [14, 16, 17]. On a similar note, protein secretion across the cell membrane
also requires ATP generated through proton motive force [18]. Thus, we posited that 2-Al compounds
may be affecting mycobacterial membrane bioenergetics, leading to a collapse of the proton motive force,

thus compromising lipid and protein exports across the cell membrane.
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In this study, we evaluated multiple parameters of mycobacterial bioenergetics in the presence of
2-Al compounds with the idea that this approach could provide us with a unifying mechanism underlying

R-lactam potentiation and further elucidation of 2-Al compounds’ target in M. tuberculosis.

4.2. Materials and methods

4.2.1. Bacterial strains, media, and culture conditions

Stock cultures of BSL1 strain M. smegmatis mc2155 and BSL2 strain M. tuberculosis H37Rv mc?
6206 were frozen in glycerol stock media (50% v/v glycerol, 7H9, ADC, Tween 80) at -80°C prior to use.
For propagation of initial culture for M. smegmatis, frozen stocks were thawed and sub-cultured in
Middlebrook 7H9 media with OADC (0.005% oleic acid, 0.5% bovine serum albumin fraction V, 0.2%
dextrose, 0.0003% catalase), 0.2% glycerol, and 0.05% Tween 80. For assays, cultures in logarithmic
phase were centrifuged (x1,700g) and resuspended in 7H9 media supplemented with 0.2% dextrose and
glycerol. 7H9 and OADC were purchased from BD. Glycerol, dextrose and Tween 80 were purchased
from Sigma-Aldrich. For experiments using the M. tuberculosis H37Rv mc? 6206, bacteria was grown as

previously described in Chapter 3.

4.2.2. Kinetic measurement of alamarBlue® reduction

M. smegmatis and M. tuberculosis were cultured to an ODsgo 0f 0.5 in 7H9 media supplemented
with 0.2% dextrose (for M. tuberculosis, 0.005% L-leucine, 0.2% casamino acid, 0.0048% D-
panthothenic acid, and 0.0025% kanamycin were added as described in chapter 3). After being adjusted to
specific ODs (0.4 for M. smegmatis, 1.0 for M. tuberculosis), a total of 100 uL for each culture was
distributed to clear-bottomed black-walled 96-well cell culture plate (Corning, USA). Cultures were
treated with DMSO, 2B8, RA13 (7.825 to 250 uM), 15 uM CCCP (Sigma-Aldrich, USA), 18 uM BDQ
(BOC Sciences, Shirley, NY, USA), or 80 uM TRZ (Sigma-Aldrich). Immediately after treatment, 10 pL
of alamarBlue® reagent was added to all wells. Using Biotek Synergy 2 multi-mode plate reader (Biotek,
Winooski, VT, USA), fluorescence was measured with 530ex/590en filter. For M. smegmatis, signal was
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measured for 40 min every 20 min and for M. tuberculosis, signal was measured for 150 min every 10

min.

4.2.3. Determination of Ay by DiSCs3(5)

Determination of M. smegmatis Ay with 2-Al treatment was done using a membrane potential
sensitive fluorescent probe 3,3’-dipropylthiodicarbocyanine (DiSCs(5), Life Technologies, Carlsbad, CA,
USA) as previously described with some modifications [16, 19]. M. smegmatis was cultured to an ODsggo
of 0.5 in 7H9 media with 0.2% dextrose and glycerol. On the day of the experiment, culture was diluted
to ODegoo Of 0.3. Prior to the assay, 10 mM dextrose and 1 uM nigericin (Sigma-Aldrich, USA) were
additionally added to the culture. Total of 100 uL culture was distributed to clear-bottomed, black-walled
96-well cell culture plate (Corning, USA). After addition of 5 uM DiSC;(5), fluorescence quenching due
to bacterial uptake was monitored by fluorescence at 600ex/680em, 30°C in a Biotek Synergy HT multi-
mode plate reader (Biotek). Once fluorescence was quenched, DMSO or different concentrations of 2-Al
compounds (2B8 and RA13, 31.25 to 125 uM), 15 uM CCCP, 18 uM BDQ, and 80 uM TRZ were added.
Depolarization of the membrane potential was determined by continuously monitoring fluorescence

reversal due to bacterial release of the dye.

4.2.4. Generation of inverted membrane vesicles

Preparation of inverted membrane vesicles (IMVs) from M. smegmatis cells was done following
the method previously described with some modifications [20]. In brief, net weight of 5 g of M.
smegmatis cells were resuspended in 50 mM MOPS buffer (pH 7.5) with 2 mM MgCl, (Sigma-Aldrich,
USA) and protease inhibitor cocktail (Roche, Basel, Switzerland). Suspension was stirred for 1 h at room
temperature with 1.2 mg/mL lysozyme (Sigma-Aldrich, USA). Subsequently, 0.2 mg/mL DNase |
(Sigma-Aldrich, USA) was added and MgCl, was further added to achieve final concentration of 15 mM.
Cells were subjected to lysis by passing through a pre-chilled FrenchPress at 20,000 psi (Thermo Electron,

Waltham, MA, USA) for six times on ice. Lysate was initially centrifuged at 3,000xg for 30 min to
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remove unbroken cells, then the supernatant was further centrifuged at 27,000xg for 30 min to remove
cell wall. Again, the supernatant was collected and centrifuged at 100,000xg using an ultracentrifuge
(Beckman Coulter, Brea, CA, USA) for 1 h to finally harvest membrane vesicles. IMVs were resuspended
in 50 mM MOPS buffer (pH 7.5, 2 mM MgCl,) and protein concentration was measured by Pierce BCA
protein assay (Thermo Scientific, Waltham, MA, USA). Glycerol was added up to a final concentration of

10% and aliquots of IMVs were stored in -80°C until further use.

4.2.5. Determination of ApH with IMVs

Translocation of protons into M. smegmatis IMVs was determined as previously described, but
using the pH-sensitive fluorescent dye 9-amino-6-chloro-2-methoxyacridine (ACMA, Life Technologies,
USA) instead of acridine orange [21]. The assay buffer contained 10 mM HEPES (pH 7.5), 100 mM KCl,
5 mM MgCl; (Sigma-Aldrich, USA). In a clear-bottomed, black-walled 96-well cell culture plate,
(Corning, USA), a total of 0.1125 mg/mL IMVs were pre-incubated with 2 uM ACMA at 37°C for 30
minutes and baseline 410../480.m fluorescence was measured using a Biotek Synergy HT multi-mode
plate reader (Biotek, USA). Quenching of ACMA fluorescence was initiated by adding 5 mM NADH.
When ACMA fluorescence quenching was saturated, IMV's were treated with DMSO or different
concentrations of 2-Al compounds (2B8 and RA13, 31.25 to 125 uM), 15 uM CCCP, 18 uM BDQ, 80

UM TRZ, and 10 puM nigericin. Reversal of fluorescence was measured for an additional 4 minutes.

4.2.6. Real-time measurement of oxygen consumption rate by high-resolution respirometry

Oxygen consumption of M. smegmatis in the presence of 2-Al compounds and other drugs were

monitored in real-time using Oroboros Oxygraph-2k (http://www.oroboros.at, Oroboros Instruments,

Innsbruck, Austria). Oxygen consumption rates (OCR) were directly obtained through Datlab4 software
(Oroboros Instruments). Mid-log phase M. smegmatis or M. tuberculosis cultures were adjusted to an
ODeoo of 0.5 as described above in 7H9 media with 0.2% dextrose and glycerol. Either media with BSA

or without BSA were used. For experiments using media with BSA, media was supplemented further with

153


http://www.oroboros.at/

0.5% fatty acid-free BSA (Sigma-Aldrich). The chambers of Oroboros Oxygraph-2k, were filled with 2.5
mL of media and interior oxygen level (nmol/mL) and OCR (pmol/sxmL) were measured and calibrated
without any bacteria. Using a Hamilton Microliter Syringes (Hamilton Company, Reno, NV, USA), 100
uL (M. smegmatis) or 400 puL (M. tuberculosis) culture was injected into the chambers. The initial base
line OCR level with non-treated bacteria was recorded and equilibrated. Subsequently, 2-Al compounds,
CCCP, BDQ, or TRZ were injected as indicated in each experiment while OCR was continuously

measured in real-time and normalized to approximate CFUs.

