CHEMICAL GENETIC APPROACHES TO COMBAT MULTIPLE
DRUG RESISTANCE IN GRAM-NEGATIVE BACTERIA

Ph.D. THESIS

By

TAPAS BHATTACHARYYA

'.-44;.“»'*' .
o Sl

s ¥ o o
oF TecnO”

DEPARTMENT OF BIOTECHNOLOGY
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE-247 667 (INDIA)
DECEMBER, 2015



CHEMICAL GENETIC APPROACHES TO COMBAT MULTIPLE
DRUG RESISTANCE IN GRAM-NEGATIVE BACTERIA

A THESIS

Submitted in partial fulfilment of the
Requirements for the award of the degree

of

DOCTOR OF PHILOSOPHY
in

BIOTECHNOLOGY

by

TAPAS BHATTACHARYYA

DEPARTMENT OF BIOTECHNOLOGY
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE-247 667 (INDIA)
DECEMBER, 2015



OINDIAN INSTITUTE OF TECHNOLOGY ROORKEE, ROORKEE-2015
ALL RIGHTS RESERVED



INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE

CANDIDATE’S DECLARATION

I hereby certify that the work which is being presented in the thesis entitled
“CHEMICAL GENETIC APPROACHES TO COMBAT MULTIPLE DRUG
RESISTANCE IN GRAM-NEGATIVE BACTERIA” is in partial fulfilment of the
requirements for the award of the Degree of Doctor of Philosophy and submitted in the
Department of Biotechnology of the Indian Institute of Technology Roorkee, Roorkee is an
authentic record of my own work carried out during a period from December, 2009 to December,
2015 under the supervision of Dr. Ranjana Pathania, Associate Professor, Department of
Biotechnology, Indian Institute of Technology Roorkee, Roorkee.

The matter presented in this thesis has not been submitted by me for the award of any other
degree of this or any other Institute.

(Tapas Bhattacharyya)

This is to certify that the above statement made by the candidate is correct to the best of my
knowledge.

(Ranjana Pathania)
Supervisor

Date



ABSTRACT

Decline in the antibacterial drug discovery along with the emergence of multiple drug
resistance in Gram negative bacterial pathogens poses a serious threat to the human health. Over a
period of last 50 years, only a few antibacterial drugs have been introduced to the market and most
of the clinically useful old antibiotics have become ineffective against many bacterial pathogens.
Many of the infectious diseases, in particularly nosocomial (hospital acquired) infections caused
by the Gram negative bacteria are almost incurable. Acinetobacter baumannii,the leading cause of
hospital acquired infection worldwide is an example of such a grave situation. Various mutants of
the organism are resistant to almost all the antibiotics available in the market. Discovery of novel
antibacterial molecules with new therapeutic targets and reviving the efficacy of old antibiotics are
the only solution of the problem. This study is an endeavor to that direction by employing a small
molecule library. Phenotype based whole cell screening was adopted for screening a small
molecule library of 10956 molecules against Gram negative bacteria. Screening led to the
identification of 11ITR06144, a small molecule which is effective against a broad range of bacterial
pathogens. The mode of action of the molecule was investigated by using molecular genetic
techniques. The broad spectrum molecule was found to interfere with bacterial cell division. It
restricts two daughter cells to separate from each other during cell division by inhibiting FtsZ, a
major protein involved in septum formation during cytokinesis. In another approach, 8000
molecules were screened to discover a novel efflux pump inhibitor (EPI) of AbeM, a proton driven
multidrug transporter in A. baumannii. Fluoroquinolones are the major substrates of AbeM and
expression of this efflux pump confer fluoroguinolone resistance in A.baumannii. The objective of
the study was to identify a molecule which can potentiate the efficiency of fluoroguinolones
against the drug resistant A.baumannii. Elevated resistance of E.coli KAM32 (devoid of major
efflux pumps) harboring multiple copies of abeM in a multicopy plasmid has been exploited for
the screening. 1ITR08027, a small molecule (not inhibitory by its own) has been identified which
causes a significant fold (16-32 fold) of reduction in Minimum Inhibitory Concentrations (MICs)
of both ciprofloxacin and norfloxacin against clinical isolate of A.baumannii express AbeM or its

homologues. The small molecule has been characterized and established as an efflux pump



inhibitor. The advantage of using the molecule in combination with ciprofloxacin against

fluoroquinolone resistant A.baumannii was evaluated by chemical genetic studies.
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INTRODUCTION

Emergence of multidrug resistance in various bacterial pathogens has become a huge
healthcare concern worldwide. Most of the clinically useful antibiotics are no longer effective
against a number of bacterial pathogens. In a report, Infectious Disease Society of America (IDSA)
expressed their deep concern regarding the antibiotic resistant bacteria especially “ESKAPE”
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species) and emphasized on the need of
new antibiotics to tackle Gram negative bacilli (GNB) resistant to currently available agents. On
the other hand, there is a sharp decline in the discovery of new antibiotics since several decades.
Most of the clinically useful antibiotics of today were discovered between 1940 and 1960, also
known as the golden age of antimicrobial drug discovery. Since then, only 3 to 4 new classes of
antibacterial have been introduced. Although infectious diseases are the second leading cause of
death worldwide, major pharmaceutical industries have shown disinterest in the investment of
antibacterial research because of huge expenditure, time taking process and complicated
administrative proceedings. There is an urgent need of new antibacterial molecules with new
therapeutic targets as well as finding strategies for rejuvenating the old antibiotics against

multidrug resistant pathogens.

Over the years, chemical genetic approach has emerged as one of the most powerful discipline
in antibacterial drug discovery. It requires three basic components: a library of chemical collection,
an enzymatic or phenotype based assay for screening and a method to identify molecular target of
an active molecule. Advent of synthetic chemistry since last few decades has provided a huge
resource of diversified collection of small molecules to study the biological systems. Diversity
oriented synthesis (DOS) of small molecules along with high-throughput screening technology
offers a potentially fruitful means of discovering critically needed new antibacterial agents.
Possibility of finding new antibacterial largely depends on the diversity and enormity of chemical
collection used for screening. Development of high throughput screening provides us with an
opportunity to examine the direct feasible interaction between the diversified chemical resources

and the biological specimen. Therefore, phenotype based screening of small molecule library



followed by forward chemical genetic approach can be a practical and effective means of finding

novel antibacterial drugs.

For reviving the efficiency of old antibiotics, it is important to understand the root cause of
drug resistance and investigate the mechanism by which bacteria exhibit resistance to a particular
antibiotic. One of the major causes of multiple drug resistance in bacteria is the presence of
transporter proteins (efflux pumps) in their membranes that expel antibiotics from the intracellular
environment enabling the bacterial pathogens to survive in presence of antibiotics. Therefore,
efflux inhibition can be a viable strategy to counter antibacterial drug resistance. Finding an efflux
pump inhibitor against a particular transporter can be an effective means of reviving old antibiotics
against these MDR pathogens. Efflux pumps are attractive drug target also because most of them
have multiple drug specificity. Efflux pump inhibitors (EPIs) can increase the efficacy of
antibiotics and concomitantly decrease the selection of resistant mutants.

Expression of various efflux pumps or transporters in the genome of Acinetobacter baumannii
is one of the major factors associated with its multiple drug resistance. A number of different

families of efflux pumps have been reported in the organism.

Acinetobacter baumannii is one of the most troublesome, opportunistic, Gram negative bacilli
associated with multiple kinds of nosocomial infections in human. It is the leading cause of
hospital acquired infections worldwide. Till 1970, the organism was susceptible to most of the
antibiotics. Over the years it has acquired all the determinants of drug resistance in its genome and
transformed itself from a sensitive organism to a completely resistant organism. A mutant of this
organism, Acinetobacter baumannii AYE is resistant to almost all the antibiotics available in the
market. The efflux pumps identified in the organism generally belong to one of the five families,
the resistance-nodulation-division (RND) family, the major facilitator superfamily (MFS), the
ATP-binding cassette (ABC) superfamily, the small multidrug resistance (SMR) family and the
multidrug and toxic compound extrusion (MATE) family. MATE is the most recently identified
multidrug efflux pump family among the other secondary transporters which use electrochemical

gradient across the membrane for transporting drugs.

AbeM is a proton driven multidrug efflux pump in Acinetobacter baumannii belonging to
MATE (Multidrug And Toxic Compound Extrusion) family transporter. The efflux pump has

diverse substrate specificity and expels many structurally dissimilar substrates including several



clinically useful antibiotics from the cell. Surprisingly, fluoroquinolones are the most common
substrates for all the MATE family pumps identified so far in other bacteria also. Therefore,
regulatory expression of these pumps might be an important determinant of fluoroquinolone
resistance in the organism. Finding an effective efflux pump inhibitor (EPI) of AbeM would result

the revival of fluoroquinolones activity against the multidrug resistant A. baumannii.

In this study, two different chemical genetic approaches were used to encounter the problem
of multiple drug resistance in gram negative bacterial pathogens. Both the approaches utilize small
molecule library as a tool for discovering a new chemical entities. The first approach is directed
towards the discovery of a new antibacterial molecule against the gram negative bacterial
pathogens and the second approach is directed towards discovering a novel efflux pump inhibitor

of AbeM, a multidrug efflux pump in A. baumannii.

In the first part of the study, a small molecule library of 10956 small molecules has been
screened against E. coli ATCC25922 in order to find a potential antibacterial molecule against
Gram negative bacteria. A whole cell phenotype based screening strategy was adopted for
screening the diversified library in liquid media in 96-well plate without any robotic intervention.
The screening led to the identification of 1ITR06144, a 260 Da nitro-aromatic small molecule with
excellent broad spectrum antibacterial activity against several multidrug resistant (MDR) Gram
negative pathogens. In vitro toxicity studies suggest that the molecule is less toxic than the nitro-
aromatic drugs already available in the market, (Nitrofurantoin and Furazolidone). In the study, the
probable mode of action of 1ITR06144 has also been investigated. Study with the knockout and
overexpressor mutant of E. coli established that NfsA, a major nitroreductase in E. coli elevates the
potency of IITR06144, once it enters the cell. Microscopic and molecular genetic study has
revealed that the molecule causes distortion of FtsZ assembly leading to cellular filamentation.
Antisense RNA mediated silencing of FtsZ confirms the interaction of IITR06144 with FtsZ.

In the second part, a library of 8000 small molecules has been screened for finding a potential
efflux inhibitor of AbeM in Acinetobacter baumannii. AbeM is responsible for transporting
number of substrates along with fluoroquinolone antibiotics across the membrane. In A. baumannii
it confers resistance to fluoroquinolones. The aim of this study is to discover an inhibitor of AbeM
and restore the activity of the fluoroquinolones against the resistant mutant of Acinetobacter
baumannii. E. coli KAM32 cells exhibit elevated resistance towards the fluoroquinolones when it

carries multiple copies of abeM cloned into pUC18 plasmid. This phenomenon has been utilized
3



for screening a small molecule library of 8000 molecules. Screening led to the identification of
IITR08027, a small molecule which causes a significant fold of decrease in MIC of ciprofloxacin,
norfloxacin and some other non-quinolone substrates against the recombinant E. coli KAM32. EtBr
accumulation assay confirmed that the molecule enhance the accumulation of EtBr inside the cells.
Fluorescence quenching assay on everted membrane vesicles established that the molecule disrupts
the H* gradient across the membrane and interrupt ciprofloxacin/H* antiport. Highly resistant
clinical isolate of Acinetobacter baumannii (RPTC-19) which express AbeM become susceptible
to both ciprofloxacin and norfloxacin in presence of this molecule. Kill kinetic data indicates that
1/4 X MIC ciprofloxacin exhibits its full potency in association with IITR08027. Post antibiotic
effect (PAE) of ciprofloxacin was found to be extended in presence of the molecule. Frequency of
developing resistant mutant declines in presence of this molecule. 1ITR08027 exhibited
exceedingly low toxicity against the mammalian Hela cells.
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2.1. Historical background

Microbes and hosts have a long association. Be it a mutual or a parasitic relationship,
microbes play a significant role in the host metabolism either in a positive or negative manner.
It took a long time for the world to accept the fact that microbes can cause diseases. It was an
era of complete darkness when infectious diseases took millions of lives. Though, the existence
of microbes was reported in mid-1600 by Antony van Leeuwenhoek, its role in the disease
causing was established after Louis Pasteur disproved the theory of Spontaneous generation
and established the Germ theory in mid-1800. The world started to realize that these invisible
microscopic entities are responsible for causing diseases in human. This began the journey of
antimicrobial chemotherapy. Scientist worldwide started looking for something which can
prevent microbes form causing diseases. In 1910, Paul Ehrlich discovered the “magic bullet”,
salvarsan, the first chemotherapeutic agent, a chemical moiety for the treatment of syphillis.
Ehrlich’s discovery was an eye opener and the first step towards the modern day antimicrobial
chemotherapy. However, an event which revolutionized the entire world was a serendipitous
invention by Alexander Fleming. In 1928, he discovered Penicillin, the first successful
antibiotic from a natural source. Discovery of Penicillin was a huge impetus to the discovery of
new antibiotics from natural sources. The obvious result was the discovery of number of
successful antibiotics from natural sources in between 1940 to 1960, a brief period known as
“golden age” of antibacterial drug discovery. Suplhonamides, aminoglycosides,
chloramphenicol, tetracyclines, microlides and vancomycin were introduced in a very short
span of time. In the latter phase, methicillin and nalidixic acid were introduced as synthetic

antibiotics.

2.2. Decline in antibacterial drug discovery

Since 1960, there has been a considerable decline in antibacterial drug discovery [1,2].
Although the infectious diseases are second leading cause of death worldwide, major
pharmaceutical companies showed disinterest in investment in the antibacterial research
because of huge expenditure, time taking process and complicated administrative proceedings.
Only a very few antibiotics have been introduced since last 50 years (Fig.2.1). We are largely
dependent on old antibiotics which have been discovered earlier. Modified version of several

antibiotics with better efficiency have come out in the market, however new discovery was in a
5



halt for a long time. The antibiotics which can be named after this golden era include linezolid,
daptomycin and retapamulin , introduced in 2000,2003 and 2007 respectively. However, these
antibiotics belong to the chemical classes oxazolidinones, lipopeptides and pluromutilin which
were reported earlier in 1978, 1987 and 1952 respectively [3]. In spite of having good
antibacterial potency against resistant pathogens, many drugs like iclaprim, ceftobiplore and
oritavancin could not reach the market because of regulatory reasons. Telavacin, an improved
derivative of vancomycin has recently been approved by the US Food and Drug Administration
(FDA) and reached the clinic to treat methicillin resistant Staphylococcus aureus (MRSA) and

other gram positive infections [4].
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Figure 2.1 (A) Infectious Disease Society of America (IDSA), 2011 report on decline in
antimicrobial drug discovery. (Taken from, Combating antimicrobial resistance: Policy
recommendation to save lives. Clinical Infectious Disease) (B) Time line of antimicrobial drug
discovery. As the new antibiotic discovered, resistant mutant has also emerged indicated with
red color (Adapted from Lewis et al.2013).