4.2.7. Determination of 2-Al compounds MICs against mycobacteria with or without BSA

M. smegmatis and M. tuberculosis H37Rv mc? 6206 were cultured to an ODggo 0f 0.5 7H9 media
with OADC supplement as described above. Cultures ware washed with sterile PBS and diluted 1:20 the
original OD in 7H9 media supplemented with 0.2% dextrose and glycerol with or without 0.5% fatty acid
free-BSA. Total of 200 uL cultures was distributed in 96-well cell culture plate per wells (Corning).
Different concentrations of 2-Al compounds (2B8 and RA13, 3.91 uM to 1 mM) were added to cultures
and incubated at 37°C stationary for 48 h (M. smegmatis) or 5 days (M. tuberculosis). Total of 20 uL
alamarBlue® (Life Technologies) was added to each well and incubated for additional 6 h (M. smegmatis)
or two days (M. tuberculosis). Color reduction of alamarBlue® reagent to violet or purple was recorded as
growth. MIC was determined as the lowest concentration of 2-Al compounds that prevented color

reduction of alamarBlue®.

4.2.8. Quantification of intracellular ATP

M. tuberculosis was cultured to an ODsggo Of 0.5 and treated with DMSO, three concentrations of
2B8 and RA13 (31.25, 62.5, and 125 uM), 15 pM CCCP, 18 puM BDQ, 80 uM TRZ. Treated cultures
were incubated at 37°C, for 2 or 24 h under agitation. Thereafter, cultures were centrifuged (x 1,700g),
washed one time with sterile PBS, and reconstituted in 500 pL PBS. Reconstituted bacterial cells were

transferred to screw-cap 2 mL microtubes (Fisher Scientific, Waltham, MA, USA) with 100 um Zirconia
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beads (Biospec, Bartlesville, OK, USA). Cells were lysed by bead-beating six times for 30 sec and
cooling on ice for one min in between. Samples were briefly centrifuged and a total of 100 pL of
supernatant was transferred to clear-bottomed white-walled 96-well cell culture plate (Corning, USA).
ATP concentration was quantified using BacTiter-Glo™ Microbial Cell Viability Assay (Promega,
Madison, WI, USA) as previously described following the manufacturer’s instruction with some
modifications [22]. Briefly, equal volume of sample and BacTiter-Glo™ reagent were mixed. After
shaking the plate at RT for 5 min, luminescence at 550 nm was recorded using Biotek Synergy 2 multi-
mode plate reader. Before bead-beating, a portion of cultures were also plated on 7H11 agar (BD, USA)

for CFU enumeration. Data were represented as relative luminescence units (RLUs)/viable CFUs.

4.2.9. ETC activity assay with IMVs

The ETC activity was measured as previously described with minor modifications [23]. Briefly, 5
uL of 0.1125 mg/mL M. smegmatis IMV's were distributed to a clear-bottomed, transparent 96-well cell
culture plate (Corning, USA) and a total of 20 pL 10 mM HEPES (pH 7.5) buffer were added.
Subsequently, 25 uL of 4 mM 2-(p-idophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride (INT,
Sigma-Aldrich) were added to each well. Drug treatments were made by adding DMSO, four
concentrations of 2B8 (62.5 pM to 125 M), 125 pM RA13, 15 pM CCCP, 18 pM BDQ, 80 uM TRZ,
and 5 mM potassium cyanide (KCN, Signa-Aldrich). A total of 75 pL PBS substrate solution containing
0.2 % Triton X-100 (Sigma-Aldrich, USA) with 1 mM NADH or 130 mM sodium succinate (Sigma-
Aldrich, USA) or both was added to wells and the 490 nm absorbance was immediately monitored at
37°C for 10 minutes using SpectraMax M series multi-mode plate reader (Molecular Devices, Sunnyvale,

CA, USA).

4.2.10. Determination of NADH/NAD® ratio

NADH/NAD" ratio after 2-Al compounds treatment was determined as previously described with

minor modifications [24]. M. tuberculosis H37Rv mc? 6206 was cultured to an ODsgo 0f 0.5. For 1 mL of
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culture, three different concentrations of 2B8 or RA13 (31.25, 62.5, 125 uM), 15 uM CCCP, 18 uM BDQ,
80 uM TRZ were added. After treatment for 2 or 24 h at 37°C, cultures were split into two 500 pL
aliquots (for separate extraction of NADH and NAD*). Aliquots were centrifuged (x 1,700g) and media
were removed. A total of 300 pL of 0.2 M HCI (for NAD* extraction) or 0.2 M NaOH (for NADH
extraction) was added and placed in 55°C water bath for 10 min, followed by immediate cooling on ice.
After cooling, sample pH was neutralized with 300 uL 0.1 M NaOH (for NAD* extraction) or 0.1 M HCI
(for NADH extraction), respectively. After a brief centrifugation step to remove precipitates, 50 pL of
supernatant was transferred to a clear-bottomed 96-well cell culture plate (Corning, USA). NADH or
NAD* was quantified using the NADH/ NAD* quantification kit from Sigma-Aldrich per the
manufacturer’s instructions. Briefly, NAD* cycling enzyme mix (100 pL total volume) was added to 50
uL samples and incubated for 5 min at RT, under constant shaking to convert NAD* to NADH. Then 10
pL of NADH developer was added to each well and incubated at RT for 1 to 2 h until color development.
End point absorbance (450 nm) was measured using a Biotek Synergy multi-mode plate reader (Biotek,

USA) and the NADH/NAD" ratio was calculated.

4.2.11. Determination of NADH oxidation by IMVs

NADH oxidation was measured using fluorescence at 480 nm when excited at 340 nm as
previously described [25]. M. smegmatis IMVs at 0.1125 mg/mL were resuspended in 10 mM HEPES
(pH 7.5), 100 mM KCI, 5 mM MgCI2 (Sigma-Aldrich, USA) and 10 mM NADH. A total of 100 pL
aliquots were distributed in a clear-bottomed, black-walled 96-well cell culture plate (Corning, USA)
containing DMSQO, four concentrations of 2B8 (62.5 uM to 125 pM), 125 uM RA13, 15 uM CCCP, 18
UM BDQ, 80 uM TRZ, or 5 mM KCN. Thereafter, the fluorescence (340ex/480em) Was monitored using a

Biotek Synergy HT multi-mode plate reader (Biotek, USA) at 37°C for 9 minutes.
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4.2.12. Rescue of NADH oxidation block with clofazimine

NADH oxidation assay were set up as described above. M. smegmatis IMVs were incubated with
10 mM NADH in the presence of 125 pM 2B8, 80 uM TRZ or 5 mM KCN and NADH oxidation was
monitored for 2 min. Thereafter, to determine if clofazimine (CFZ, Sigma-Aldrich, USA) could rescue the
block of NADH oxidation by acting as an alternative electron acceptor for NDH-2 [26], 42 uM CFZ or
DMSO was added and NADH oxidation was monitored for additional 10 minutes. CFZ or DMSO

addition followed by monitoring its effect on NADH oxidation was repeated one more time.

4.2.13. B-lactam potentiation assay with bioenergetics-affecting drugs

MICs of CCCP, BDQ, TRZ, valinomycin, and nigericin against M. tuberculosis H37Rv mc? 6206
was determined by a broth microdilution method as previously described in Chapter 2. Determination of
carbenicillin and meropenem MICs against mycobacteria with or without bioenergetics-affecting drugs at
their 50% MIC was carried out by using a broth microdilution method with alamarBlue® (Invitrogen,
Carlsbad, CA, USA). Briefly, carbenicillin and meropenem were serially two-fold diluted in 7H9 media
starting from the following concentrations: 1024 mg/L carbenicillin and 16 mg/L meropenem. M.
tuberculosis H37Rv mc? 6206 was grown in 7H9 media to an ODsoo 0f 0.4 to 0.6 and further diluted 1:20
to be inoculated to wells containing B-lactams. CCCP 10 uM, BDQ 0.063 pM, TRZ 31.25 uM,
valinomycin 7.83 uM (Sigma-Aldrich), and nigericin 7.83 uM (Sigma-Aldrich) were added and plates
were incubated under stationary conditions at 37°C. After 5 days, 20 pL alamarBlue® was added to each
well and incubated for an additional 48 h. Bacterial growth in each well was recorded where blue color
was scored as no growth and purple to pink color was scored as growth. Finally, the lowest drug
concentration that prevented color change from blue to purple or pink was determined as the MICs and
MICs of R-lactams alone was divided by MICs of -lactams combined with drugs to calculate fold-

reduction of MIC resulting from drug treatment.
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4.2.14. Statistical analysis

Statistical analyses were carried out using one way ANOV A with Tukey’s post hoc test using
Graphpad Prism 5 (GraphPad Software, La Jolla, CA, USA). P values less than 0.05 were considered

significant.

4.3. Results

4.3.1. 2B8 alters mycobacterial redox potential

We initially evaluated reduction of alamarBlue® in the presence of 2-Al compound to evaluate
mycobacterial redox potential [27]. Fluorescence was monitored to detect an increase of the reduced form
of this reagent. In M. smegmatis, while 2B8 31.25 uM and RA13 125 yuM treatment did not produce any
difference in alamarBlue® reduction, 2B8 62.5 and 125 uM resulted in significant inhibition of
alamarBlue® reduction. Among additionally tested drugs, CCCP 15 pM and TRZ 80 uM also inhibited
alamarBlue® reduction (Figure 4.1A). TRZ 80 uM treatment was the most potent drug in inhibiting
alamarBlue® reduction in both M. smegmatis and M. tuberculosis. A similar trend was observed in M.
tuberculosis, but interestingly, 2B8 62.5 pM did not inhibit alamarBlue® reduction significantly in M.
tuberculosis in contrast to the result in M. smegmatis. The rest of treatments yielded similar observations

(Figure 4.1B). Taken together, these results suggest that 2B8 alters redox potential of mycobacteria.

158



B M. tuberculosis

A M.smegmatis © Control
2500007 ¥ 2B831.25uM 3000004
4 2B862.5uM
- 2B8 125 uM *x

2000004
4 RA13125uM

A Ccccp15uM
¥ BDQ 18 uM
© TRz80 M

2000004
150000

100000

BX 5
100000 DOPYY

RFUS (530¢x/590¢ m)
RFUS (530 /5906 m)

50000 A

OOV
vvvvvv

T T T T .

0 20 40 60 80 0+ T T T T T T T T T T

Time (Minutes) 0 60 120 180 240 300 360 420 480 540 600
Time treated

Figure 4.1. 2B8 inhibits alamarblue® reduction by mycobacteria. M. smegmatis and M. tuberculosis
cultures were treated with 2-Al compounds or known drugs that affect mycobacterial bioenergetics, while
being monitored for alamarblue® reduction immediately following treatment. A) After 80 min, 62.5 and
125 pM 2B8, 15 pM CCCP, and 80 pM TRZ inhibited alamarblue® reduction by M. smegmatis.
However, 125 uM RA13 and 10 mg/L BDQ did not. B) For M. tuberculosis, 125 uM 2B8, 15 uM CCCP
and 80 uM TRZ inhibited alamarblue® reduction. Unlike the case with M. smegmatis, 62.5 pM 2B8 did
not inhibit alamarblue® reduction significantly. Consistent with data in M. smegmatis, 125 uM RA13 and
18 uM BDQ, did not inhibit alamarblue® reduction by M. tuberculosis. Experiments were repeated three
separate times and representative data are shown. * p<0.05, ** p<0.01, *** p<0.001 by ANOVA.

4.3.2. 2B8 depolarizes mycobacterial membrane potential

Based on our previous findings of 2B8 inhibiting M. tuberculosis cell wall lipid export and
protein secretion described in Chapter 3, we reasoned that 2B8 collapses proton motive force required for
such cellular processes. Proton motive force is collectively established by two parameters; Ay and ApH
[28]. We first evaluated membrane potential of intact M. smegmatis with 2-Al compound treatment using
a membrane potential-sensitive dye, DiSCs3(5). All three concentration tested for 2B8 (31.25 to 125 uM)
resulted in immediate depolarization of the membrane upon treatment (Figure 4.2A). Treatment with 5
1M valinomycin and 15 pM CCCP also resulted in abrupt membrane depolarization similar with 2B8
treatments, whereas 80 UM TRZ treatment resulted in gradual and intermediate reversal of fluorescence
(Figure 4.2B). However, 125 uM RA13 (Figure 4.2A) and 18 uM BDQ (Figure 4.2B) did not depolarize
membranes. Taken together, this result suggests that 2B8 acutely depolarizes mycobacterial membrane

potential.
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Figure 4.2. 2B8 depolarizes M. smegmatis membrane potential. Depolarization of M. smegmatis cell
membrane potential by 2-Al compounds was evaluated using the fluorescent dye DiSCs(5). After
DiSC5(5) was quenched within M. smegmatis due to dye uptake, bacteria were treated with different
compounds and monitored for fluorescence reversal. Treatment with 31.25, 62.5 and 125 uM 2B8 (A), 5
UM valinomycin, and 15 pM CCCP (B) abruptly reversed the quenching of fluorescence by M.
smegmatis. In contrast, fluorescence reversal was gradual when M. smegmatis was treated with 80 pM
TRZ (B) and non-significant with 125 pM RA13 treatment (A) or 18 uM BDQ (B). Experiments were
repeated three separate times and representative data are shown. *** p<0.001.

4.3.4. 2B8 collapses ApH of M. smegmatis IMVs

Next we evaluated the remaining component of proton motive force, ApH, using a pH gradient
sensitive dye ACMA with M. smegmatis IMVs. All three concentrations of 2B8 tested (31.25 to 125 pM)
and 125 pM RA13 resulted in significant fluorescence reversal indicating the collapse of ApH, while
lower concentrations of RA13 failed to induce dramatic reversal (Figure 4.3A). All other drugs tested
including 15 uM CCCP, 18 uM BDQ, 80 uM TRZ, and 10 pM nigericin demonstrated ApH collapse
indicated by the fluorescence reversal. Collectively with dissipation of Ay, this result shows that 2B8

collapses proton motive force in mycobacteria.
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Figure 4.3. 2B8 collapses ApH in mycobacterial IMVs. Collapse of ApH in M. smegmatis IMVs was
evaluated using the fluorescent dye ACMA. ACMA fluorescence was quenched by IMV:s after addition
of NADH (arrow), followed by fluorescence reversal upon addition of different compounds (dotted line).
Fluorescence reversals with 62.5 and 125 uM 2B8 (A), 10 uM nigericin, and 80 uM TRZ (B) were more
dramatic and immediate compared to the gradual and less prominent reversals observed with 31.25 uM
2B8, all tested concentrations of RA13 (A), and 15 uM CCCP (B). Experiments were repeated three
separate times and representative data are shown. *** p<0.001.

4.3.5. 2B8 uncouples mycobacterial oxidative phosphorylation

In normoxic energized bacterial membranes, the electrons passing through the ETC react with the
final electron acceptor O, to generate water. In this process, a proton gradient is formed and this drives
ATP synthesis from ADP, hence the term oxidative phosphorylation. In essence, oxygen consumption is
coupled with ATP synthesis. Increase in oxygen consumption that does not lead to ATP synthesis is
therefore referred to as uncoupling effect [29]. Drug such as CCCP is a classical uncoupler because it
collapses proton motive force by shuttling protons from outside to inside of the cell membrane[30]. As a
result, the ETC is driven without being able to generate ATP and leads to a dramatic increase of oxygen
consumption. Knowing 2B8 collapsed proton motive force of mycobacterial membrane, we hypothesized
that 2B8 may act similarly with CCCP as an uncoupler. Thus, we evaluated changes in mycobacterial
OCR as it was being treated with increasing concentrations of 2B8.