2.3. Emergence of multidrug resistance in bacterial pathogens

With the discovery of new antibiotics, another problem started piling up at an almost equal
pace (Fig.2.1B). Extensive and inappropriate use of antibiotics led to the development of drug
resistant bacteria. The emergence of multiple drug resistance (MDR) in bacterial pathogens has
become a serious healthcare concern worldwide. New terms like extensively-drug resistant
(XDR) and pandrug-resistant (PDR) have been introduced to explain the extent of drug
resistance. Within a few years of discovery, resistance phenomenon has developed against
almost all the drugs. As a result, existing “old” antibiotics are facing serious challenges [5]. In

a report, Infectious Disease Society of America (IDSA) expressed their concern regarding the



antibiotic resistant bacteria especially “ESKAPE” pathogens  (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species) and emphasized on the need of new antibiotics to tackle
Gram negative bacilli (GNB) resistant to currently available agents [6]. A. baumannii, a gram
negative bacillus has become the major cause of hospital acquired infection worldwide by
acquiring resistance to most of the antibiotics[7]. Similarly , Methicillin resistant S. aureus has
been established as a leading cause of nosocomial infections worldwide [8]. P. aeruginosa is
also a major threat among the other hospital acquired infections because of its high intrinsic
resistance to many antibiotics and its ability to develop resistance to multiple classes of
antibiotics very rapidly [9]. Vancomycin-resistant enterococci (VRE) generally attack
immunocompromised individuals particularly in hospital settings and no specific antimicrobial
treatment is available for it [10]. Increasing frequency of panresistant carbapenemase-

producing K. pneumoniae infections limits the choice of antibiotics for its treatment [11-13].

2.4. Causes of multiple drug resistance

Bacteria have multiple means of acquiring drug resistance. Major cause of acquiring
resistance is horizontal transfer of drug-resistant genes among the neighbouring species via
transfer of plasmids, transposons or integrons. There are several biochemical mechanisms by

which bacteria exhibit resistance to particular antibiotics.

2.4.1. Alteration in target protein

Many bacteria alter the target proteins in such a manner that the drug molecule cannot bind
to them. This is achieved by acquiring mutation in the coding region of the target protein.
Fluoroquinolone resistance in many bacteria is due to the mutation and structural modification
of topoisomerase. Many laboratory E. coli strains exhibit increased susceptibility to
streptomycin due to the mutation in ribosomal binding protein (RpsL). Mycobacterium strains
exhibit resistance to aminoglycosides because of the mutation in ribosome binding site [14].

2.4.2. Enzymatic inactivation of drug molecule

Many bacteria adapt the mechanism of altering the drug by an enzymatic inactivation. -
lactamase producing bacteria exhibit resistance to § lactam antibiotics by enzymatic hydrolysis.
Many aminoglycosides are inactivated by aminoglycoside phosphoryltransferase (APH),

aminoglycoside  acetyltransferase =~ (AAC), aminoglycoside  adenyltransferase  or



nucleotidyltransferase. These enzymes modify the drug by phosphorylation, acetylation and

adenylation respectively.

2.4.3. Efflux pumps

Another major cause of multidrug resistance in bacteria is the presence of efflux pumps or
transporter proteins in their membrane which pumps out the antibiotics from the intracellular
environment and enable the bacteria to survive in the presence of antibiotics. Number of efflux
pump transporter proteins have been identified and characterized in many drug resistant
pathogens. They are transmembrane proteins having one outer membrane domain, a
cytoplasmic inner membrane domain and intra membrane domain. Clinically relevant
transporters are broadly classified into five major categories. Four of these members belong to
the secondary transporter as they are driven by the electrochemical gradient across the
membrane. Secondary transporters are primarily responsible for rendering MDR (multiple
drug resistance) to bacteria. These secondary efflux pumps include Major facilitator super
family (MFS), Resistance nodulation and cell division (RND), Small multidrug resistance
(SMR) and Multidrug and Toxic compound extrusion (MATE). The fifth member of the efflux
pump, ATP binding cassette (ABC) transporter is a primary transporter driven by the ATP [15,
16].

2.5. Approaches in drug discovery

Numerous approaches have been adopted by various research groups worldwide to find
new antibacterial agents from natural as well as synthetic sources. The emphasis is always on
finding a new therapeutic target which has not been explored yet. The probability of
developing drug resistance for a new target is always lesser in comparison to a common target.
There are some alternative strategies which look for a chemical moiety capable of augmenting
or reviving the activity of an inactive old antibiotic. Combination of antibiotic and
nonantibiotic are sometime very useful for reviving the activity of certain antibiotic [17].
Finding an efflux pump inhibitor against a particular pump is equally effective to revive the
activity of certain antibiotic against multiple drug resistant mutants [18].

2.6. Screening for novel antibacterial

Any drug discovery program begins with the screening of diversified chemical
collection. It can be a systematic collection of synthetic molecules or natural products from

numerous sources. There can be two basic approaches of screening: target based and



phenotype based. In target based screening a metabolic pathway is targeted. One of the crucial
steps in the pathway is blocked by inhibiting a particular enzyme. An assay is developed on the
basis of the biochemical reaction of that particular step. In phenotype based screening whole
cells are monitored before and after the exposure of chemical collection. If any observable
change in the phenotype occurs due to an active chemical moiety, next step is to find the target
gene or protein by using bimolecular techniques [19, 20]. For validating novel target, new
approaches are needed that facilitate small molecule screening efforts on large numbers of

incompletely characterized targets [21, 22].

2.7. Combinatorial synthesis and high throughput screening

Due to the advent of synthetic chemistry since last few decades, combinatorial synthesis
has provided a huge resource of diversified collection of small molecules to study the
biological system [23]. Diversity oriented synthesis (DOS) of small molecules offers a
potentially fruitful means of discovering critically needed new antibacterial agents [24]. High
throughput screening (HTS) fuels the drug discovery pipelines of the majority of
pharmaceutical companies [25] as well as academia [26] and is one of the central paradigms of
modern drug discovery . However, establishing a high-throughput facility in an academic
framework require investments and strategies which are very uncommon to the academic
researchers [27]. The aim of high throughput drug discovery is to test large compound
collections for potentially active compounds (‘hits’) in order to allow further development of
compounds for pre-clinical testing (‘leads’) [28]. Diversified chemical resources accompanied
by high-throughput screening technology and many other molecular genetics techniques
together can be a means of developing new antibacterial drugs with novel modes of action
[29]. There are many early and recent reports of bioactive small molecules with different
molecular targets [30-39]. These success stories definitely encourage the researchers to focus

on the chemical genetic approaches in antibacterial drug discovery.

2.8. Target identification

Identification of a molecular target of a lead molecule always remains to be the major
hurdle of any drug discovery projects [40]. However, numerous approaches have been adopted
so far to validate the bio-molecular target. PCR based ordered genomic libraries [41] , gene
expression profiling [42], multi copy suppression [35,43], antibiotic sensitivity profiling of
knockout mutant [44], antisense expression of target genes [45,46] and use of high frequency

transposition [47] are the few approaches which have been utilized for target identification.



Bacterial reporter system has also been employed for monitoring a specific cellular response
due to the drug treatment [48,49]. Any of these approaches or combination of these can be
fruitful means of validating the biological target of a small molecule. Antibiotics as well as

small molecules can be used as a valuable tools for understanding the complex bacterial

physiology [50].

2.9. Bacterial survival mechanism in stress

Antibiotics are known to give rise to stress like phenomenon in bacterial cells [51].
Bacteria have a complex mechanism of survival against stress condition. Filamentation has
been implicated as one of most common survival mechanism in bacteria as an innate defense
during the stress conditions [52]. There is much evidence which indicate that the filamentation
occurs due to the inhibition of septation during cell division [52,53]. FtsZ is the major protein
responsible for septum formation in the mid-cell region during cell division and can be
inhibited either by SulA mediated [22,54] or SulA independent pathway[55] during the SOS
response. SulA, a major partner of SOS cascade proteins, is activated due to auto-proteolysis of
LexA repressor by the influence of RecA and inhibits FtsZ polymerization during septum
formation [52,55]. Inhibition of FtsZ may be accomplished by SImA, nucleoid occlusion
factor, a protein which does not allow the polymerization of FtsZ until the chromosome is
segregated properly during cell division [56,57]. MinCD may also block the septation by
inhibiting FtsZ polymerization leading to cell filamentation [58]. SulA, MinCD and SImA are

major internal players that interact with FtsZ assembly during bacterial cell division.

2.10. Bacterial cell division and FtsZ assembly

Bacterial cell division process is broadly divided in two fundamental events; chromosomal
segregation followed by cytokinesis. Once the replication of DNA is over and the genetic
material is ready to be segregated, midcell region of the cell involves in aggregating the
necessary protein family members of cell division (Fig.2.2). Fts are the key protein family
involved in the processes which together form a divisome ring also called Z-ring at the
separating region of two dividing cells. At least ten different members of these Fts family
proteins are recruited sequentially in the process as the cell division progresses [59]. FtsZ is the
key member of the system which gets polymerized to form the Z-ring. ZipA, an inner
membrane anchoring protein in the assembly initiates the bundling of FtsZ by interacting with
its C-terminal end [60]. The other important proteins in the groups are FtsA, ZipA, FtsK, FtsB,

FtsQ, FtsN, Ftsw, Ftsl and AmiC. Role of nitroheterocyclic compounds on bacterial cell
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division and their interaction with FtsZ assembly is very unclear. The reduced form of these
molecules not only target DNA but also attack multiple cellular proteins [61].

%5 A\ /1\ I

b Ftsg %tg‘ Fts f'%:t}‘ Fts?-

/ (Ftsz FFZ F 551 rFtFt > (Ft§.7 {Fts }l
2 FisZ )
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Stage!|  Stagell Stage Il Stage |V (Fts2"

Figure 2.2 Different stages of forming FtsZ assembly for Z-ring formation (Image from,
Rothfield et al. 1997) [Permission taken. Please see the permission letter at the end of this chapter]

2.11. Nitroheterocyclic compounds and their therapeutic target

Nitroheterocyclic compounds have been using as chemotherapeutic agents for a long time.
Nitro group is essential for the therapeutic activity of these compounds [62]. In bacteria, nitro
heterocyclic compounds are reduced by flavoprotein NAD(P)H linked reductases. The reduced
form of nitroheterocyclic compounds interact with DNA and cause a single strand break [63,
64]. In E. coli two types of nitroreductase activity have been reported: Oxygen insensitive
nitroreductase and oxygen sensitive nitroreductase. nfsA and nfsB genes encode proteins of
oxygen insensitive reductase system [65-67]. Both of these enzymes are responsible for
reducing the nitro group of the nitroheterocyclic compounds in a stepwise manner leading to
the generation of various reactive intermediates which cause DNA damage [68,69]. However,

the exact molecular mechanism and target of nitroheterocyclic compounds remain very unclear.

In this study, a novel nitroheterocyclic molecule with broad spectrum antibacterial potency
has been identified after screening a small molecule library of 10956 molecules. The
interaction of the molecule with bacterial cell division proteins were investigated by using

chemical genetic techniques.
2.12. Identification and characterization of a novel antibacterial molecule from a small
molecule library

The following section of this chapter deals with detailed description of the study which
was carried out for identification and characterization of novel antibacterial molecule against

gram negative bacteria.

11



2.12.1. Primary screening of small molecule library

This study began with phenotype based whole cell screening of a small molecule library
consisting of 10956 compounds against Escherichia coli ATCC25922. The objective was to

discover novel antibacterial small molecules against Gram negative bacteria.

The small molecule library which has been used in this study was purchased from
Maybridge (Trevillett, UK). It consists of a diversified collection of 10956 drug-like small
molecules. The average molecular weight of the compounds in the library ranges between 100
to 600 Da (Fig.2.3). The compounds are mostly aromatic, nitro aromatic or halo-aromatic in
nature. These are individually designed compounds, produced by innovative synthetic

techniques, based on heterocyclic chemistry.

501 -600
(210)

Figure 2.3 Molecular weight ranges of the small molecule library.

Before the start of any screening program, it is important to archive the compounds of the
library in an order in the 96 well format so that they can be screened in a systematic order in a
high-throughput fashion. Archiving is defined as giving every compound a physical address in
the 96 well plates. A total of 10956 compounds were arranged in 141- 96-well plates. Each
plate contains 80 compounds as similar arrangement in the first plate (Fig.2.4). The wells at the
first and last columns of the 96-well storage plate were kept blank. No molecules were stored
in those wells. During the primary screening, these wells were assigned for controls in the
assay. Position of each molecule in a particular plate is fixed. Each compound was given a five
digit 1ITR identification number. The compound no 1 was designated as IITR0O0001 and
similarly the compound no 10956 was assigned as ITR10956.
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Figure 2.4 Arrangement of 80 different small molecules in plate no 1.

The first step of any screening process is to dissolve the powdered compounds in a
suitable solvent to prepare the primary stock of a desired concentration - a process known as
solubilization that makes samples readily available for biological testing. Dimethyl suphoxide
(DMSO) is the most common solvent in compound solubilization because of its
physicochemical properties, high solvent power, low chemical reactivity, and low toxicity.
DMSO (Merck, Germany) was used for dissolving the compounds. All 10956 compounds were
dissolved individually in different volumes (according to their molecular weight) in 100% pure
DMSO to get the final concentration of 50 mM (Primary stock). The primary stock solutions
were distributed individually in 141-96-well plates as they were archived previously. The
primary stocks were diluted five folds in same arrangement in different 96 well plates by using
multichannel pipette to get the first intermediary stock of 10 mM. First intermediary stocks

were again diluted in a same manner to get secondary intermediary stock of 2.5 mM (Fig.2.5).

Concentration

Primary Stock

Q Secondary Stock 1

Secondary Stock 2

Assay Plate

Figure 2.5 Different stocks that have been prepared for the Maybridge small molecule library.
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2.12.2. Determining the sensitivity of DMSO against Escherichia coli ATCC25922
(Indicator strain)

2.12.2.1. Materials

Mueller Hinton (MH) broth (Merck, Germany), 96-well polystyrene flat bottom plates
(Axygen), 96 well plate reader (SpectraMax M2e Plus, Molecular Devices, USA),
Multichannel pipettes (Eppendorf, Germany).

2.12.2.2. Methods

2.12.2.2.1. Media preparation

25g Mueller Hinton (MH) broth powder was dissolved in 100 ml of distilled water. Final
volume was adjusted to 1000 ml with distilled water and was autoclaved for 15 min at 121°C
(15 Ib/in?).