Typically, 7H9 medium used for growing M. tuberculosis is supplemented by OADC which has

0.5% bovine serum albumin (BSA). Previously, BSA was reported to strongly bind small molecules such
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as CCCP, aspirin, and ibuprofen thus reduce their biological activities [31-33]. When we determined the
changes in OCR in M. smegmatis in response to 2B8 treatment, a striking difference was observed
between the presence and the absence of BSA in the media (Figure 4.4). The presence of BSA affected
the outcome of mycobacterial respiration in response to both 2B8 and CCCP. While 70 uM 2B8 and 15
HM CCCP continued to increase OCR in the presence of BSA, the increase of OCR was observed at
much lower concentrations and 70 pM 2B8 and 15 uM CCCP resulted in subsequent decrease in OCR.
Additionally, we observed higher MICs for 2B8 against M. smegmatis and M. tuberculosis when BSA
was present in the media (Table 4.1). This result suggested that BSA might be also binding to 2-Al
compounds thereby sequestering them from being available to act against the bacteria. Due to this
observation, OADC was omitted from the media for subsequent OCR assays and only supplemented with

0.2% dextrose and glycerol.

2004 2B8 70 uM treatment CCCP 15 uM treatment
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Figure 4.4. Presence of BSA determines the outcome of 2B8 and CCCP-mediated changes in M.
smegmatis respiration. Changes in M. smegmatis OCR were determined after adding 2B8 or CCCP in
the presence or absence of BSA. In the presence of BSA, 70 pM 2B8 or 15 pM CCCP had an uncoupling
effect as evidenced by increased M. smegmatis OCR. In contrast, M. smegmatis OCR was significantly
inhibited when these compounds were tested in the absence of BSA. Experiments were repeated three
separate times and all data were pooled together for analysis. *** p<0.001 by ANOVA.
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Table 4.1. MICs of 2-Al compounds against M. smegmatis and M. tuberculosis in the presence or the
absence of BSA.

M. tuberculosis H37Rv mc? 6020 M. smegmatis
+0.5% BSA No BSA +0.5% BSA No BSA
2B8 250-500 250 125-250 62.5
RA13 > 1000 > 1000 > 1000 > 1000

All MIC values are presented as uM.

After addressing the problem with BSA, we continued to assess if 2B8 increases oxygen
consumption in mycobacteria. In M. smegmatis, 2B8 increased OCR in a dose-dependent manner until 20
UM. Additional 2B8 treatment resulted in gradual decrease of oxygen consumption and even reached
below the starting baseline level prior to any 2B8 treatment (Figure 4.5). In contrast, RA13 did not exhibit
any noticeable increase or decrease of OCR compared to 2B8. A similar trend was observed in M.
tuberculosis, albeit requiring more than 62.5 UM 2B8 to reach the maximum uncoupling effect before the
decrease of oxygen consumption begins (Figure 4.6A). Again, RA13 induced minimal changes in OCR in
M. tuberculosis (Figure 4.6B). Both CCCP and BDQ also showed similar pattern with 2B8 as they
increase oxygen consumption at lower concentrations and started to decrease oxygen consumption at
higher concentrations (Figure 4.6C and 4.6D). TRZ also increased oxygen consumption, but did not
decrease oxygen consumption as other drugs did (Figure 4.6E). In sum, 2B8 increases oxygen
consumption at lower concentrations until 62.5 uM where it reaches maximum level of uncoupling, then
decreases oxygen consumption. This result suggested that at higher concentrations, 2B8 could also be

affecting the ETC.
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Figure 4.5. 2B8 increases M. smegmatis respiration at low concentration. M. smegmatis OCR was
monitored using high-resolution respirometry. 2B8 or RA13 were added to M. smegmatis at 5 pM
increments up to 90 tM. Addition of 2B8 (blue dots) significantly increased OCR and the effect reached
its maximum level at 20 uM. Thereafter, further addition of 2B8 drastically inhibited M. smegmatis
respiration, becoming almost undetectable at 90 uM. In contrast, RA13 did not significantly increase or
decrease M. smegmatis respiration. Experiments were repeated three separate times and replicates were
pooled together for analysis. Statistical significance is shown comparing 2B8 and RA13 at the same
concentrations. Experiments were repeated twice and representative data are shown. *** p<0.001.
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Figure 4.6. 2B8 increases M. tuberculosis respiration at low concentrations. Oxygen consumption of
M. tuberculosis mc? 6206 strain was monitored in real-time using high-resolution respirometry. The OCR
at steady state without any treatments was measured and calibrated, then changes after treatments were
shown as fold-increase compared to the steady state without any treatment. A) 2B8 steadily increased
OCR until the total concentration reached 93.75 uM. Further addition of 2B8 decreased OCR thereafter.
B) RA13 induced minimal changes in OCR, showing only small increase at 125 uM total concentration
compared to that of 2B8. C) CCCP dramatically increased OCR at 0.5 and 1 uM then rapidly decreased
OCR with higher doses. D) BDQ also dramatically increased OCR until 90 uM and decreased thereafter
but maintained elevated OCR unlike CCCP which reverted back to its steady state. E) TRZ also increased
OCR until 60 uM and maintained the maximum increased oxygen consumption level upon further
addition. Experiments were repeated three different times and all biological replicates were analyzed
together. * p<0.05, ** p<0.01, *** p<0.001 by ANOVA.

4.3.6. 2B8 prevents CCCP from further increase of oxygen consumption

To evaluate if 2B8 could be also affecting the ETC, we performed an experiment in which bacilli
were initially treated with 2B8 at low concentration to induce sub-maximal or maximal OCR increase.
Thereafter, CCCP was added at small increments to induce further stimulation of bacterial respiration,

unless the ETC activity was being blocked by 2B8. M. tuberculosis was treated with 39.06 uM and 46.88
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UM, concentrations that induce sub-maximal level of oxygen consumption increase, and with 54.69 uM
which was approximately the concentration inducing maximal level of OCR. With sub-maximal 2B8 pre-
treatment (39.06 and 46.88 uM), 0.5 u CCCP was able to additionally increase oxygen consumption.
However, pre-treatment with 54.69 M 2B8 prevented CCCP from stimulating additional oxygen
consumption increase (Figure 4.7). Since the increase of oxygen consumption requires constant flow of

electrons through ETC, this result suggests that 2B8 may be blocking the ETC.

© 39.06 M
Ml 46.88 uM
- 54.69 uM

Fold increase in oxygen consumption rate

Figure 4.7. 2B8 prevents CCCP from increasing OCR further. M. tuberculosis was treated with three
concentrations of 2B8 (39.0625, 46.8750, and 54.6875 LM) prior to addition of CCCP. At all three
concentrations, 2B8 increased oxygen consumption. However, pre-treatment with 39.0625 uM and
46.8750 uM 2B8 resulted in a significant increase of OCR with 0.5 uM CCCP whereas pre-treatment of
54.6875 uM did not allow CCCP to increase OCR any higher. Experiments were repeated three different
times and all biological replicates were analyzed together.

4.3.7. 2B8 depletes intracellular ATP levels in M. tuberculosis

Acting as an uncoupling agent is generally confirmed by fulfilment of three criteria: 1) collapse

of proton motive force, 2) increase in oxygen consumption, and 3) decrease in ATP synthesis [29]. We
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demonstrated that 2B8 collapsed proton motive force and also increase OCR. Thus, to conclude that 2B8
acts as an uncoupler at low concentrations, we evaluated intracellular ATP levels in 2B8 treated M.
tuberculosis. After 2 h treatment, 2B8 did not affect M. tuberculosis intracellular ATP levels significantly
(Figure 4.8A). However, ATP levels decreased after 24 h of 2B8 treatments in a dose dependent manner
(Figure 4.8B). In contrast, RA13 did not change ATP levels at both time points. 18 BDQ and 80 pM TRZ
reduced ATP levels consistently through both time points. This result indicates that 2B8 depletes
intracellular ATP levels in M. tuberculosis and confirms that 2B8 act as an uncoupler at low

concentrations (31.25 to 62.5 pM).
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Figure 4.8. 2B8 reduces M. tuberculosis intracellular ATP levels. After treating M. tuberculosis with
2-Al compounds for 2 (A) and 24 (B) h, intracellular ATP was quantified by RLUs. Number of CFUs
was also determined in parallel and data normalized to RLUs/CFUs. A) After 2 h treatment, only BDQ
and TRZ significantly reduced M. tuberculosis intracellular ATP levels. B) After 24 h of treatment, 15
HM CCCP, 62.5 and 125 uM 2B8 significantly reduced intracellular ATP, while RA13 had no effect.
BDQ and TRZ continued to show significant reduction in ATP levels at 24 h. Experiments were repeated
three separate times and all replicates were pooled together for analysis. ** p<0.01, *** p<0.001 by
ANOVA.
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4.3.8. 2B8 blocks ETC in M. smegmatis IMVs

Several results obtained in the above assays suggested that 2B8 might hinder proper electron
transfer in the ETC. First of all, at concentrations higher than 62.5 uM, 2B8 decreased OCR and
prevented CCCP from further increasing it additionally. Second, 2B8 treatment led to decrease of ATP
generation which is the end product of proton motive force established by ETC. Therefore, we directly
evaluated ETC activity in M. smegmatis IMVs in the presence of 2B8.

The ETC was initiated by providing NADH, succinate or combination of both. When the ETC
was initiated with a combination of NADH and succinate, 78.125 to 125 uM 2B8, 125 uM RA13, and 80
UM TRZ inhibited its activity (Figure 4.9A). Since INT is reduced prior to cytochrome ¢ oxidase [34],
treating with KCN did not result in the inhibit INT reduction. As expected, 80 uM TRZ (a NDH-2
inhibitor) potently inhibited ETC activity that was initiated with NADH only (Figure 4.9B), but not when
succinate was used (Figure 4.9C). In stark contrast, 78.125 to 125 uM 2B8 potently inhibited the ETC
activity when initiated by NADH (Figure 4.9B) or succinate (Figure 4.9C), or both (Figure 4.9A). Of all
the tested drugs, only 2B8 potently blocked ETC activity consistently in the presence of succinate only. In

sum, 2B8 blocks ETC initiated by both NADH and succinate.
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Figure 4.9. 2B8 blocks ETC activity in mycobacterial IMVs. The ETC of mycobacterial IMV's was
initiated with NADH and succinate (A), NADH only (B) or succinate only (C), and was evaluated by 490
nm absorbance measuring reduction of INT, an artificial electron acceptor. A) When the ETC was
activated by addition of both NADH and succinate, 78.125, 93.75, and 125 uM 2B8 significantly

inhibited INT reduction as well as TRZ 80 uM and RA13 125 uM albeit to a lesser extent. B) 2B8 78.125,
93.75, and 125 uM still significantly inhibited INT reduction when the ETC was activated by NADH only.
TRZ 80 uM and RA13 125 uM inhibited INT reduction as well. C) When the ETC was activated by
succinate only, TRZ 80 uM and RA13 125 uM did not inhibit INT reduction while 2B8 78.125, 93.75,
and 125 pM significantly inhibited the reduction. Experiments were repeated three separate times and
representative data are shown. * p<0.05, ** p<0.005, *** p<0.001.

4.3.9. 2B8 alters NADH/NAD™ ratio in M. tuberculosis

NDH-2 in M. tuberculosis has been shown to be a crucial electron donor for the mycobacterial
ETC. Moreover, proper function of NDH-2 and subsequent ETC was required to replenish the NAD™* pool
to maintain redox homeostasis [22]. With the blockage of ETC, we posited that this balance between
NADH and NAD* may be disrupted by 2B8. Indeed, the intracellular NADH/NAD? ratio was
significantly increased as early as 2 h after 31.25 to 125 uM 2B8 treatment (Figure 4.10A and 4.10B).
125 uM RA13 did not alter NADH/NAD+ ratio and 80 uM TRZ increased this ratio significantly as
expected. This result suggests that 2B8 disrupts the balance between NADH and NAD* by increasing the

amount of NADH compared to NAD".
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Figure 4.10. 2B8 alters M. tuberculosis NADH/NAD+ ratio. After a 2 (A) or 24 (B) h treatment with 2-
Al compounds, intracellular NADH and NAD* concentrations were determined and the NADH/NAD*
ratio was calculated. A) Treatment with 62.5 and 125 pM 2B8 for 2 h resulted in a significant increase of
the NADH/NAD? ratio. Treatment with BDQ and TRZ also increased the ratio significantly. In contrast,
125 pM RA13 did not significantly alter this ratio. B) After 24 h of treatment, 62.5 and 125 pM 2B8,
BDQ, and TRZ persistently resulted in a significantly elevated NADH/NAD+ ratio. However, RA13 and
CCCP were ineffective at changing NADH/NAD" ratio. Experiments were repeated three separate times
and all replicates were pooled for analysis. * p<0.05, ** p<0.01, *** p<0.001 by ANOVA.
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4.3.10. 2B8 blocks NADH oxidation

To directly test whether 2B8 increased the NADH/NAD ratio through inhibiting NADH
oxidation catalyzed by NADH dehydrogenases, we measured NADH decay by M. smegmatis IMVs in the
presence of 2B8. The monitoring of NADH oxidation is classically done by examining absorbance at 340
nm as NADH loses its absorbance at that wavelength when it is oxidized [25]. However, we observed
significant peak of 340 nm absorbance coming from 2B8, thereby preventing the accurate read out of
NADH oxidation. Therefore as an alternative, we measured NADH oxidation by monitoring fluorescence
at 340ex/480em since NADH fluoresces at 340ex/480em and loses its fluorescence as it is oxidized and 2B8
did not emit any fluorescence at 340./480.m. Consistent with the ETC activity assay results, 78.125 to
125 uM 2B8 significantly inhibited NADH oxidation (Figure 4.11). As expected, 80 UM TRZ and 5 mM
KCN also inhibited NADH oxidation (Figure 4.11), by inhibition of NDH-2 and accumulation of
reducing equivalents, respectively. Interestingly, 18 uM BDQ also delayed NADH oxidation compared to
DMSO control, but 125 uM RA13 did not have any effect while 15 pM CCCP even accelerated the rate
of NADH oxidation. This result demonstrates that 2B8 may be increasing NADH/NAD" ratio by

inhibiting NADH oxidation through complex I in ETC.
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Figure 4.11. 2B8 blocks NADH oxidation by mycobacterial IMVs. NADH oxidation by M. smegmatis
IMVs was evaluated by monitoring the rate of fluorescence decay at 340ex/480em. Treatment with 78.125,
93.725, and 125 uM 2B8, 5 mM KCN and 80 uM TRZ potently inhibited NADH oxidation. In contrast,
NADH oxidation was minimally inhibited by 62.5 uM 2B8 and 125 uM RA13, whereas 18 uM BDQ had
an intermediate inhibition. Also, 15 uM CCCP led to accelerated NADH oxidation compared to DMSO
control. Experiments were repeated three separate times and representative data are shown. * p<0.05, **
p<0.005, *** p<0.001.

4.3.11. NADH oxidation block by 2B8 can be rescued by CFZ

From the above assays, we obtained that 2B8 inhibited the ETC activity initiated by NADH and
also blocked NADH oxidation, suggesting it might be blocking NDH-2. However, 2B8 also blocked the
ETC activity initiated by succinate. Unless 2B8 simultaneously inhibited both complex I and I, the most
likely scenario is that 2B8’s effect of NADH oxidation block is indirect, perhaps due to build-up of
reducing equivalents as a consequence of inhibiting one of the downstream complex in the ETC. To
discriminate between these two possibilities, we set up an experiment to determine if NADH oxidation
could be rescued by CFZ. It was previously shown that in the presence of a reduced ETC (i.e. KCN
treatment), CFZ can act as an alternative electron acceptor in a NDH-2 catalyzed reaction that rescues
blocked NADH oxidation which was not the case with NADH oxidation block with a NDH-2 inhibitor,

TRZ [26]. Consistent with this previous findings, CFZ addition rescued KCN-induced NADH oxidation
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blockage (Figure 4.12A), but not in TRZ treated IMVs (Figure 4.12B). NADH oxidation inhibition by
2B8 was partially and transiently rescued compared to that of KCN (Figure 4.12C). This result indicates

that NADH oxidation inhibition by 2B8 is probably not through direct inhibition of mycobacterial NDH-2.
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Figure 4.12. CFZ partially rescues 2B8-induced blockage of NADH oxidation. NADH oxidation
rescue by reduction of CFZ was measured in M. smegmatis IMVs after they have been blocked with 5
mM KCN (A), 80 uM TRZ (B), or 125 pM 2B8 (C). Addition of 42 uM CFZ (dotted lines) was able to
rescue NADH oxidation by IMVs previously inhibited by KCN. CFZ did not affect TRZ-treated samples.
Addition of CFZ also rescued NADH oxidation blockage in 2B8-treated IMVSs, but partially compared to
the rescue of KCN-treated samples. Experiments were done three separate times and representative data
are shown. *** p<0.001 by ANOVA.