2.12.2.2.2. Inoculum preparation of the indicator strain (E. coli ATCC25922)

Freshly streaked single isolated colony from a fresh MH agar plate culture of E .coli
ATCC25922 was inoculated into a culture tube containing 5 ml of MH broth medium. The
broth culture was incubated at 37°C, 250 rpm for 12 h. This culture was then subcultured (1%)
into fresh 5 ml MH broth medium tubes and incubated at 37°C, 250 rpm until the culture
reached OD between 0.6 — 0.7 at 600 nm. The cells were diluted 10° times in the MH broth

media for the assay in 96-well plate.

2.12.2.2.3. Preparing different percentage of DMSO

Sterile MH broth of 500 ul with different percentages (1-20%) of DMSO was prepared
inside the laminar hood in different sterile micro-centrifuge tubes (1 ml capacity). 100 pul of
each stock was placed in a sterile flat bottom 96-well plates in triplicate. Three wells were kept

with only sterile MH broth as appositive control.

2.12.2.2.4. Sensitivity of different percentages of DMSO against E. coli ATCC25922

100 pl of the freshly prepared inoculums as described earlier in section 2.12.2.2.2 was
added to each triplicate wells by a multichannel pipette. A pre-incubation OD at 600 nm was
measured by a plate reader. The 96 well plate was incubated at 37°C in a static condition inside
a humidity controlled incubator with 85% humidity for 12 h and absorbance was measured at

600 nm using SpectraMax M2e Plus (Molecular Devices) plate reader.
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2.12.2.3. Result

It was observed that at 2% DMSO, the growth of the indicator strain was very little
affected (Fig.2.6). Therefore, primary screening was done at 2% DMSO and a DMSO control
was kept in the assay plates which do not contain any drug. The percent growth in 2% DMSO
was considered as maximum (100%) growth in the primary screening assay. This was referred
to as high control. The growth in the presence of test compound was determined in comparison
to the high control with 2% DMSO.
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Figure 2.6 Sensitivity of Escherichia coli ATCC25922 against different percentage of DMSO.

2.12.3. Optimization of growth condition of E. coli ATCC25922 for primary screening

Primary screening of the chemical library has been done against gram negative
Escherichia coli ATCC25922 as an indicator strain. Growth profile of the indicator strain was
optimized for the particular assay condition. The objective was to use healthy cells from

logarithmic phase for the assay.

2.12.3.1. Materials

Mueller Hinton (MH) broth (Merck, Germany), Spectrophotometer (SpectraMax M2e
Plus, Molecular Devices, USA), culture tubes (50 ml capacity) and conical flask (250 ml

capacity.

2.12.3.2. Method

A freshly streaked single colony was picked from the surface of fresh MH agar plate and
inoculated into sterile 5 ml of MH broth in a culture tube and incubated at 37°C, 250 rpm in a
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humidity controlled shaker incubator. Overnight grown culture was subcultured 1% (v/v) in
250 ml flask containing 100 ml of sterile MH broth.

2.12.3.3. Result

It was observed that after 3 h of incubation at 37°C with 200 rpm agitation, the absorbance
of the culture reaches at 0.67 to 0.7 at 600 nm (Fig.2.7). The culture was diluted 1000 fold in

sterile MH broth and 100 pl of this culture was used during the primary screening assay.

250 -

200 +

1.50 -

1.00

QD at 600 nm

0.50 A

0.00
0 60 120 180 240 300 360 420

Time (minutes)

Figure 2.7 Growth kinetics of Escherichia coli ATCC25922 (indicator strain).

2.12.4. Primary Screening Assay

The assay for primary screening was designed in such a manner that all the compounds
can be screened in a high throughput fashion in duplicate (Fig.2.8 and Fig.2.9). Total 80
compounds were screened at a time in two replica plates. There were four controls in the assay.
These were high control with 2% DMSO, high control with no DMSO, antibiotic control (low
control) and a media control. The high control with 2% DMSO was used as a positive control
having the maximum possible growth. Antibiotic control having 50uM kanamycin was used as
a negative control with minimum growth. The percent growth in the test wells were calculated
in terms of the high control with 2% DMSO because all the test well also contain 2% DMSO as
the compounds were dissolved in 100% pure DMSO. The media control was used to confirm
that the media in the assay is not contaminated. Media controls do not contain any inoculum.
The high control without the DMSO was used to monitor that the growth during the assay not

inhibited by other external factors.
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Figure 2.8 Arrangement of assay plate for primary screening.
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Figure 2.9 A schematic diagram of primary screening assay.

All 10956 compounds were tested in duplicate at a concentration of 50 M against E. coli
ATCC 25922. The entire screening was carried out in 16 different batches (Fig.2.10-2.18). 800
molecules were screened at a time except the last batch which consisted of 560 molecules. All
the assays were set up in aseptic condition inside a laminar hood. The bacterial growth was
measured in terms of measuring the absorbance at 600 nm by using a plate reader (SpectraMax
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M2e Plus, Molecular Device). The changes in OD after 12 h of incubation were considered as
absolute growth. The percent growth was calculated in comparison to positive control with 2%

DMSO. Following formula was used to calculate the percentage growth

Percentage Growth = (ODggo in the test well / ODgq in the Positive solvent control) x 100

For each molecule, two values of percentage growth were observed which have been plotted in

scatter plot along the X and Y axis.

2.12.4.1. Materials

Mueller Hinton (MH) broth (Merck, Germany), Small molecule library in 96-well plates,
Kanamycin, 96-well polystyrene flat bottom plates (Axygen), culture tubes (50 ml capacity)
and conical flask (250 ml capacity), Multichannel pipettes (Eppendorf, Germany), plate reader
(SpectraMax Mz2e Plus, Molecular Devices, USA), Humidity controlled incubator and

biosafety cabinet.
2.12.4.2. Methods

2.12.4.2.1. Inoculum preparation

Inoculum was prepared as described in previous section 2.12.2.2.2. E. coli ATCC 25922 cells
of an ODgo of 0.7 were diluted 1000 fold in sterile MH broth and 100 ul of this culture was

used during the primary screening assay.

2.12.4.2.2. Preparing 96-well plates for the primary screening assay

1. 96 pl of sterile MH broth was dispensed into all the 96 wells of the assay plate by using a
multichannel pipette.

2. 4 pl of the small molecules from the stock of 2.5 mM was transferred to 80 different wells
(test wells) as indicated in Fig.2.8.

3. 4 ul of DMSO was transferred to each well of Al, B1, C1 and D1 (positive solvent control
wells).

4. 4 ul of sterile media (MH broth) was transferred to each wells of E1, F1,G1 and H1(positive
control wells)

5. 4 ul of antibiotic (kanamycin) from 2.5 mM stock was transferred to each wells of Al2,
B12, C12 and D12 (negative control/ antibiotic control wells)

6. 104 pl of sterile MH broth was transferred to each well of E12, F12, G12 and H12. The
total volume in these wells was 200 pl (media control wells).
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7. 100 pl of freshly prepared inoculums was poured into all the wells excepting E12, F12, G12
and H12.

8. A pre-read of the plate at OD 600 nm was measured by using a plate reader for preread of
the plate.

9. The plates were then incubated at 37°C in a static condition inside a humidity controlled
incubator for 12 h.

10. ODgqo after 12 h incubation (post-read) was measured by using the Spectramax M2e Plus
plate reader at 600 nm.

11.Difference in OD before and after incubation was calculated by subtracting the pre-read
values from the post-read values.

12.The average OD at Al, B1, C1 and D1 was calculated.

13. Percentage OD at every well was calculated in comparison to the average ODgo 0f Al, B1,
Cland D1.

14.For every molecules, two growth percentage values were found in two plates (Plate-1 and
Plate-2) as indicated in the Figure.

15. A scatter plot was drawn where two growth percentage values were used as X and Y
coordinates respectively.

16. The molecules which resulted in less than 25% growth in both the plates were selected as

primary hits.
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2.12.4.3. Result

Scatter plots of primary screening in 16 batches are given in Fig.2.10- 2.17. Scatter plot of
all 10956 molecules are given in Fig.2.18.
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Figure 2.10 Primary screening of (A) 1ITR00001 to 1ITR00800 (B) 1ITR00801 to 1ITR01400
against E. coli ATCC25922.
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Figure 2.11 Primary screening of (A) 11ITR01401 to IITR02200 (B) 11TR02200 to 11'TR02800
against E. coli ATCC25922.
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Figure 2.12 Primary screening of (A) 1ITR028001 to IITR03600 (B) IITR03601 to 11ITR04200
against E. coli ATCC25922.
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Figure 2.13 Primary screening of (A) 1ITR04201 to 1ITR05000 (B) IITR05001 to IITR05600

against E. coli ATCC25922.
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Figure 2.14 Primary screening of (A) IITR05601 to IITR06400 (B) 1ITR06401 to 1ITR0O7000

against E. coli ATCC25922.
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Figure 2.15 Primary screening of (A) 1ITR07001 to

against E. coli ATCC25922.

21

Replica 2 (R2)
~ w ~ = I~ &
w o v (=} w o

=)
*

25

Percent Growth

50 75 100 125
Replical (R1)

150

IITRO7800 (B) 1ITR0O7800 to 11TR08400




Percent Growth

75

Replica2 (R2)
w
(=1
e

~
]
*e

0 25 5

0 75
Replical (R1)

100

125

150

150

100

75 +

Replica2 (R2)

50

25

Percent Growth

50 peplids1 (R1) 12°

125

150

Figure 2.16 Primary screening of (A) 1ITR08401 to

against E. coli ATCC25922.
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Figure 2.17 Primary screening of (A) 1ITR09801 to 1ITR10440 (B) 11TR10440 to 1ITR10956

against E. coli ATCC25922.
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Figure 2.18 Primary screening of all 10956 molecules against E. coli ATCC25922 (combined).

22




Primary screening identified 223 compounds that displayed good antibacterial activity
against E. coli ATCC25922 (Fig.2.19). Out of 223 primary hits, 30 compounds displayed
excellent activity inhibiting 75% of growth in comparison to the positive control in both the

replica.

223

200

150

100
45

50 9 20 30 '
a o 9

0 percent Lessthan 5 lessthan 25 lessthan 50 Lessthan 75

Number of Compounds

Percent Growth

Figure 2.19 The number of antibacterial small molecule identified after screening the library in
terms of different percentage of growth observed against E. coli ATCC25922.
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2.13. Secondary screening against broad range of pathogenic bacteria

30 lead molecules identified in primary screening were tested against a spectrum of Gram

negative, Gram positive and multidrug resistant clinical isolates at secondary level.

2.13.1. Determining the MIC of antibacterial small molecules

The MIC of 30 lead molecules were determined against all these strains by two fold broth
microdilution method according to Clinical Laboratory Standards Institute (CLSI) guidelines in

96 well plates in Muller Hinton broth.

2.13.1.1. Materials

Mueller Hinton (MH) broth (Merck, Germany), 96-well polystyrene flat bottom plates, 96

well plate reader and multichannel pipette.
2.13.1.2. Methods

2.13.1.2.1. Inoculum preparation of the test organism

A single colony of the test organism was picked from a freshly streaked agar plate and
inoculated into a culture tube containing 5 ml of MH Broth. The broth culture was incubated at
37°C, 250 rpm for 12 h. This cells were then subcultured (1% v/v) into fresh 5 ml MH broth
medium tubes and incubated at 37°C, 250 rpm until the culture reached OD between 0.6 — 0.7
at 600 nm. The cells were diluted 10* times in the MH broth media for the assay in 96-well

plate.

2.13.1.2.2. Assay set up in 96-well plate

1. The serial dilutions in 96- well plate was carried out in duplicates for each antibacterial
molecule to be tested.

2. 196 pl of sterile MH broth was added to the 12" well of the 96 well plate (A12-H12).
4 ul of antibacterial molecule from 50 mM primary stock was added to make final volume
of 200 pl.

3. 100 pl of the MH Broth was added in the remaining wells (except for wells A12-H12).

4. For serial dilution, 100 pl supernatant from 12" well was transferred to 11" well. The
serial dilution continues similarly up to 3 well.

5. 100 pl of the contents from 3" well is transferred directly to the 1% well (as 2" well is used

as positive control i.e. without bacterial extract).
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6. 100 pl of the diluted (10™) test strain was added to all the wells except 1% column wells
(Al-H1) that served as negative control.

7. The final volume in all the wells was 200 pl.

8. The pre-incubation reading was recorded with the help of a plate reader at 600 nm.

9. The plate was incubated for 12 h at 37°C in a humidity controlled incubator.

10. The post- incubation reading was taken after 12 h of incubation.

11. The change in OD of each well is calculated by subtracting the initial OD (incubation = 0
h) from the final OD (incubation = 12 h).

12. OD around 0.01 or less was considered inhibition of growth of test organism.

2.13.1.3. Result

The minimum inhibitory concentration (MICs) of all 30 lead molecules against Gram
negative, Gram positive and few MDR pathogenic bacteria is given in the Table.2.1. Many of
these compounds were effective against a broad range of microbes including some multidrug
resistant (MDR) pathogens.
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Table 2.1 MIC values of 30 lead molecules against Gram positive and Gram negative bacterial
strains. Kanamycin sulphate was an antibiotic control to ensure that the assay is working well.
Multiple drug resistant E. coli O157 and Vibrio fluvialis (BD-146) were kind gift of Dr. Amit
Ghosh. All the other strains used in the study were purchased from ATCC. The MIC was
determined by two fold microbroth dilution method in 96-well plate according to CLSI
(Clinical and Laboratory Standards Institute) guidelines.