4.3.12. Bioenergetics-affecting drugs potentiate B-lactams, but to a lesser extent than 2B8

Lastly, we questioned if disrupting membrane bioenergetics is sufficient to reach the level of [3-
lactam potentiation achieved by 2B8. Multiple drugs with different mode of actions were used (at their
respective 50% MIC against M. tuberculosis) in combination with carbenicillin and meropenem against M.
tuberculosis. All tested drugs reduced -lactams MIC to some extent (Table 4.2), but not as dramatic as
2B8 (Table 2.1). Among the bioenergetics-targeting drugs, TRZ was the most effective potentiator of R-

lactam antibiotics, followed by CCCP.
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Table 4.2. Fold-reduction of #-lactam MICs against M. tuberculosis in combination with
bioenergetics-targeting drugs.

B-lactams MIC +CCep redFu(::Igon BDQ redFuoclt(:on +TRZ redFL?clgon nigeticin redFL?clgon valin;nycin redFu?:Igon
Carbenicillin 1000 125 8 250 4 62.5 16 250 4 500 2
Meropenem 8 05 16 1 8 0.25 32 2 4 2 4

MICs of bioenergetics-targeting drugs against M. tuberculosis: CCCP (20 uM), BDQ (0.125 uM), TRZ
(62.5 pM), nigericin (15.625 uM), valinomycin (15.625 uM)

4.4. Discussion

Maintenance of proton motive force and bioenergetics homeostasis are a crucial part of bacterial
physiology because they are prerequisites for multiple anabolic and catabolic pathways [35]. It was
hypothesized that 2B8 would collapse proton motive force in mycobacteria based on previous findings in
Chapters 2 and 3. Notably, a protein secretion defect was observed with 2B8 treatment (Figure 3.2B).
Additionally, there was an evident defect in transporting lipid precursors from the cytoplasmic space
outside the cell membrane, as shown by the accumulation of TMM with decreased amount of TDM
(Figure 3.3A). Through a series of mechanistic studies, it is shown herein that not only does 2B8 collapse
the proton motive force, but also blocks ETC, collectively disturbing bioenergetics homeostasis. We
observed that 2B8 induced changes in multiple parameters required for optimally energized membranes,
including redox potential, both components of the proton motive force (Ay and ApH), oxygen
consumption, ATP generation, ETC activity, NADH/NAD" ratio and NADH oxidation. Most of the 2B8-
induced bioenergetics alterations occurred acutely, before any indication of cell membrane lysis (Figure
3.6D). Therefore, it is suggested that 2B8 acutely induces these perturbation of mycobacterial
bioenergetics through a specific mechanism before any generalized membrane disruption takes place.

It is also important to note that treatment with low (62.5 ©M and below) or high concentrations of
2B8 (higher than 62.5 uM) yielded different phenotypes in mycobacterial bioenergetics (Table 4.3). The
difference is more evident in assays that were assessed acutely (less than 2 h after treatment) than in

assays that were evaluated after more than 2 h treatment. Specifically, OCR is increased with low 2B8
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concentrations whereas higher concentrations start to decrease oxygen consumption. It is proposed that
2B8 acts as an uncoupler of oxidative phosphorylation at low concentrations since it affected the three
parameters (proton motive force collapse, increase of oxygen consumption, and depletion of ATP) altered
by classic uncouplers like CCCP [36]. How 2B8 uncouples the oxidative phosphorylation in
mycobacteria is not understood. At concentrations higher than 62.5 1M, the most notable effect was on
the ETC. Above this concentration, we observed a block in electron flow leading to decreased OCR, as
well as inhibition of NADH oxidation inhibition. This evidence suggests that 2B8 also acts as an ETC

blocker and the precise site of action remains to be determined.

Table 4.3. Comparison of low and high concentrations of 2B8 in assays conducted in this study.

Low (< 62.5 uM) High (> 62.5 uM)
Proposed action Uncoupler ETC blocker
Acute (€2 h)
Ay ! !
ApH l l
O, consumption rate 1 !
ETC activity No effect !
NADH oxidation No effect !
Delayed (> 2 h)
alamarblue reduction No effect !
ATP generation ! !
NADH/NAD" ratio 0 1

Drugs previously known to affect different mycobacterial bioenergetics parameters were included
as controls in the assays. Altogether, it is clear that 2B8 induced a distinct effect than these drugs,
indicating that the mechanism of action for 2B8 might be different (Table 4.4). Of the tested drugs, TRZ,
a NDH-2 inhibitor, shared the most similar outcomes with 2B8. Thus, it was first suspected that 2B8
might be a NDH-2 blocker. Unlike other bacteria, mycobacteria rely more on NDH-2 than classical NDH-

1 to initiate ETC and also replenish the NAD* pool, especially under low oxygen conditions [22, 29].
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Table 4.4. Summary of read-outs for all tested drugs.

Read-out 2B8 CCCP BDQ TRZ KCN
Uncoupling/ Uncoupling/ ATP synthase NDH-2 ETC block at
ETC block at Proton inhibitor inhibitor cytochrome ¢
unknown site ionophore oxidase
alamarblue reduction Strong | Weak | No effect Strong | Not tested
Ay Strong | Strong | No effect Intermediate | Not tested
ApH Strong | Intermediate | Intermediate | Strong | Not tested
O, consumption rate 1 then | 1 then | 0 0 Not tested
ATP generation Strong | Intermediate | Strong | Strong | Not tested
ETC activity Strong | Weak 1 No effect Strong | N/A
NADH/NAD? ratio Strong 1 No effect Intermediate 1 Strong 1 Not tested
NADH oxidation Strong | Weak 1 Intermediate | Strong | Strong |
Rescue by CFZ Partial No effect Not tested No Yes
R-lactam potentiation Strong 1 Intermediate 1 Weak 1 Intermediate 1 Not tested

N/A: Not applicable due to electron accepting sites of INT.

Therefore, we tested this hypothesis by conducting multiple assays to evaluate ETC activity,
NADH/NAD" ratio, and NADH oxidation. From the ETC activity assay, we obtained compelling
evidence that 2B8 did not specifically inhibit NDH-2, as 2B8 blocked ETC activity even when the chain
was initiated only with succinate, but TRZ did not. We further validated this finding by confirming that
CFZ could rescue the block of NADH oxidation induced by KCN and 2B8 (albeit to a lesser degree), but
not TRZ. In the presence of KCN, inhibition of cytochrome ¢ oxidation leads to menaquinone
accumulation in its reduced state. In this scenario, NADH oxidation is blocked because NDH-2 is unable
to transfer electrons to its usual substrate, oxidized menaquinone. CFZ can act as an alternative electron
acceptor as it is directly reduced by a functional NDH-2 and in this process, rescues NADH oxidation
blocked by KCN (or 2B8), but not by TRZ [26]. These results collectively suggest that 2B8 blocks the
mycobacterial ETC downstream of NDH-2. It is also unlikely that 2B8 specifically blocks succinate
dehydrogenase enzyme (complex I1) as ETC activity was consistently inhibited when fueled with either

NADH (fueling complex I) or succinate (fueling complex I1). Additional results evaluating the ETC
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activity, suggest that in contrast to KCN, 2B8 does not affect the cytochrome aas subunit present in
complex IV [37]. In the presence of KCN, INT (used as an artificial electron acceptor in our ETC activity
assay) could be reduced at any point upstream of complex 1V [34]. Interestingly, KCN did not affect INT
reduction whereas 2B8 potently inhibited INT reduction. Taken together, we propose that at high
concentrations, 2B8 is an ETC blocker at an unknown site downstream of complex I and 11 (menaquinone
reduction) and upstream of complex IV (Figure 4.13). Thus, the current working model posits 2B8’s
effect on cytochrome c reductase (complex I11). Additional experiments are being performed to determine
2B8’s effect on menaquinone redox state and cytochrome ¢ reductase activity. Interestingly, an IPA
derivative Q203, having an imidazole ring was recently shown to target cytochrome bc: complex [38].