Gram negative

Gram positive

Sr. MIC in pg/ml MIC in pg/ml
No IITR Code
E. coli Enterobacter Shigella E. coli Acinetobacter Vibrio Bacillus

ATCC 25922 sakazaki flexneri 0157 baumannii fluvialis cereus
1 1ITR 00205 13.50 27.00 13.50 13.50 54.00 135 6.75
2 1ITR 00210 4.63 4.63 4.63 4.63 4.63 2.3 9.25
3 1ITR 00693 33.00 8.25 4.13 16.50 16.50 33.0 8.25
4 1ITR 00803 10.88 10.88 10.88 43.50 5.44 5.4 21.75
5 1ITR 01245 53.25 106.50 26.63 106.50 13.31 26.6 26.63
6 [1ITR01318 14.19 56.75 56.75 56.75 14.19 14.2 28.38
7 1ITR01324 3.58 28.63 3.58 14.31 57.25 28.6 14.31
8 IITR 02061 72.50 72.50 72.50 72.50 72.50 725 72.50
9 [1ITR 06033 61.00 15.25 1.90 7.63 15.25 15.3 7.63
10 1ITR 06144 0.51 0.51 0.13 0.25 1.02 0.1 2.03
11 1ITR 06146 6.16 12.31 3.08 6.16 49.25 15 3.08
12 1ITR 06567 8.25 16.50 16.50 16.50 66.00 33.0 66.00
13 1ITR 07064 1.62 1.63 26.00 0.81 52.00 26.0 52.00
14 NITR 07273 64.50 64.50 8.06 64.50 32.25 16.1 2.02
15 1ITR 07347 18.75 18.75 9.38 37.50 9.38 9.4 18.75
16 1ITR 07480 18.50 9.25 18.50 18.50 231 18.5 37.00
17 1NITRO7711 15.19 3.80 3.80 7.59 7.59 7.6 30.38
18 IITR 07806 20.81 83.25 10.41 83.25 41.63 10.4 2.60
19 IITR 07865 30.75 7.69 61.50 1.92 61.50 15.4 30.75
20 1ITRO7938 22.38 44.75 11.19 44.75 44.75 224 11.19
21  1ITR 07940 27.25 27.25 1.70 27.25 13.63 3.4 1.70
22 1ITR07942 20.38 40.75 10.19 40.75 40.75 10.2 10.19
23  1ITR 07952 32.25 64.50 32.25 64.50 64.50 4.0 8.06
24 1ITR 08276 6.41 12.81 3.20 12.81 6.41 3.2 6.41
25 1ITR 08345 15.38 30.75 7.69 30.75 15.38 3.8 30.75
26 1ITR 08524 12.56 50.25 1.57 12.56 12.56 31 12.56
27 1ITR 08540 62.00 62.00 1.94 62.00 31.00 7.8 15.50
28 1ITR 08548 22.63 45.25 2.83 45.25 45.25 5.7 11.31
29 1ITR 08564 13.63 54.50 6.81 54.50 13.63 1.7 6.81
30 1ITR 08599 6.06 48.50 6.06 24.25 6.06 6.1 12.13
31  Kanamycin 4.00 1.50 1.50 3.00 0.75 15 1.50
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2.14. ldentification of 11'TR06144, a novel broad spectrum antibacterial small molecule

Amongst the 30 major leads identified after primary screening, IITR06144 ((E)-2-(4-
nitrostyryl)-5-nitrofuran) was the most potent antibacterial molecule against E. coli (Fig. 20).
The minimum inhibitory concentration of 1ITR06144 against E. coli ATCC25922 was 0.5
ug/ml. The nitro-aromatic molecule of 260 Da is a fusion of a nitro-benzene and a nitro-furan
moiety linked by carbon-carbon double bond. The molecule can be synthesized by

condensation of 5-nitro-2-furaldehyde and 4-nitrobenzaldehyde.

The minimum inhibitory concentrations (MICs) of both these molecules were determined
against E. coli ATCC25922. It was observed that the MIC of furaldehyde was much lower than
benzaldehyde molecule. The MICs of 5-nitro-2-furaldehyde and 4-nitrobenzaldehyde are
1.5ug/ml and 25 pug/ml. This finding suggests that the nitro furan region of the molecule is
imparting the higher potency of the entire molecule. When these two moieties condense to form
IITR06144, it becomes more potent. The MIC of 1ITR06144 against E. coli ATCC25922 was
found to be 0.5 pg/ml which was lower than the MICs of both the individual aldehyde
molecules (Fig. 21)

IITRO6144
(E)-2-(4-nitrostyryl)-S-nitrofuran

Figure 2.20 Structure of 1ITR06144, a novel antibacterial small molecule.
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Figure 2.21 Analysis of two structural components of 1ITR06144.
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2.15. Determining the antibacterial spectrum of 11'TR06144

Susceptibility of 1ITR06144 was tested against a broad range of bacterial pathogens which
include Gram negative, Gram positive and multidrug resistant clinical isolates. The MIC of the
molecule against various organisms was determined by two fold broth microdilution method in

96-well plate as described in previous section 2.13.1.

Table 2.2 MIC values of IITR06144 in comparison to a nitro aromatic drug (nitrofurantoin)
and a standard antibiotic control (kanamycin) against a broad range of bacteria including Gram
negative, Gram positive and multidrug resistant bacteria. The MIC was determined by two fold
microbroth dilution method in 96-well plate according to CLSI (Clinical and Laboratory
Standards Institute) guidelines.

_ ) MIC in pg/ml
Sr.No Name of Microorganism

IITR06144 Nitrofurantoin Kanamycin

Gram negative

1 Escherichia coli ATCC 25922 0.5 8 4
2 Escherichia coli BW25113 0.5 8 2
3 Escherichia coli MG1655 0.5 8 2
4 Cronobacter sakazakii 0.5 8 2
5 Acinetobacter baumannii ATCC17978 0.25 > 64 0.5
6 Acinetobacter baumannii SDF 2 64 0.25
Gram positive
13  Staphylococcus aureus 2 16 2
14 Bacillus subtilis 2 16 2
15  Bacillus cereus ATCC 11778 0.5 16
16  Listeria monocytogenes 0.5 8 >32
17  Enterococcus faecium 4 32 >32
18  Clostridium perfringens 0.5 8 >32
Gram negative (MDR)
19  Vibrio fluvialis (L-15318) 0.13 2 16
21  Vibrio fluvialis (BD146) 0.13 2 64
20  Escherichia coli 0157 0.25 8 4
22 Acinetobacter baumannii AYE 0.6 32 >64

2.16. Determining the toxicity of 1ITR06144

To be a good antibacterial, it is desirable that the molecule should not be toxic to the

animal cells. The toxicity of ITR06144 was determined by hemolysis assay and MTT assay.
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2.16.1. Hemolysis Assay

The hemolysis assay measures the toxicity in terms of lysis potential of a molecule to

human red blood cells. Higher the lysis potential of a molecule, lesser the potential of a good

antibacterial. The toxicity of IITR06144 was determined by hemolysis assay.

2.16.1.1. Materials

0.9 % NaCl solution, Dulbecco’s phosphate buffer saline (D-PBS), Triton-X100, DMSO,
IITR06144, nitrofurantoin, furazolidin.

2.16.1.2. Method

1.

10.

Fresh blood (2.5 ml) was collected from a healthy individual in a collection tube containing
anticoagulant.

Blood sample was immediately centrifuged at 1500X g for 5 min. This process separated
the red blood cells from the serum.

The serum portion from the top was removed carefully by using a pipette and the red blood
cells were dispensed in 0.9 % NaCl saline solution approximately 9 times of the volume of
the red blood cells.

The suspension was again centrifuged at 1500Xg for 5 min and the supernatant was
removed carefully by using a pipette. The process was repeated twice.

After each washing, cells were pelleted by centrifugation at 1500Xg for 5 min and the
supernatant was discarded.

The final pellet was diluted 1:9 (v/v) in sterile 0.9 % NaCl saline solution than 1:24 (v/v) in
sterile Dulbecco’s phosphate buffer saline (D-PBS), pH 7.0.

Red cell suspensions (1 ml of final volume) were incubated at 37°C for 6 h with different
concentration (1X, 5X, 10X and 20X of MIC values against E. coli ATCC25922) of
IITR06144, nitrofurantoin and furazolidine.

For each compound, red cell suspension with same volume of solvent (DMSO) were also
incubated at same condition for 6 h. (Solvent control).

In order to avoid any possible differences due to a diverse manipulation, also samples
without any treatment were also incubated for same period at 37°C. Red cell suspensions
without any treatment was taken as negative control (minimum hemolysis).

Another suspension was incubated with Triton-X100 (1% v/v) which was used as a positive
control. Hemolytic potential of test compounds were measured in comparison to the

positive control. Hemolysis caused by Triton-X 100 was considered as 100 %.
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11. During the incubation the samples were occasionally (maximum once per h) resuspended
by inversion.
12. For each concentration and control, the experiments were set in triplicate.

13. Hemolysis was measured in terms of measuring the absorbance at 540 nm.

Percentage hemolysis = (ODsy Test - ODsy Solvent control) / (ODsyy Positive control - ODsyg

Solvent control) x 100

2.16.1.3. Result

It was observed that the percentage hemolysis by 1ITR06144 was quite similar with the
two other nitro-aromatic antibacterial drugs available in the market. Hemolytic potential of all
the molecules in comparison to Triton X 100 (1% v/v) were below 25 %. The observation is

given in the following table (Table.2.3).

Table 2.3 Percentage hemolysis of 1ITR06144 and two other nitro-aromatic drugs in
comparison to Triton X 100 1% (v/v). Hemolysis by Triton X 100 was considered as 100%.

Percentage haemolysis + Standard deviation

Drug Concentration
IITR06144 Nitrofurantoin Furazolidine

IXMIC 9+1 10+1.5 71
5X MIC 10 +1 14+ 2 6+1
10X MIC 14+16 2021 11+2
20X MIC 18+16 21+15 15+2

2.16.2. MTT Assay

The MTT assay was carried out against the stem cells C3H10T1/2. This assay measures
the toxicity of an antibacterial molecule in terms of cell viability after a brief exposure of cell
line to the molecule at various concentrations. Higher the percentage viability after a brief

exposure, greater is the utility of a good antibacterial.

2.16.2.1. Materials

C3H10T1/2 stem cells, 1ITR06144 (Maybridge, UK), nitrofurantoin (Sigma Aldrich),
furazolidone (Sigma Aldrich) Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific),
MTT  [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium  Bromide](Thermo  Fisher
Scientific), DMSO (Merck, Germany), 96-well tissue culture plate flat bottom, CO, and cell

culture facility.
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2.16.2.2. Method

1.

Approximately 5x10° C3H10T1/2 cells in 200 pl of media were seeded in a 96-well
microtiter plate and incubated overnight.

Cells were then treated with 1 ul of different concentrations of antibacterials (IITR06144,
nitrofurantoin and furazolidone) and incubated at 37°C inside a CO, incubator for 24 h.
Control cells were treated with 0.5 % DMSO (vehicle control) and incubated at same
condition for 24 h.

After 24 h, 20 ul MTT (5 mg/ml) were added to the culture and incubated for 4 h at 37°C.
MTT-containing medium was then removed very carefully by a pipette holding the plate in
a tilted way. The purpose was not to disturb the formazone layer at the bottom.

200 ul DMSO was added to dissolve the formazone crystal by gentle agitation.

Optical density (OD) was measured at 570 nm in a plate reader (M2e, Molecular Devices).
Viability was measures in terms of absorbance values. Percentage viability was calculated
in comparison to the solvent control.

The percentage viability was calculated by using the following formula.

Percentage cell viability = [(Mean OD of treated cellx100)/mean OD of vehicle treated cells] X 100

2.16.2.3. Result

A dose dependent decrease in cell viability was observed for 1ITR06144 and other two

nitroaromatic drugs available in the market. However, at MIC concentration, the molecules

exhibit a very low toxicity.

Table 2.4 Percentage viability of 1ITR06144 in comparison to two other nitro-aromatic drugs
nitrofurantoin and furazolidine. Viability of cells treated with vehicle (DMSO 0.05%) was
considered as 100%.

Drug Percentage cell viability £ Standard deviation
Concentration 11ITR06144 Nitrofurantoin Furazolidine
1IX MIC 9%5+4 81+9 877
5X MIC 55+5 48 + 4 61+5
10X MIC 40+ 4 40+ 4 51+6
20X MIC 25+5 40+6 15+3
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2.17. Determine the mode of action of 11 TR06144

In order to ascertain any changes in cell morphology, microscopic studies of E. coli cells
after a brief exposure to 1ITR06144 were carried out using light microscopy and bright field
microscopy, followed by scanning electron microscopy. The morphological change in bacterial

cells with and without the treatment of the drug was monitored by microscopic observation.

2.17.1. Microscopic study
2.17.1.1. Materials

Glass slides, small glass slides (for SEM), cover slips, microcentrifuge tubes, 0.9% NaCl

solution, glutaraldehyde (4%), ethanol, Gram staining solutions (Himedia).

2.17.1.2. Methods
2.17.1.2.1. Preparation of cells

1. A single well isolated colony of E. coli ATCC25922 was inoculated from fresh LB-Agar
plate into 5ml sterile LB broth in a culture tube and incubated at 37°C with 200 rpm for 6 h.

2. Cells were then sub cultured (0.1%) in two other fresh tubes with 5 ml of media and
incubated at same condition.

3. ODegg of the cells were allowed to come around 0.1.

4. One of the tubes was treated with 0.25 ug/ml of 1ITR06144.

5. Both the tubes were incubated for two h and smear was prepared immediately on grease

free clean slide for microscopic observation.

2.17.1.2.2. Sample preparation for brightfield and fluorescence microscopy

1. Prepared cells were pellet down by centrifugation at 6000rpm/10 min at 4°C.

2. Supernatant was discarded and cells were resuspended in 1ml of 0.9 % saline.

3. Cells were again centrifuged and resuspended in 1 ml of 0.9% saline.

4. A drop of the suspension was put on the clear grease free glass slide and a thin smear was
prepared.

5. Sample was then allowed to air dry for few min.

6. Dried smear was than heat fixed by heating gently from a distance to a spirit lamp for few
s. Over heating was avoided.

7. For fluorescence and phase contrast imaging no staining is required. Smear was ready for
the microscopy after putting a cover slip on it.

8. For brightfield microscopy smear was stained as per the method of Gram staining.
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2.17.1.2.3. Sample preparation for SEM (Scanning Electron Microscopy) imaging

1.

The prepared cells were washed once with 0.9 % NaCl and resuspended in 0.9% NaCl
solution.

To fix the cell, equal volume (100 pl) of 4% gultraldehyde solution prepared in 0.9% saline
was added to make the final concentration as 2% into a microcentrifuge tube.

The samples were incubated at 4°C for 30-45 min.

A very small droplet of the sample was put on very small grease free clean glass slide and
allowed to air dry to make very a small circular smear. If required, the droplet was spread
gently on glass surface with the sharp end of a microtip of 10 ul capacity.

Cells were allowed to dry up by incubating at 40°C for 10 -15 min.

After the smear dried up, samples were dehydrated by placing the slides in 25, 50, 70, 80,
90, 100% ethanol for 5 min each.

The samples were allowed to be dried by incubating at 37°C for 10-15 min.

Gold coating on samples were performed using Q150R Rotary-Pumped Sputter Coater and

samples were visualized using Zeiss ULTRA-PLUS SEM microscope.

2.17.1.2.4. Gram Staining procedure

1.

o & N
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Heat fixed slide was placed on a staining tray and the smear was covered with crystal violet
for 1 min.

The liquid stain was washed off with water (not more than 2-3 s).

Smear was then covered with iodine solution for 1 min and then washed off with water.

The slide was blot dried to remove excess water.

Decolorization of smear with 95% ethanol was carried out by dripping ethanol on smear
with slide held at right angle until the dye stops coming out.

Then the slide was flooded with water and blot dried.

The smear was then flooded with saffranine for 1 min.

Slide was rinsed briefly with water to remove excess stain.

The slide was then left for air drying and then microscopically examined under 100X oil

immersion objective lens.