Lastly, known drugs that target bacterial bioenergetics were evaluated for B-lactams potentiation
capacity. Not surprisingly, many of the drugs including CCCP and TRZ potentiated carbenicillin and
meropenem. A common mechanism of action for these two drugs and 2B8 seems to be the collapse of
proton motive force. TRZ was slightly better in potentiating 3-lactams than CCCP, this could be due in
part to TRZ’s additional ability to permeabilize mycobacterial cell envelope [39]. While the proton
motive force collapse will lead to less R-lactamase secretion and alterations in cell envelope lipids
composition, the ability to acutely increase binding of antibiotics to its relevant target as shown for 2B8
(chapter 3) may be a critical factor in B-lactam potentiation, uniquely accomplished by 2B8.

In conclusion, we discovered that 2B8 collapses the mycobacterial proton motive force and ETC
activity, providing a unifying mechanism underlying protein secretion and lipid export defects. Further
investigation into the target of 2B8 in mycobacterial ETC may lead to elucidation of a novel drug target in

M. tuberculosis.
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Figure 4.13. Diagram of 2B8°s effect on mycobacterial membrane bioenergetics. Known
bioenergetics-affecting drugs are noted as well. Dotted lines indicate 2B8 affects the complex indirectly
and solid lines indicate 2B8 affects the complex directly. The question mark shows unevaluated areas
where 2B8 possibly directly inhibit.
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CHAPTER FIVE

Concluding remarks and future directions

A battle to conquer TB is facing a major setback due in part to the problems associated with drug-
resistance. Even for drug-sensitive cases, although the treatment success rate is high, the multidrug
treatment regimen requirs 6 to 9 months which contributes to poor patient compliances and undesirable
side effects. These problems may also lead to development of drug-resistance from drug-sensitive cases
[1]. A novel therapeutic approach that will circumvent the possible emergence of resistance against anti-
TB drugs has the potential to greatly improve current strategies to control TB globally. B-lactam
antibiotics are drugs with proven efficacy and safety and there are many that are currently FDA approved
that can be readily used [2]. The problem is that M. tuberculosis is intrinsically resistant to B-lactams
owing to their B-lactamase secretion and unusually impermeable lipid rich cell envelope [3]. Recently,
attempts to repurpose this effective class of antibiotics for TB therapy have been tested both in the
laboratory and clinical setting [4-8]. However, these approaches rely on the presence of classical B-
lactamase inhibitor such as clavulanate and we have witnessed the emergence of resistance to B-lactam-3-
lactamase inhibitor combinations in other pathogenic bacteria [9-11]. In this regard, a different adjunctive
approach that potentiates -lactam antibiotics by other mechanisms may further support the feasibility of
this therapeutic approach. Derivatives of 2-Al compounds have been shown to be effective in reversing
both phenotypic drug-tolerance and intrinsic drug-resistance of diverse bacterial species [12-17]. This
study investigated whether 2-Al compounds can be combined with B-lactam antibiotics to effectively
eliminate M. tuberculosis. Additionally, the mechanism of action of 2-Al compounds in mycobacteria
was also addressed by series of mechanistic studies.

Previously, our group showed that 2-Al compounds potently reverse phenotypic isoniazid
tolerance expressed by M. tuberculosis grown in vitro [18]. The antimicrobial tolerance was significant
when bacilli were able to grow in a biofilm-like communities embedded within host-derived
macromolecules. The addition of 2-Al compounds to attached microbial communities resensitized bacilli
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to isoniazid comparable to their planktonic counterparts, demonstrating that 2-Al compounds reverse
phenotypic drug-tolerance in M. tuberculosis [12]. Another keen observation was made when 2-Al
compounds potentiated carbenicillin against M. tuberculosis and was further confirmed when 2-Al
compounds, especially 2B8, significantly reduced multiple 3-lactam antibiotics MICs against
mycobacteria while improving their bactericidal effect against M. tuberculosis. It was demonstrated that
2-Al compounds achieve this by two distinctive mechanisms: 1) reducing -lactamase secretion, and 2)
increasing cell envelope permeability. It is noteworthy that the effect on cell envelope permeability by 2-
Al compounds was distinct with that of conventional detergent, SDS. While SDS acutely lysed inner cell
membrane and poorly potentiated B-lactam antibiotics, 2-Al compounds did not affect inner cell
membrane integrity, but significantly increase the binding of antibiotics to their targets in cell wall. The
differences between effects of 2-Al compounds and SDS suggest that the increased binding of 3-lactam
antibiotics to their cognate targets is what primarily drives the 3-lactam potentiation by 2-Al compounds
in regards to the cell envelope permeability. It is hypothesized that this acute effect is achieved by
physical interaction of 2-Al compounds with mycobacterial cell envelope structures allowing a better
penetration of 3-lactam antibiotics through the cell wall. Investigating the physical manifestation of the
mycobacterial cell envelope structure after treatment with 2-Al compounds can further test this
hypothesis.

However, beyond the acute physical alteration on the cell envelope, the underlying mode of
action that also drives 3-lactam potentiation was shown to be the disturbance of mycobacterial
bioenergetics. Importantly, we noticed a limitation in transportation of molecules across the membrane
such as proteins and cell wall lipids. The energy supporting these processes is the PMF generated by the
energized membrane [19], which we chose to investigate further as a primary mechanism of action.
Subsequent studies regarding mycobacterial bioenergetics gave us compelling results as we evaluated
redox potential, PMF, oxygen consumption, ATP concentration, and multiple parameters of
mycobacterial ETC. As hypothesized, 2B8 collapsed the PMF underpinning the idea of lipid export and
protein secretion defect being consequences from perturbation of bioenergetics homeostasis. In addition
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to collapsing the PMF, 2B8 also increased the OCR while inhibiting ATP generation in a dose-dependent
manner. These data suggested that 2B8 uncouples oxidative phosphorylation in mycobacteria and an
additive effect of ETC block was additionally identified with concentrations higher than 62.5 uM. The
block in ETC was observed in a manner independent of complex I, I, and IV providing a clue that 2B8
may be acting between of these complexes. Taken together, 2-Al compounds warrant further
investigation as it may lead to identification of a unique target site within the mycobacterial ETC.

For studies conducted in Chapter 2 and 3, two different 2-Al compounds were used. 2B8 was
chosen because of its superior effect in reversing phenotypic drug-tolerance in our in vitro M. tuberculosis
biofilm model. The other compound RA11 was chosen because it had a known target of response
regulator BfmR in Acinetobacter baumannii [20]. Using the two different compounds provided us with
the opportunity to expose the structure-activity-relationship which has been shown to be crucial in our
goal of designing additional compounds with improved potency and efficacy [21]. RA11 consistently
exhibited intermediate effects compared to 2B8 throughout the assays. This made it difficult to pinpoint
what structural difference is driving the discrepancy between the two compounds. Therefore, we decided
to use another analog RA13, which has elongated alkyl chains by two additional carbons to RA11 for
studies conducted in Chapter 4. It was logical to use RA13 over RA11 because RA13 also did not have
any potent effect in reversing M. tuberculosis phenotypic drug-tolerance [12]. Fortunately, the difference
of treatment phenotypes between 2B8 and RA13 was even greater than that of 2B8 and RA11. Therefore,
this confirms the importance of the conformation and the length of alkyl chains in the tail group in the
activity of these compounds. For some assays conducted in IMVs, RA13 showed significant effects albeit
still less than 2B8. Using IMVs, we showed that compounds do not have to diffuse through lipophilic
mycobacterial cell envelope and this may be beneficial to RA13 which virtually had no effect on assays
conducted with intact cells. However, there was still major differences in the potency between 2B8 and
RA13 indicating that 2B8’s short, branched alkyl chain may be required for tight fitting of the compound

onto its cognitive target in mycobacteria whereas RA13’s long, single alkyl chain hinders such
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interactions. Taken together, this study is informative going forward in the development of the next
generation of compounds that are more effective a much lower concentrations.

At this point, several questions still remain unanswered. These include where specifically is the
ETC block by 2B8 occurring and how findings in this study are related to responses seen in our original
biofilm model. As far as the target of 2B8 is concerned, some of the direct approaches to reveal small
molecule and protein interaction were unsuccessful. Protein purification using biotinylated 2B8 or novel
assays such as the drug affinity responsive target stability assay were attempted but failed to identify a
single functional protein interacting with 2B8. Our attempt to obtain resistant mutants was also
unsuccessful, which further illustrates the potential value of this class of small molecules. Therefore in
this study, we employed a deductive approach and narrowed down the blocking site by 2B8 in
mycobacterial ETC to either electron carrier molecule menaquinone or complex Il cytochromes. Future
plans include a strategy to first assess oxidation and reduction states of mycobacterial cytochromes using
spectroscopy. Each cytochrome subunit are identifiable due to differences in absorbance peaks at specific
wavelengths when reduced [22-25]. This approach will allow us to examine whether cytochrome bc,
complex remains oxidized when treated with 2B8 meaning it directly inhibits electron transfer from
reduced menaquinone to cytochrome aas oxidase through cytochrome bc, complex. We will also
determine whether externally provided menaquinone rescues ETC block by 2B8 [26].

The export of cell wall lipids has been viewed as an attractive drug target, because of its
essentiality in mycobacterial physiology [27]. The family of Mmpl proteins governs a variety of
translocation process for different lipid molecules [28-31]. Inhibition of this processes by specific
chemical inhibitors resulted in a similar cell envelope lipid profiles induced by 2-Al compounds treatment.
For example, inhibition of Mmpl3 with SQ109 leads to accumulation of TMM, reduction of TDM, and
reduced mycolic acids covalently bound to the cell wall core [32], similar to the alterations that followed
2-Al treatment. Moreover, deletion of mmpl8 or mmpl10 results in reduced SL-1 and reduced PAT [30,
31], respectively, which are also observed with 2-Al treatment. This creates a compelling case for 2-Al
compounds as a broad-spectrum lipid transporter inhibitor, which may be more effective than a selective
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Mmpl protein inhibitor. Additionally, the defect in lipid export by 2-Al compounds may be contribute to
the dispersal of surface attached M. tuberculosis when cultured as a biofilm. It has been shown that the
EPS of mycobacterial biofilms contains a large amount of free mycolic acids [33-35], and that 2B8
greatly reduced the accumulation of free mycolic acids as shown in this study. Also, other
macromolecules such as cellulose and proteins are essential components of mycobacterial biofilm EPS
and their export and secretion are also dependent on the energized membrane [36]. Further investigation
into how free mycolic acids or other secreted macromolecules contribute to the expression of drug-by
surface-attached M. tuberculosis therefore revealing the link between effects on mycobacterial
bioenergetics and biofilm inhibition/dispersal by 2-Al compounds.

In conclusion, this study illustrates a novel mechanism by which small molecule compounds
potentiate R-lactam antibiotics against M. tuberculosis, which was previously only thought possible
through direct deactivation of the B-lactamase enzyme by clavulanate. Importantly, 2-Al compounds
targeting mycobacterial ETC led to M. tuberculosis phenotypes with altered cell envelope and reduced B-
lactamase secretion. This finding also confirms that 2-Al compounds represent a valuable tool for further
investigating mycobacterial bioenergetics and its relevance to drug-resistance. Moreover, future studies
will be aimed at determining the specific target of 2-Al compounds specifically within the ETC and thus

aid in the identification of additional novel drug targets in M. tuberculosis.
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LIST OF ABBREVIATIONS

2-AB.. 2-aminobenzimidazole

2-Al e 2-aminoimidazole

ABC ..o ATP binding cassette

ACMA L 9-amino-6-chloro-2-methoxyacridine
ACP Acyl carrier protein

ADC ..o Albumin, dextrose, and catalase
ADP Adenosine diphosphate

ANOVA ..o Analysis of variance

ATP Adenosine triphosphate

BCG .o Bacillus Calmette—Guérin

BDQ .o Bedaquiline

BSA Bovine serum albumin

BSL oo Biosafety level

CCCP s Carbonyl cyanide m-chlorophenyl hydrazine
CFP e Culture filtrate protein

CRU e Colony forming unit

CRZ o Clofazimine

CPM .o e Counts per million

DAT oo Diacyltrehalose
AW Delta psi (membrane potential)
APH Delta pH (pH gradient)

DISC(3)5. ettt 3,3'-Dipropylthiadicarbocyanine iodide
DIMSO ...t Dimethyl sulfoxide

DNA e Deoxyribonucleic acid

ECF Extra-cytoplasmic function

EDNA . Extracellular deoxyribonucleic acid
2 OSSPSR Emission

EPS e Extracellular polymeric substances
ESAT o Early secretory antigenic target
BB e Ethidium bromide

ETC e Electron transport chain

) TSR Excitation

FADH. ..ottt Flavin adenine dinucleotide

FAS e Fatty acid synthase

FDA e Food and Drug Administration
GAS L Glycerol-alanine-salts

GMP e Guanylate monophosphate

D e Hours

HIV e Human immunodeficiency virus
IGRA .. Interferon gamma release assay
INH L Isoniazid

INT e 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-
tetrazolium chloride

IMV L Inverted membrane vesicle

IPA e Imidazopyridine amide

KCN o Potassium cyanide

LIM e Lipomannan
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LAM .o Lipoarabinomannan

LTBL oo Latent tuberculosis infection

MAGP ..o Mycolyl-arabinogalactan-peptidoglycan
MaNLAM ... Mannose-capped lipoarabiomannan
MAME ... Mycolic acid methyl ester

MCA e Meropenem-clavulanate

MDR ..o Multi-drug resistant

MIC o Minimum inhibitory concentration
NN ettt enees Minutes

MOPS. ... 3-(N-morpholino)propanesulfonic acid
MRSA . Methicillin resistant Staphylococcus aureus
NADH .....ooiiiirce e Nicotinamide adenine dinucleotide
NAG ..o N-acetylglucosamine

NAM ..o N-acetylmuramic acid
NDH.....ooiiiic e Nicotinamide adenine dinucleotide dehydrogenase
NRP ..o Non-replicative persistence

OADC ...t Oleic acid, albumin, dextrose, and catalase
OCR Oxygen consumption rate

OD e Optical density

PAT e Polyacyltrehalose

PBP ..o Penicillin binding protein

PBS ..o Phosphate buffered saline

PDIM oo Phthiocerol dimycocerosate

PGL ..o Phenolic glycolipid
Pl Propidium iodide

PIM L Phosphatidylinositol mannoside

PMEF s Proton motive force

REU oo Relative fluorescence unit

RIF e Rifampicin

RLU oo Relative luminescence unit

RNA e Ribonucleic acid

RNA-SEQ oot Ribonucleic acid sequencing

RND .o Resistance-nodulation-division

TRNA ..o Ribosomal ribonucleic acid

RPMIL .o, Roswell Park Memorial Institute

R Room temperature

SDS s Sodium dodecyl sulfate

SLL s Sulfolipid-1

T e Twin arginine

TB oo Tuberculosis

TCA e Tricarboxylic acid

TDM. .ot Trehalose dimycolate

TDR e Totally drug resistant

TLC o Thin layer chromatography

TIMM oo Trehalose monomycolate

TRZ ..o Thioridazine

TST e Tuberculin skin test

WHO .o World Health Organization

XDR .o Extensively drug resistant
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