2.17.1.3. Results

Change in morphology of E .coli cells after exposure to IITR06144 was monitored by

thorough microscopic studies. It was observed the brief exposure of 11ITR061444 at sub MIC

concentration causes cellular elongation of E. coli cells (Fig.2.22-2.23). It was also found that
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there was constrain in separation of two daughter cells during cell division (Fig.2.24). The
SEM images confirmed that the cells fail to separate from each other after treatment with
IITR06144 leads to elongation. Therefore it was concluded that 1ITR06144 restricts bacterial

cell division leading to cellular elongation (Fig.2.25).
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Figure 2.22 Bright field (100X objective) microscopy images of E. coli cells after Gram
staining. (A) cells without treatment of any drug, (B) cells treated with sub MIC concentration
of ITR06144.
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Figure 2.23 Scanning electron microscopy images of E. coli cells. (A) cells without treatment
of any drug, (B) cells treated with sub MIC concentration of [ITR06144.
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Figure 2.24 Scanning electron microscope (SEM) image of E. coli cells treated with sub MIC
concentration of 1ITR06144. (A) Two daughter cells not getting separated properly, (B)
Elongated cells after treatment with 1ITR06144.
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Figure 2.25 Schematic representation of normal and defective cell division.

2.17.2. Studies on E. coli cells overexpressing FtsZ-GFP

FtsZ and its associated protein family are the key players in bacterial cell division.
Polymerization of FtsZ causes the formation of septum or division ring during the cell division.
Inhibition in FtsZ assembly formation may lead to the defective cell division and subsequent
cellular elongation. Therefore, the effect of 1ITR06144 on the assembly of FtsZ was
investigated in details. E. coli cells harboring a recombinant plasmid pCA24N was used in the
study [70]. This is an inducible plasmid carrying ftsZ-gfp. Induction for the expression of FtsZ

also causes an overexpression of GFP which can be monitored by fluorescence.
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2.17.2.1. Materials

E. coli (pCA24N-ftsZ-gfp) cells, LB Broth, IPTG, chloramphenicol, culture tubes and

fluorescence microscope.

2.17.2.2. Method

1. A single colony of E. coli (pCA24N-ftsZ-gfp) was picked from a fresh LB Agar plate with
chloramphenicol (30 pug/ml) and inoculated into 5 ml of LB broth in a culture tube with
same concentration of antibiotic.

2. The tube was incubated at 37°C with 250 rpm until the ODgq reaches at 0.5.

3. At this level, the culture was induced by 1 mM of IPTG (50 ul of 100 mM stock solution of
IPTG) and incubated at same condition for 2 h.

4. The cells were then diluted to ODggo of 0.1 in two other fresh tubes containing 5 ml LB
broth with chloramphenicol (30 pg/ml) and IPTG (0.5 mM).

5. In one tube the cells were treated with 0.25 ug/ml of IITR06144 and the other tube was
kept as a control without any treatment.

6. The tubes were incubated at 37°C, 250 rpm for 4 h.

7. The culture tubes were removed and smear was prepared on clean glass slide immediately
as described in previous section 2.17.1.2.2

8. The slides were observed under an inverted fluorescence microscope (Nikon, Ti Eclipse)
with 100X oil emmersion objective.

2.17.2.3. Result

When the cells were induced with 1 mM IPTG simultaneous overexpression of FtsZ and
GFP occurred. As a result, fluorescence of GFP was visible at uniform distance at mid cell
region (Fig.2.26A). It means, without any treatment with 1ITR06144 the FtsZ was localized
uniformly along the dividing cells. But, in case of cells treated with 1ITR06144 GFP was
observed to be delocalized and dissolute in entire cells (Fig.2.26B). For a single cell also, the
changes was very prominent (Fig.2.26C and 2.26D). This observation suggests that 11TR06144
interferes with the formation of FtsZ assembly in the mid-cell region and as a consequence E.

coli cell division was restricted leading to elongation of cells.
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Figure 2.26 Fluorescence microscope image of E. coli cells harboring pCA24N-FtsZ-GFP
(Aska library). (A) and (C). Induced cells not treated with 1ITR06144 (control), (B) and (D).
Induced cells treated with sub MIC concentration of 1ITR06144. Delocalization of FtsZ-GFP
was observed after treatment with 1ITR06144.

2.17.3. Antisense RNA mediated silencing for target identification

Antisense RNA of a particular gene binds to its sense mMRNA and prevent its expression at
further level. The phenomenon is known as antisense RNA mediated gene silencing. A system
can be developed where antisense RNA mediated gene silencing can be achieved [71]. In this
system a large fragment of a particular gene is cloned in antisense direction into an inducible
plasmid and transformed into the bacterial cells. Induction causes the formation of antisense
MRNA which bind to the sense MRNA (transcribed from the genome) of the gene and restricts
its entry into the translation. Antisense expression of an essential gene causes impaired growth
in bacteria. A drug with similar target will elevate the effect by acting in synergy. However,
drug with dissimilar target will not influence the process [45] . This phenomenon can be

utilized for identifying or confirming a drug target on genetic basis.

This approach was used in the present study to identify the target. Initial observations
from sections 2.17.1.3 and 2.17.2.3 suggested that 1I'TR06144 might have some interaction
with FtsZ. Therefore, plasmid, pHN678 with antisense ftsZ and antisense murA in E. coli

BW25113 was used in the study. murA is an essential gene and was taken as a control.
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2.17.3.1. Materials

Plasmid pHNG678, (kind gift from Prof. Liam Good), E. coli (pHN678-ftsZ), E. coli
(pHNG678-anti-ftsZ), anti-ftsz and anti-murA was cloned in the lab by others [45], IPTG,
chloramphenicol, LB Broth, LB Agar, Petri plates, 96-well plates and spectrophotometer.

2.17.3.2. Confirmation of impaired growth on induction of essential genes in E. coli

The first step of the experiment was to confirm that antisense system was functioning
properly on induction. Therefore, a spot assay was performed on LB agar plate using E. coli
(pHNG678), E. coli (pHN678-ftsZ) and E. coli (pHN678-murA) with and without IPTG.

2.17.3.2.1. Method

1. A single colony of E. coli (pHN678), E. coli (pHN678-ftsZ) and E. coli (pHN678-murA)
were picked from a different LB-agar plate with chloramphenicol (30 pg/ml) and
inoculated into three individual culture tube containing 5 ml of sterile LB broth with equal
concentration of antibiotic.

2. The cultures were incubated at 37°C for 12 h shaking (200 rpm).

3. The saturated culture was diluted 100 fold in sterile LB broth with chloramphenicol (30
ug/ml).

4. 5 ul of the culture was spotted (in triplicate) on to LB agar pate with and without IPTG (1.5
mM). Both the plates contained chloramphenicol at 30 ug/ml concentration.

5. The spots were allowed to dry up for few min inside the biosafety cabinet.

6. Both the plates were incubated for 12 h and observed for growth of cells.

2.17.3.2.2. Result

Impaired growth pattern was observed for both the antisense clones, E. coli (pHN678-ftsZ)
and E. coli (pHN678-murA) in the plate containing 1.5 mM IPTG (Fig.2.27B). No defective
growth was observed for the cells harboring only pHN678 plasmid. All the cells displayed
good growth in controlled conditions where no IPTG was added (Fig.2.27A). It suggested that

the antisense system was functioning well.
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Figure 2.27 Spot assay of E. coli BW25113 cells harboring different plasmids (a) E. coli
(pHN678) (b) E. coli (pHN678-ftsZ) and (c) E. coli (pHN678-murA). (A) LB agar plate
without IPTG (uninduced), (B). LB agar plate with IPTG (induced). Three different spots were
made for each strain in both the plates.

2.17.3.3. Determination of the growth profile of both the antisense cells E. coli (P HN678-
ftsZ) and E. coli (pHN678-murA) at different induction level in combination with
11TR06144

2.17.3.3.1. Method

1. Different panels in 96-well plates were filled with 100 ul of LB broth with different
concentrations (70 uM, 150 uM and 300 pl) of IPTG and 11ITR06144 (0.4 pg/ml, 0.2 pug/mi
and 0.1ug/ml) in triplicates.

2. Three wells for each concentration of IPTG were kept without any small molecule.

3. Another panel in 96-well plate was filled with 100 ul of LB broth without any IPTG. The
concentration of 1ITR06144 was 0.4 pg/ml, 0.2 pg/ml and 0.1ug/ml.

4. Three wells without the IPTG were kept without any small molecules.

5. The concentration of both IPTG and antibiotic was kept double of its desired concentration
because it was diluted to half of its concentration when 100 ul of inoculum was added.

6. LB broth with chloramphenicol (30 pug/ml) was used throughout the experiment.

7. Overnight grown saturated culture (as described in section 2.17.1.2.2) was diluted 10° fold
in LB chloramphenicol media.

8. 100 pl of this diluted culture was dispensed in all the wells.
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9. The plates were incubated at 37°C inside a humidity controlled incubator at shaking
condition (100 rpm).

10. The plates were read at 600 nm using a plate reader at 1 h interval for 12 h.

11. Average changes in OD at 600 nm at different growth conditions were calculated and

plotted against the time interval.

2.17.3.3.2. Result

Treatment with 1ITR06144 resulted in less growth of E. coli (pHN678-ftsZ) as compared
to E. coli (pHN678-murA) cells observed. With increasing level of induction and increasing
concentration of [ITR06144 the growth profile of anti-ftsZ was affected significantly
(Fig.2.28). However, no such changes were observed for anti-murA which was also an
essential gene. The silencing of ftsZ was found to assist IITR06144 in its antibacterial activity

even at lower concentration.
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Figure 2.28: The growth profile of E. coli (pHN678-ftsZ) and E. coli (pHN678-murA) at
different induction level in combination with different concentration of I TR06144.
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2.17.4. Studies with the knockout mutants (Keio collections) of E. coli

Microscopic and genetic evidences suggested that 1ITR06144 interacts with bacterial cell
division protein FtsZ. There are several internal players which also interact with FtsZ and
regulate its polymerization during the septum formation. SImA and MinC are the members of
this category which negatively regulate FtsZ polymerization. The inhibition of FtsZ by
IITR06144 may be regulated via any of these two members. Therefore, the susceptibility of
these knockout mutants of E. coli was tested against 1ITR06144. 1ITR06144 is a nitroaromatic
compound which like other nitro aromatic compounds may be reduced inside the cells by
major reductases, NfsA and NfsB. Therefore, deletion mutant of these reductases were also
studied.

2.17.4.1. Method

The Minimum inhibitory concentration of 1ITR06144 was determined against these
knockout mutants in comparison to the wild type E. coli BW25113 by two fold broth
microdilution method in 96-well plate with liquid media as described in section 2.13.1.

2.17.4.2. Result

MICs of I1ITR06144 against the knockout mutants (Keio collections) of E. coli are given in
Fig.2.29. The MIC of 1ITR06144 was found higher for AnfsA mutant in comparison to the
wild type E. coli. The finding suggests that NfsA is required for better potency of 1ITR06144.
However, NfsB does not play any role for functioning of 1ITR06144 as an antibacterial. The
MIC of 1ITR06144 against AsImA and AminC was two folds lower than the wild type stain. It
suggests that SImA and MinC have a role in host immunity against the 1ITR06144. It is
already known that SImA and MinC function as a cellular check point during the cell division.

Again, it confirms the fact that 1ITR06144 must be involved in restriction of cell division.
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Figure 2.29 MIC of 1ITR06144 against the knockout mutants of E. coli in comparison to the
wild type BW25113 cells.

2.17.5. Determining the interaction of 11'TR06144 and NfsA

Elevation in MIC of 1ITR06144 against the AnfsA suggested that the gene products assists
the function the molecules as an antibacterial. To reconfirm the role of NfsA, MIC of

IITR06144 was determined against the NfsA overexpressor (Aska library).

2.17.5.1. Method

The MIC was determined by broth microdilution method in 96-well plate as described in
previous section 2.13.1.The liquid media used in assay was supplemented with 0.1 mM IPTG.

2.17.5.2. Result

Over expressing mutant of NfsA exhibited hyper susceptibility to ITR06144. It re-
established the fact that NfsA enhance the activity of IITR06144.
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Figure 2.30 MIC of IITR06144 against the deletion and overexpression mutant of E. coli.
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This study demonstrated a very comprehensive strategy of screening a small molecule
library for identifying novel antibacterial molecule against Gram negative bacteria. Screening
led to the identification of a broad spectrum novel antibacterial molecule, 1ITR06144.
Microscopy data  suggested that the molecule interferes with bacterial cell division, in
particularly with the formation of FtsZ assembly during cell division leading to cellular
elongation. Study based on the antisense MRNA mediated gene silencing strongly suggest that
FtsZ seems to be the target of ITR06144.
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CHAPTER 3

IDENTIFICATION AND CHARECTERIZATION OF
NOVEL EFFULUX PUMP INHIBITORS (EPIs)

3.1. Efflux pumps

Efflux pumps in bacterial membranes are trans-membrane protein or protein assemblies
that extrude toxic chemical substances including antibiotics from within the cell to outer
environment. An efflux pump may have a specific substrate or it may transport structurally
dissimilar multiple classes of chemicals or antibiotics [72].0ne of the major causes of
multidrug resistance in bacteria is the presence of efflux pumps or transporter proteins in their
membrane [73-75]. Multi subunit efflux systems in Gram negative bacteria, particularly in
Pseudomonas aeruginosa, Acinetobacter spp. Stenotrophomonas maltophilia, and the
Enterobacteriaceae have been recognized as the major determinants of intrinsic as well as
acquired multidrug resistance in these organism [76]. Efflux pumps are primarily categorized
into two major groups, based on their driving force for transporting the substrate across the
membrane. ATP driven transporters like ABC (ATP-binding cassette) transporters are primary
transporters which use the energy of ATP hydrolysis. The others are secondary transporters
which utilize the electrochemical gradient of various ions across the membrane as a source of
energy. Important secondary transporters includes RND (Resistance Nodulation Division),
MFS (Major facilitator superfamily), SMR (Small Multidrug Resistance) and MATE
(Multidrug And Toxic Compound Extrusion). The secondary pumps are mostly associated with

multiple drug resistance in bacteria.
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Figure 3.1 Clinically relevant efflux pumps in bacterial pathogens (According to Piddock et
al., 2006).
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3.1.1. ABC Transporters

ABC (ATP-binding cassette) transporters are multi subunit primary transporters present in
almost every kind of cells in all the kingdom of life. The multi subunit system consist of two
trans-membrane domain (TMDs) embedded in the membrane bilayer and two nucleotide
binding domains (NBDs) located in the cytoplasm. These transporters are driven by energy of
ATP hydrolysis. Binding of ATPs at the cytoplasmic domain causes the conformational change
in the trans-membrane which leads to the transportation of a specific substrates [77]. ABC
transporters function both as exporter and importer for translocation of molecules or nutrients
to energetically unfavorable direction. One ABC transport system in E. coli is responsible for
preventing the accumulation of phospholipid on the outer surface of the outer membrane [78].

3.1.2. RND Transporters

RND (Resistance Nodulation Division) is the most prevalent transmembrane efflux system
found in Gram negative bacteria. This transport system consists of three components: an inner
membrane domain, a periplasmic domain and an outer membrane domain. Many RND family
pumps have been discovered and characterized in various gram negative pathogenic bacteria.
The most studied transporter system belonging to RND family include AcrAB-TolC system of
Escherichia coli, MexAB-OprM system of Pseudomonas aeruginosa and AdeABC, AdelJK
system of Acinetobacter baumannii. The RND family of pumps have a wide range of substrate
specificity and are responsible for effluxing clinically significant antibiotics like
aminoglycosides, tetracyclines, erythromycin, chloramphenicol, trimethoprim,

fluoroquinolones and f-lactams [79,80].

3.1.3. MFS Transporters

MFS (Major facilitator superfamily), also known as Uniporter-Symporter-Antiporter
family is the most prevalent class of secondary transporter present in most of the living cells.
Initially it was known for its role for uptake of sugars into the cells. Later it was discovered that
it is also involved in the transportation of drugs and metabolites of Krebs cycle [81]. However,
at least 7 different members of this category have been identified and characterized which are
involved in multidrug resistance [82]. NorA of Staphylococcus aureus and PmrA of

Streptococcus pneumonia are the most studied members of this category [15].
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3.1.4. SMR Transporters

SMR (Small Multidrug Resistance) is another category of well characterized efflux pumps
found in many bacteria. Most studied SMR family pumps are EmrE of Pseudomonas
aeruginosa, EbrAB of Bacillus subtilis, SsmE of Serratia marcescens and AbeS of
Acinetobacter baumannii [83]. On an average of 110 amino acid long SMR family transporters
are generally located in inner membrane of gram negative bacteria and consist of four
transmembrane helices. SMR family transporters are generally responsible for effluxing

lipophilic drugs [84].

3.1.5. MATE Transporters

MATE (Multidrug And Toxic Compound Extrusion) is the most recently identified
category of multidrug efflux pump among the other secondary transporters which use
electrochemical gradient of cations across the membrane for transporting drugs [85]. This
pump has diverse substrate specificity and expels several structurally dissimilar substrates
including several clinically useful antibiotics from the bacterial cells [86,87]. Fluoroquinolones
are the most common substrates for all the MATE family pumps identified so far. [85]. The
important multidrug efflux pumps belonging to MATE family include NorM, BexA, VmrA,
CdeA, YdhE, HmrM , PmpM, DinF and AbeM which have been identified in Gram negative
bacteria [85,88,89]. NorM was the first reported Na" driven Na*/drug antiporter identified in
Vibrio parahaemolyticus [89] . A homolog of norM gene from Vibrio parahaemolyticus and
ydhE from E. coli was latter identified in Neisseria gonorrhoeae [87] . VmrA is another Na*
coupled multi drug transporter identified in Vibrio parahaemolyticus [88].Most recently, ketM,
a multi drug efflux pump of MATE family, has been identified and characterized in Klebsiella
pneumonia [90]. A novel MATE family efflux pump, mepA was identified in Staphylococcus
aureus which cause decreased susceptibility of tigecycline [91]. In Acinetobacter baumannii,

AbeM is the only MATE family pump identified and characterized so far.

3.2. Efflux pumps in Acinetobacter baumannii

Acinetobacter baumannii is one of the most troublesome, opportunistic, Gram negative
bacillus associated with multiple nosocomial infections in humans [92-94]. Till 1970, the
organism was susceptible to most of the antibiotics, but now it has become the leading cause of
hospital acquired infection worldwide by acquiring resistance to most of the antibiotics [7].
There are many factors which contribute to drug resistance in A. baumannii. However, Multiple

drug resistance in the organism is often associated with various efflux pumps which have been
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identified in the organism [79,94,95]. A number of efflux pumps belonging to almost every
classes of transporters have been identified in A. baumannii [15, 79,96]. AdelJK, a multi
subunit transporter belong to RND family was discovered in a clinical isolate of A. baumannii
[80]. adeABC and adeDE gene clusters expressing multidrug transporters were found to
function in association with adelJG and distributed along the entire genome of A. baumannii
[97]. AbeS, a multidrug efflux pump of SMR family was identified in the genome of the
organism [83]. Amva, a MFS family pump that extrudes a number of antibiotics and
disinfectants and confers resistance to the organisms against them [98]. The prevalence of
various multi drug efflux pumps in A. baumannii poses a serious threat to the healthcare. The
solution of the problem exists in the discovery of effective efflux pump inhibitors which can be

prescribed along with the antibiotics to make them effective once again [18,73,99].

3.3. AbeM, a multidrug efflux pump in Acinetobacter baumannii

AbeM, a proton driven multidrug efflux pumps belonging to the MATE family of
transporter was identified and characterized in Acinetobacter baumannii [86]. MATE
(Multidrug And Toxic Compound Extrusion) is the most recently identified multidrug efflux
pump among the other secondary transporters which use electrochemical gradient of cations
across the membrane for transporting drugs [85]. This pump has diverse substrate specificity
and expels several structurally dissimilar substrates including several clinically useful
antibiotics from the cell [86,87]. Fluoroguinolones are the most common substrates for all the

MATE family pumps identified so far in other bacteria also [85].

3.4. MATE family of transporters in other organisms

The other important multidrug efflux pumps belonging to MATE family include NorM,
BexA, VmrA, CdeA, YdhE, HmrM , PmpM and DinF which have been identified in other Gram
negative bacteria [85,88,89]. NorM was the first reported Na* driven Na'/drug antiporter
identified in Vibrio parahaemolyticus [89]. A homolog of norM gene from Vibrio
parahaemolyticus and ydhE from E. coli was latter identified in Neisseria gonorrhoeae
[87,88].VmrA is another Na® coupled multi drug transporter identified in Vibrio
parahaemolyticus [88]. Most recently, ketM, a multi drug efflux pump of MATE family, has
been identified and characterized in Klebsiella pneumonia [90]. In Acinetobacter baumannii,

AbeM is the only MATE family pump which has been identified and characterized so far.
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3.5. Efflux pumps as a drug targets

Efflux pumps can be excellent drug target because of their multiple substrate specificity.
Inhibiting a particular efflux pump would revive the activity of number of clinically useful
antibiotics. It may also reduce the mutant selection frequency against a particular antibiotic.
Efflux pump inhibitors (EPIs) are also important for improving the pharmacodynamic
characteristic like post antibiotic effect (PAE) of an antibiotic [100,101]. Efflux pump inhibitor
against a multidrug efflux pump may also prevent the biofilm formation by the Gram negative
pathogens [102]. As the discovery of new antibacterial drugs is in declining state, efflux pump
inhibitors can play a significant role by rejuvenating the “old antibiotics” to replenish the void

space.

3.6. Discovery of Efflux Pump Inhibitors (EPIs)

A number of efflux pump inhibitors has been identified and characterised against various
transporters. Numerous strategies have been adopted for finding different families of
transporters in different organisms. MBX2319, a pyranopyridine was identified and
characterized as an efflux inhibitor of RND family pump in Enterobacteriaceae [103]. A novel
molecule resembling the structure of piperine was discovered against the NorA efflux pump in
S. aureus [104]. A set of efflux pump inhibitors were reported in P. aeruginosa which
potentiate the activity of fluoroquinolones [105,106]. 1-(1-naphthylmethyl)-piperazine (NMP)
was identified as an effective efflux pump inhibitor as it is capable of reversing MDR in E.
coli over expressing the RND family of pumps and also reduces the MIC of several clinically
useful antibiotics [107,108]. GG918, a synthetic efflux pump inhibitor potentiating the activity
of fluorogquinolone against MDR S. aureus was discovered while screening to identify
inhibitors of mammalian P-glycoprotein [109]. Verapamil was identified an excellent efflux
pump inhibitor for Mycobacterium tuberculosis and profoundly reduces the MIC of
bedaquiline against the strain [110]. Recently a novel serum associated efflux pump inhibitor
was reported in Acinetobacter baumannii [111]. Diverse classes of efflux pump inhibitors were
discovered from natural sources, in particular from plant [112,113]. Farnesol acts as an
effective efflux pump inhibitor in Mycobacterium smegmatis [114]. Coumarins from Mesua
ferrea has been established as an efflux pump inhibitor of NorA in S. aureus [115]. Phenyl
propanoids isolated from Alpina galangal and a homoisoflavonoid, bonducellin  from
Caesalpinia digyna root function as EPI in Mycobacterium smegmatis [116,117]. Piperine was

established as an effective efflux pump inhibitor of MdeA efflux pump of S. aureus and also
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against a putative multi drug transporter in M. tuberculosis [118,119].Capsaicin (8-methyl-N-
vanillyl-6-nonenamide) functions as an inhibitor of NorA in S. aureus [120].

3.7. Fluoroquinolone resistance in bacteria

Fluoroquinolones are clinically useful broad spectrum antibiotics used to treat infection
caused by gram negative bacteria. The primary reason of fluoroguinolone resistance in gram
negative bacteria is the mutation at quinolone resistance determining region (QRDRs) of gyrA
encoding DNA gyrase A subunit and parC encoding the topoisomerase IV subunit [121,122].
However, fluoroquinolone resistant mutant of A. baumannii have been isolated which do not
have mutation in those regions [123]. Fluoroquinolones are substrates for several efflux pumps
which contribute fluoroquinolone resistance to the gram negative bacteria [124,125]. Efflux
mediated fluoroquinolone resistance was also found in P. aeruginosa, Stenotrophomonas
maltophilia and Burkholderia cepacia [126]. Overexpression of patAB is also associated with
fluoroquinolone resistance in various clinical isolates [127]. Expression of patA and patB
encoding two ABC transporters in Streptococcus pneumonia were found to be induced by
fluoroquinolones [128]. AbeM is the most significant efflux pump in A. baumannii which
confers fluoroquinolone resistance to the organism [86]. High level of efflux mediated
fluoroquinolone resistance was observed in Mycobacterium smegmatis [129]. An elevated
expression ABC transporter genes were found in fluoroguinolone resistant mutant of M.
smegmatis [130,131].

3.8. Identification and characterization of efflux pump inhibitor (EPI) against AbeM, a

multidrug efflux pump in Acinetobacter baumannii

The next section of this chapter deals with detailed description of the study which was
carried out for identification and characterization of novel efflux pump inhibitors against

AbeM, a proton (H")driven multidrug efflux pump in A. baumannii.
3.8.1. Materials

3.8.1.1. Chemicals

The small molecule library was purchased from Maybridge (Trevillett, UK). All the
antibiotics, substrate molecules and carbonyl cyanide 3-chlorophenyl-hydrazone (CCCP) were
purchased from Sigma-Aldrich (St. Louis, USA). Dimethyl sulphoxide (DMSO), Luria Bertani
broth (LB) (Miller), Mueller Hinton (MH) broth and agar-agar were purchased from Merck
(Darmstadt, Germany). Restriction enzymes, pfu polymerase, T4 ligase, ATP, dNTPs, alkaline
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phosphatase, and other molecular biology grade chemicals were purchased from Thermo Fisher
Scientific (Waltham, USA). 3-(4,5-dimethyl-2-thiazolyl)2,5diphenyl-2H-tetrazoliumbromide
(MTT), agarose and other analytical grade chemicals were purchased from HiMedia (Mumbai,
India).

3.8.1.2. Bacterial strains and primers

All the bacterial strains and primers used in this study are given in Table.3.1 and Table.3.2
respectively. All the strains were grown at 37°C, with 200 rpm agitation, in Mueller Hinton
broth. Ampicillin was used at 100 mg/L whenever required. The clinical strains were
confirmed by species specific PCR amplification, Gram staining and maintained on Leeds
Acinetobacter Medium (LAM).

Table 3.1 List of the strains and organisms used in the study

Organism Strain Description Reference
Acinetobacter Reference strain of Purchased from
it ATCC 17978
baumannii A. baumannii ATCC, USA
AVE Drug resistant strain of A. Purchased from
baumannii ATCC, USA
Clinical isolate expressing Obtained from Dr.
RPTC-19 AbeM, exhibiting high V. Gupta, GMCH,
resistance to fluoroquinolones Chandigarh
Escherichia coli Host strain used for maintaining Purchased from
DH5a . .
plasmids Invitrogen, USA

Obtained from Dr.

A double knock out strain A. Bhardwaij, IIAR,

(AydhE, AacrB) lacking major

KAM32 - Gandhinagar.

efflux pumps, sensitive to most

L Constructed by
of the antibiotics
Chen et al.

KAM32, carrying vector .
KAM32/pUC18 pUC18 This study
KAM32/pUC18-abeM KAMS2, expressing abeM This study

cloned in pUC18
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Table 3.2 List of the primes used in the study

ilg Primer Sequence Remarks

1 EPABEM ACTGGAATTCCTTTACAGGG  For cloning abeM, with native
TAGTCGTTTTGG promoters, in pUC18.

5 RPABEM AGCTAAGCTTAGCCATTTTG For cloning abeM, with native
CTGAATCCGAAG promoters, in pUC18.

For amplification of an internal region

For amplification of an internal region
4 RPRTABEM ATGTTGCAAAACCACAGCCT  of abeM ORF in RT-PCR reaction

For amplification of an internal region
of 16S rRNA coding gene in RT-PCR

For amplification of an internal region
of 16S rRNA coding gene in RT-PCR

5 FPRT16S CAGCTCGTGTCGTGAGATGT

6 RPRT16S CGTAAGGGCCATGATGACTT

3.8.2. Primary screening of small molecule library for novel EPI against AbeM

This study began with screening of a small molecule library of 8000 molecules for
identifying a potential efflux pump inhibitor against AbeM, a multidrug efflux pump in A.
baumannii. E. coli KAM32, a strain of E. coli devoid of major efflux pumps YdhE and AcrB
has been utilised for screening (Table.3.1). This is a very sensitive strain of E. coli without any
efflux activity of its own. The abeM locus from Acinetobacter baumannii was cloned into
pUC18 and transformed into E. coli KAM32 cells to obtain E. coli KAM32/pUC18-abeM.
Similarly pUC18 was transformed into E. coli KAM32 to obtain E. coli KAM32/ pUC18.
Elevated resistance of E. coli KAM32/pUC18-abeM compared to E. coli KAM32/ pUC18
against ciprofloxacin (one of the substrate of AbeM) has been utilized for screening the library.

3.8.2.1. Cloning of abeM from A. baumannii in E. coli KAM32

The abeM (accession number AB204810) ORF along with its promoter and terminator
was amplified using primers FPABEM and RPABEM (Table.3.2) from genomic DNA of A.
baumannii ATCC 17978. The 1.9kb amplicon was double digested with EcoRI and Hindlll and
ligated with similarly digested pUC18 and transformed into E. coli DHS5a. The recombinant
plasmid (pUC18-abeM) obtained from E. coli DHS5a was confirmed by restriction digestion
and was transformed into E. coli KAM32 resulting in E. coli KMA32/pUC18-abeM. pUC18
alone was transformed into E. coli KAMS32 to obtain E. coli KAM32/pUC18 that was used as

control strain in the further experiments.
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3.8.2.1.1. Method

Genomic DNA was isolated from Acinetobacter baumannii ATCC 17978 by using a
genomic DNA isolation KIT (Thermo Fisher Scientific) according to manufacturer’s
instruction. The DNA was quantified by measuring its absorbance at 260 nm using a
spectrophotometer. 1 pl of this DNA was used as a template for the amplification of abeM. The
detail of PCR reaction mixture is given in Table.3.3. The program which has been optimized

for the amplification of abeM is given in Table.3.4.

Table 3.3 PCR reaction (50 ul) for amplification of abeM from A. baumannii

Stock Final Volume (ul) used in
Reagents . .
concentration  concentration 50 pl reaction
Primer Forward 10 uM 0.4 uM 2
Primer Reverse 10 uM 0.4 uM 2
Pfu Buffer 10X 1X 5
dNTPs 2 mM 0.2mM 5
Pfu Polymerase enzyme 2.5 U/ul 25U 1
Template DNA 100 ng/pul 100 ng 1
Nuclease free water - - 34
Total 50 pl

Table 3.4 PCR program used for the amplification of abeM

Steps Temperature Duration Cycles

1 95°C 2 min
95°C 45 sec

2 55°C 45 sec 5 cycles
72°C 2 min
95°C 45 sec

3 57°C 45sec 25 cycles
72°C 2 min

4 72°C 10 min

5 4°C Hold

Restriction digestion of the PCR amplified product and pUC18 was done according to
Table.3.5 and 3.6. Reaction mixture was incubated at 37°C for 2 h in a dry bath in a

microcentrifuge tube. Then the enzymes were heat inactivated by heating at 65°C for 20 min.
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Table 3.5 Restriction digestion of the PCR amplified product

Reagents Concentration Volume (pl)
PCR amplified DNA 1.5ng 35
10 X NEB Buffer2 1X 5
E.coR1(NEB) 20U 1
HindlIl (NEB) 20U 1
Nuclease free water - 8

Total 50 nl

Table 3.6 Restriction digestion of vector plasmid pUC18

Reagents Concentration Volume (pl)
Plasmid DNA 1.5ng 30
10 X NEB Buffer2 1X 5
EcoR1(NEB) 20U 1
Hindlll (NEB) 20U 1
Nuclease free water - 13
Total 50 pl

Restriction digestion mixture was incubated at 37°C for 2 h in a dry bath in a microcentrifuge
tube. Then the enzymes were heat inactivated by heating at 65°C for 20 min. The DNA was
purified by using a PCR cleanup kit (Qiagen) and treated with, Calf intestinal alkaline
phosphatase (CIP) for 1 h at 37°C to remove the terminal phosphates of the vector DNA
(Table.3.7). The DNA was then again purified by using a mini elute kit (Qaigen). A ligation
mixture was set up (Table.3.8) at 22°C for 2 h. The reaction was stopped by heating the tube in
dry bath at 70°C for 5 min.

Table 3.7 Alkaline phosphatase treatment of double digested pUC18 vector DNA

Reagents Volume (pl)
Digested vector DNA 35
NEB Buffer3 4
NEB CIP 1

Total 40pl
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Table 3.8 Ligation mixture for digested pUC18 and abeM inserts

Reagents Concentration Volume (pl)
Insert DNA (abeM) 600 ng 11
Vector DNA (pUC18) 200 ng 5
10X T4 Ligase Buffer (Thermo Scientific) 1X 2
10 mM ATP 0.5mM 1
T4 Ligase (Thermo Scientific) 10U 1
Total 20 ul

2 wl of ligated mixture was transformed into electro-competent E. coli DH5a cells prepared
earlier by using an electroporation unit (Eppendorf) at pulse of 2000V. Transformed cells were
incubated 37°C immediately in rich liquid media for an h in shaking condition. Cells were then
plated on to a LB Agar plate with ampicillin (100 pg/ml) and incubated at 37°C overnight.
Next morning, four well isolated colonies of the transformants were picked individually and
inoculated into LB broth with ampicillin (100 pl). The culture tubes were incubated at 37°C,
200 rpm for 12 h. The plasmid DNA was isolated and restriction digestion was carried out for
confirming the cloning of abeM into pUC18. Recombinant plasmid, pUC18-abeM and pUC18
were transformed in two different E. coli KAM 32 cells by electroporation to produce E. coli
KAM32/pUC18-abeM (test strain) and E. coli KAM32/pUC18 (control strain). The E. coli
KAM32/pUC18-abeM construct was also confirmed by sequencing (section 3.8.2.2).

55



3.8.2.1.2. Result

The cloning of abeM in pUC18 (Fig.3.2A) was confirmed by the restriction digestion of
the recombinant plasmid (pUC18-abeM) by EcoR1 and HindlIlI (Fig.3.2B).

(2675) Eco01091 Pfol (46)
(2621) Aatll Ndel (184)
A (2619) Zral BStAPI (185) B
(2503) Sspl SspDI (235)
Narl (236)
Ehel (237)
PluTI (239)
(2298) PdmI “399)
L out (100
Pael - Sphl (409)
Pstl - SbfI - Sdal (415)
Sall (417)
(2179) Scal Accl - Xmil (418)
Hincll (419)
Xbal (423)
(2098) Tsol BamHI (429)
Aval - CfroI - Eco881 (434)
BmeT1101 (435)
Smal (436)
pucis Acc651 (438)
2686 bp Kpnl (442)
Ecl13611 (446)
Sacl (448)
apl (450)
[5C operaton 1500 bp
Lgul - Sapl (6%90)
(1847) NmeAIl AFIIII - Pscl (806) ]()0()])1)
(1779) BsrFI - Cfr101
(1769) BpmlI - Gsul
(1760) Eco311 700bp
(1699) Eam11051 500bp
BseYI (1110)
PspFI (1114)
AlwNI - Cail (1222)

Figure 3.2 (A) Plasmid map of pUC18. Red squares indicating the restriction sites Hindlll and
EcoRIl (B) 1% Agarose gel picture of a restriction digestion of plasmid pUC18-abeM
confirming the cloning of abeM into pUC18. Double digestion of the plasmid pUC18-abeM
(lane2) with EcoRI and Hindlll resulted in the release of 1.9 kb fragment of abeM (lane 3).
Lane 1 was a 1 kb ladder.

3.8.2.2. Sequencing of abeM

Sequencing was carried out by using the forward and reverse primer used for cloning of
abeM from A. baumannii (given in Table.2). A sequence of 1261 base was obtained by the
forward primer and a sequence of 1260 base was obtained from reverse primer. Two sequences
were aligned to get the entire 1876 base sequence with a common region flanked by additional
sequences. The entire sequence was identical with the sequence of abeM (accession number
AB204810).Sequence obtained by the forward and reverse primer and their respective
chromatograms (Fig.3.3A and 3.3B) are given in the following section 3.8.2.2.1.
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3.8.2.2.1. Result
Sequence amplified by forward primer

>0413 029 001_AbeM_Clone_Primer-Forward-H11.abl

CATTATTCTGATTGGTCTTTCTATGTTACTTGACCATTTTGGCTGGTTAGGTACCGA
AAAGACACCTGTTACATGGCAACGGTTTCTAGGTGGAGTGGTCATCTTTGTTGGTG
TATTACTTACCTTGCAACGCTAGTTTCATTTTTTATATTTATAAAGAGTACCTTTTGT
GTCGAATGTCACGTCGTTTCGGTCTGAATTAAAACAACTCTTCCATTTAATGTTACC
TATTTTAATTACGCATTTTGCTCAAGCAGGGTTTGGGTTAATTGATACCATTATGGC
TGGGCATTTATCTGCCGCAGACTTAGCCGCTATTGCGGTAGGTGTAGGCTTATGGA
TTCCAGTCATGCTCTTGTTCAGTGGCATAATGATTGCAACCACACCATTAGTTGCCG
AAGCAAAAGGCGCTAGAAATACAGAGCAAATTCCAGTGATTGTCCGCCAATCATT
ATGGGTTGCAGTAATTCTAGGGGTATTGGCAATGCTCATTTTGCAGCTTATGCCATT
TTTCTTACATGTGTTTGGCGTACCAGAAAGTTTACAACCTAAAGCCAGTTTATTCTT
ACATGCAATTGGTTTGGGTATGCCCGCTGTAACCATGTATGCAGCGCTCCGAGGCT
ATTCCGAAGCATTAGGCCATCCCCGTCCTGTCACGGTCATTAGCTTACTAGCCTTA
GTGGTTTTAATCCCGCTTAACATGATTTTTATGTATGGCTTAGGACCAATACCTGCT
TTGGGTAGCGCAGGCTGTGGTTTTGCAACATCCATTTTACAGTGGCTGATGCTCATT
ACGTTAGCAGGCTATATTTATAAGGGCTTCGGCTTATCGAAACACATCTATTTTTA
GCAGATTCGATAAAATTAATCTGACTTGGGTTAAAAGAATTTTACAGCTCGGTCTG
CCAATTGGTTTAGCTGTGTTTTTTGAAGTGAGTATTTTTAGTACAGGGGCATTGGTC
CTTAGCCCTCTAGGGGAAGTCTTTATTGCCGCACACAAGTAGCGATTTCAGTCACT
TCGTACTGTTTATGATTCACTTTCTCTTGCATTGCTTTAACATTCGCGTGGACGTATT
ATGCGAAAAGAACTGGGCTCATGTATCAAGTACAAAATGTCTAAGCACAAGCAGT
ATTTTTTTGCTCTATTGACATGTCTTTTATTGCTTAGCGTTACATGGTCTCGGTTATA
CTCAAGATATAAGTTGGCGGTCAGTATTGCTGTTGCAATGACATTCATTATGGGAT
GGTCTCTTACAAAGCT
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Figure 3.3 (A) Chromatogram of the sequencing by the forward primer.
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Sequence amplified by reverse primer

>0413 029 002_AbeM_Clone_Primer-Reverse-Al2.abl

AGGAGTTTTTAAAGGAGAATCATTCATGTAGATGCCGAGCTTGAGTCGGCACAAG
GGCAGGTGGTGATTTCTAATCTAGTACTCGATTTAACAAGCCAGTTATTTAATGCC
TTAGGGGCATCGGCGAGTAGCCAAGTGAAACAACTTGACCGTTTCTGGCGTAATGC
TCGGACAGTGTCTTCACATAATCCGCTTATTTACAAAGAAAAAGTAATTGGAGATT
GGGAAGTAAACCGTACGGATTTACCATTTGTCTGGCAAATTGGAGCAAGCCCACG
GGCAAAGACTGCATAAAATAAAAAAAGCCGATGTTTCATCGGCTTTTTTATTAGGT
TTGACTTAAACGTTTGGTATTCAAATAGAGTCGTGAGAGCAATAAAACACAGGCA
ATACTTAAACCAATAATTAAACCTAACCACACACCAGCTACGCCCCAATCGGTATA
ACGCGCTAAATAAAGACCGATTGGAAAAGCAATTACCCAATACGCCATTAAGGTG
ATCCACATCGGTGCCTGAGTATCTTGCATACCTCTTAAACAGCCGGCAGCGCTGAC
TTGTAGAGCATCCATTAATTGATATGCCATTGCAAACCAGAGCAAATACATGGCAA
CCGGCACAACATTTATATCTTGAGTATAAACCGAGACAATTTGTTCACGGCCTAAA
GCAATAAAAGACATGGTCAATAGAGCAAAAAATACTGCTGTGCTTAGACCAATTT
TTTGTACTTGATACATGGAAGCCCAGTTCTTTTCGCCATAATACGTCCCCACGCGA
ATGGTTAAAGCAATGGCAAGAGAAAGTGGAATCATAAACAGTACCGAAGTGACTG
AAATCGCTACTTGGTGTGCGGCAATAAAGACTTCCCCTAGAGGGCTAGGACCAAT
GCCCCTGTACTAAAAATACTCACTTCAAAAACACAGCTAAACCAAGTTGGCAGAC
CGAGCTGTAAAATTCTTTTAACCCAAGTCAGATTAATTTTATCGAATCTGCTAAAA
ATAGATGTGTTTCGATAAGCGAAGCTTATAAATATAGCCTGCTACGTAATGAGCAT
CAGCACTGTAAAATGGATGTTGCAAACACAGCTGCGCTACCCAAAGCAGGTATTG
GTCTAGCATACATAAAAATCATGTTAGCGGGATTAAACACTAGCTAGTAGCTATTG
ACCGTGAGGGACGGATGCTATGTCTTCGAAGCCCTGAGCGTCTAACTTGGTACGCG
GCTATCACCATGCAGGTAGAATTAACTGGCCTTTAAG
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Figure 3.3 (B) Chromatogram of the sequencing by the reverse primer.

58



3.8.2.3. Determination of MICs of various substrates of AbeM against E. coli
KAM32/pUC18-abeM as compared to E. coli KAM32/pUC18

3.8.2.3.1. Method

The Minimum Inhibitory Concentrations (MICs) of various antibiotics and antibacterial
agents which are substrates of AbeM were determined against both E. coli KAM32/pUC18 and
E. coli KAM32/pUC18-abeM by the broth microdilution method according to Clinical
Laboratory Standards Institute (CLSI) guidelines in 96 well microtitre plate in Muller Hinton

broth as described in section 2.13.1.

3.8.2.3.2. Result

The MICs of various substrates of AbeM against both E. coli KAM32/pUC18 and E. coli
KAM32/pUC18-abeM are given in Table.3.9. It was observed that E. coli KM32/pUC18-abeM
exhibited elevated resistance to various substrates of AbeM including ciprofloxacin and
norfloxacin. The E. coli KM32/pUC18-abeM was 32 fold more resistant to ciprofloxacin in
comparison to E. coli KM32/pUC18 (control). The elevated resistance of E. coli

KM32/pUC18-abeM for ciprofloxacin has been utilized for primary screening.

Table 3.9 Relative fold change in MIC of different drugs against E. coli KAM32/pUC18-abeM
as compared to E. coli KAM32/pUC18.

Antibacterial MIC in (mg/L.) Fold increase in MIC
Compounds E. coli E. coli (Relative resistance)
KAM32/pUC18 KAM32/pUC18-AbeM
Ciprofloxacin 0.0015 0.05 32
Norfloxacin 0.01 0.3125 32
Ofloxacin 0.01 0.04 4
Erythromycin 0.63 1.25 2
Chlorohexidin 0.31 0.625 2
Clindamycin 1.25 1.25 1
Chloramphenicol 0.23 0.5 2
Kanamycin 25 25 1
Gentamycin 2.5 5 2
Tetracycline 0.08 0.16 2
Rifampin 2.5 2.5 1
Trimethoprim 0.02 0.02 1
DAPI 0.39 3.125 8
Hoechst 33342 0.31 1.25 4
TPPCI 1.25 5 4
Acriflavin 3.13 6.25 2
EtBr 3.13 6.25 4
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3.8.2.4. Determining a threshold minimum concentration of ciprofloxacin for primary

screening assay

3.8.2.4.1. Method

A minimum threshold concentration of ciprofloxacin was determined against E. coli
KAM32/pUC18-abeM for primary screening assay. This concentration was the minimum
possible concentration of ciprofloxacin at which E. coli KAM32/pUC18-abeM can readily
grow but E. coli KAM32/pUC18 cannot survive. This concentration of ciprofloxacin does not
affect the growth of E. coli KAM32/pUC18-abeM, but does not allow the E. coli
KAM32/pUC18 to grow. Both the control and the test strains were grown several times in
presence of that threshold minimum concentration to ensure that only the strain with

recombinant plasmid can grow at that concentration.

3.8.2.4.2. Result

A schematic of determination of threshold minimum concentration is given in Fig.3.4. It
was observed that at a concentration of 0.002 pg/ml of ciprofloxacin E. coli KAM32/pUC18-
abeM could readily grow but the growth of E. coli KAM32/pUC18 was inhibited. Therefore,

0.002 pg/ml of ciprofloxacin was determined as minimum threshold concentration.

Minimum concentration at which
E. coli KM32/pUC18-abeM can
only survive

Inhibition /Growth

< '/\I:'>

0.05 | 0.025 | 0.0125 | 0.006 | 0.003 || 0.002 ) 0.0007

Concentration of
ciprofloxacin (pg/ml)

E.coli KM32/pUC18 - - - - - - <+

E.coli KM32/pUC18-abeM | = + -+ + + + +

Figure 3.4 Determination of threshold minimum concentration of ciprofloxacin for
primary screening: The minimum concentration of ciprofloxacin (marked by arrowhead) at
which only E. coli KAM32/pUC18-abeM was able to survive was selected as threshold
minimum concentration of ciprofloxacin for primary screening.
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3.8.2.5. Primary Screening Assay

For primary screening, E. coli KAM32/pUC18-abeM was simultaneously grown in
presence of 25 uM of small molecules (control) and in presence of 25 uM small molecules with
0.002 pg/ml of ciprofloxacin (Test) (Fig.3.5).Growth in both the conditions were monitored by
measuring the absorbance of the culture at 600 nm to select probable efflux pump inhibitor.
The molecules which did not inhibit the growth of E. coli KAM32/pUC18-abeM by its own at
25 uM (in control plate) but inhibited the growth in combination with an ineffective

concentration (0.002ug/ml) of ciprofloxacin (in test plate) were selected as a primary lead.
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. Negative control (No inoculums)
Natural inhibitor

Growth of E.coli KAM32/pUC18-abeM in
presence of 25 pM small molecules plus
0.002 pg/ml of ciprofloxacin in Mueller

Hinton broth containing 100 pg/ml of
ampicillin

Growth of E.coli KAM32/pUC18-abeM in
presence of 25 pM small molecules in Mueller
Hinton broth containing 100 pg/ml of
ampicillin

Figure 3.5 Schematic representation of primary screening assay: 80 molecules were
screened in two 96-well plates. In one plate (control plate), E. coli KAM32/pUC18-abeM was
grown in presence of only 25 uM of small molecules. In another plate (Test plate), E. coli
KAM32/pUC18-abeM was grown in presence of combination of small molecules (25puM) and
ciprofloxacin (0.002 pg/ml, threshold minimum concentration). First column (A1-H1) in each
plate was kept as positive control where no antibiotic or small molecules were added to the
media. Organisms were only grown in the media with 1% DMSO (solvent). Last column (A12-
H12) in each plate was considered as negative control where no inoculum was added. Growth
in the positive control was maximum and was considered as 100% growth. There was no
growth in negative control. Well no. D6 is exhibiting inhibition in both the plates, indicating
compound no 36 is a inhibitor of growth. Well no. F10 exhibit inhibition in growth only in test
plate, indicating compound no 70 is a potential lead EPI. In the second case, an ineffective
concentration (0.002 pg/ml) of ciprofloxacin inhibiting the growth of E. coli KAM32/pUC18-
abeM in combination with 25 uM of small molecule which itself is not inhibitory for the cells.
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3.8.2.5.1. Method

1.

10.

11.
12.

13.

14.

A set of two 96-well microtitre plates were used for screening each set of 80 molecules
(Fig.3.5). All the molecules were tested at a concentration of 25 UM in same arrangement
as they were archived in storage plate.
Muller Hinton broth supplemented with ampicillin (100 pg/ml) was used throughout the
screening.
Fresh culture in liquid media having OD of 0.5 at 600 nm was diluted 10° fold and 100 pl
of diluted culture was used as inoculum in the assay.
2 pl of small molecules from 2.5 mM stock was added to all the wells in control plate
except first (A1l-H1) and last (A12-H12) columns.
All the wells except A1-H1 and A12-H12 had both antibiotic (ciprofloxacin) and small
molecules in combination. Media was supplemented with (2 x 0.002 pg/ml) concentration
of ciprofloxacin before putting the assay. 2 pl of small molecules from 2.5 mM stock was
used in the test plates also. The final concentration of ciprofloxacin after adding 100 ul of
inoculums was 0.002 ug/ml and the small molecule concentration was 25 pM.
There were two controls in each plate. First column in each plate (A1l-H1) in every plate
were kept as positive control where no antibiotics or small molecules were added. Test
strain was only grown in presence of 1% DMSO.
Last column in each plate (A12-H12) were kept as a negative control where no inoculum
was added.
The plates were incubated at 37°C in a humidity controlled incubator (Khuner Shaker X)
for 24 h.
The growth was measured in terms of OD at 600 nm by using a plate reader (SpectraMax
M2e Plus).
The percentage growth for each molecule was calculated in comparison to the positive
control where no small molecule or antibiotic were added.
The average growth in the positive control was considered as 100% growth.
Percentage growth was calculated by using the following formula

Percentage Growth =(ODgg at Test well / ODggo at Positive control) X 100
The molecules which exhibit growth inhibition in only Test plate were considered as
primary leads.
Molecules which exhibit inhibition in both the plates were not considered for secondary

screening as they were growth inhibitors themselves.
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15. A scatter plot was drawn by using GraphPad Prism software with percentage growth in
presence of small molecule at X axis (control plate) and percentage growth in presence of

ciprofloxacin combined with small molecule at Y axis (test plate) .

3.8.2.5.2. Results

The scatter plot of primary screening of 8000 small molecules against E. coli
KAM32/pUC18-abeM is given in Fig.3.6. Percentage growth of control was plotted along the
X-axis and percentage growth of test was plotted along the Y-axis. The molecules which alone
could not inhibit the growth of E. coli KAM32/pUC18-abeM (control plate) but enabled
ciprofloxacin to inhibit the growth (test plate) were picked for the secondary screening.
Therefore, molecules which were effective when used in combination with an ineffective
concentration (0.002ug/ml) of ciprofloxacin were selected as primary leads. Two ineffective
concentrations (small molecules and ciprofloxacin) became effective when used in
combination. A group of 28 molecules were selected after the primary screening (Table.3.10).
The percentage growth for primary leads along the X-axis was close to 100 (no inhibition). In

contrast growth percentage along the Y axis was zero (complete inhibition).

Percent growth (Test)

200 250 300

Percent growth (Control)

Figure 3.6 Scatter plot of primary screening of 8000 small molecules against E. coli
KAM32/pUC18-abeM: Percentage growths of the recombinant strain in presence of only 25
uM of small molecules (control plate) were plotted along the X-axis. Percentage growths of the
recombinant strain in presence of ciprofloxacin (0.002 pg/ml) in combination with 25 uM of
small molecules (test plate) were plotted along the Y-axis.
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Table 3.10 List of the 28 lead molecules found after the primary screening. The molecules
which did not inhibit the bacterial growth by its own (along the X axis) but inhibit the growth
in combination with an ineffective concentration of ciprofloxacin (along the Y axis) were
selected.

Growth percentage

Sr.No Primary lead molecules ] ]
Control (X axis) Test (Y axis)

1 IITR05822 119 0
2 I1ITR06069 109 0
3 IITRO6331 115 0
4 IITR06382 140 0
5 IITRO6474 108 0
6 IITRO7034 127 0
7 IITRO7042 120 0
8 IITRO7066 109 0
9 I1ITRO7408 114 0
10 IITRO7784 65 0
11 IITR0O8027 126 5
12 IITR0O8367 67 0
13 IITRO8678 67 0
14 IITR08913 78 0
15 IITR09576 104 0
16 IITR09804 133 0
17 I1ITR09830 118 0
18 IITR09838 93 0
19 IITR09905 172 2
20 I1ITR09990 108 0
21 IITR10025 129 0
22 IITR10035 104 0
23 IITR10133 82 0
24 IITR10156 76 0
25 IITR10275 129 3
26 IITR10658 98 0
27 IITR10677 102 0
28 IITR10785 56 0
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3.8.3. Secondary Screening

28 molecules that have been selected in primary screening were tested at secondary level
for their efficiency. Three assays based on antibiotic susceptibility were carried out in a

stepwise manner to select best lead molecules.

3.8.3.1. Determination of MICs of ciprofloxacin and norfloxacin in combination with 28

lead molecules
3.8.3.1.1. Method

Ciprofloxacin and norfloxacin are two very important substrates of AbeM. The MICs of
these two antibiotics in combination with 28 lead molecules individually were determined in
96-well plates in liquid media for selecting best molecules which can potentiate the activity of
these antibiotics against E. coli KAM32/pUC18-abeM. 250 uM of the lead molecules were
added in the 12™ well in combination with the antibiotics and serially diluted along with the
antibiotics for determining the MIC in a similar manner as described in section 2.13.1. MICs of
these two antibiotics in combination of 28 primary lead molecules were compared. Carbonyl
cyanide 3- chlorophenylhydrazone (CCCP), a known inhibitor was taken as control and also
used in combination with the antibiotics. Molecules which exhibited significant fold of

reduction in MICs of both antibiotics were tested at further.

3.8.3.1.2. Result

Out of 28 primary leads 13 molecules exhibited decrease in MICs for both the antibiotics

when used in combination (Fig.3.7 and 3.8). These 13 molecules were tested at next level.
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Figure 3.7 MIC of Ciprofloxacin in combination with primary lead molecules.
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Figure 3.8 MIC of Norfloxacin in combination with primary lead molecules.

3.8.3.2. Determination of MICs of ciprofloxacin, norfloxacin and 4',6-Diamidino-2-

phenylindole dihydrochloride (DAPI) in presence of selected 13 lead molecules

3.8.3.2.1. Method

4', 6-Diamidino-2-phenylindole dihydrochloride (DAPI), a fluorescent dye is also a major
substrate of MATE family of pumps. The MICs of ciprofloxacin, norfloxacin and DAPI were
determined in 96-well plate in presence and absence of 50 uM of 13 lead molecules which have
been selected previously in section 3.8.3.1.2. In this assay, liquid media (Mueller Hinton broth)
was supplemented with 50 uM of lead molecules before setting up the plates. MIC was
determined as described in section 2.13.1. The concentration of lead molecules were kept
constant (50 uM) in all the wells. In the previous section 3.8.3.1, lead molecules were used in
combination with the antibiotics. Therefore, lead molecules were also getting diluted along
with the antibiotics. Determining MICs in presence of a constant amount (50 pM) of small
molecule require larger amount of small molecule. Therefore, a preliminary assay was carried
out to exclude those molecules which did not exhibit significant reduction in MICs in
combination with both the antibiotics. Only 13 molecules which exhibited good activity were
tested in this section 3.8.3.2.

3.8.3.2.2. Result

8 molecules out of 13 exhibited a significant reversal in the MIC of ciprofloxacin,
norfloxacin and DAPI against E. coli KAM32/pUC18-abeM (Table.3.11). These 8 molecules
were tested further with 18 different substrates of AbeM in section 3.8.3.3
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Table 3.11 MIC of ciprofloxacin, norfloxacin and DAPI in presence of 50 uM of lead
molecules.

MIC in pg/ml Fold decrease in MIC
Sr. No
Ciprofloxacin  Norfloxacin DAPI Ciprofloxacin Norfloxacin DAPI
*x Control 0.05 0.31 1.5 1 1 1
1 [ITR05822 0.003 0.019 0.187 16 16 8
2 [ITR06382 0.025 0.155 0.75 2 2 2
3 [ITR06474 0.006 0.019 0.375 8 16 4
4 [ITRO7034 0.025 0.155 0.75 2 2 2
5 IITRO7042 0.05 0.31 1.5 1 1 1
6 IITRO7066 0.012 0.019 0.375 4 16 4
7 ITR08027 0.002 0.01 0.098 25 31 15
8 IITR0O8678 0.003 0.01 0.187 16 32 8
9 [ITR09804 0.003 0.01 0.093 16 32 16
10 [ITR09990 0.003 0.02 0.098 17 16 15
11 IITR10025 0.003 0.01 0.093 16 32 16
12 IITR10658 0.012 0.155 0.75 4 2 2
13 IITR10677 0.003 0.02 0.195 17 16 8

** MIC alone (without any small molecule) was considered as control.

3.8.3.3. Determining the MICs of 18 different substrates of AbeM in presence of 8 lead

molecules at concentration of 50 uM
3.8.3.3.1. Method

Out of 13 molecules, 8 molecules were selected and tested further to select best molecule
capable of potentiating the maximum number of substrates of AbeM. MIC of 18 substrates
belonging to diverse chemical classes was determined in presence of 8 lead molecules at a

concentration of 50 uM in a similar fashion as described in section 3.8.3.2
3.8.3.3.2. Result

All the 8 molecules exhibited significant decrease in MICs of number of substrates
including ciprofloxacin and norfloxacin (Table.3.12 and 3.13). The result suggests that these
molecules inhibit AbeM and enhance the efficiency of its substrates. All these molecules are
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potential efflux pump inhibitors (EPIs) of AbeM and need to be studied further for their

detailed characterization.

Table 3.12 MIC of 18 different substrates antibacterial agents in presence of 8 lead molecules.

MIC in Presence of 50 pM EPIs (pg/ml)

MIC in
Sr. Antibacterial Absence ~ < I~ 0 < o o I~
No agents of EPIs & 3 = © 8 S S ©
(hg/mh @ T i T T & & ¥
= = = E E = e =
1 Ciprofloxacin 0.05 0.0031 0.05 0.0031 0.0016 0.0031 0.0063 0.0031 0.0031
2 Norfloxacin 0.625 0.0098 0.625 0.0098 0.0049 0.0098 0.019 0.019 0.078
3 Ofloxacin 0.0313 0.0039 0.0313 0.0039 0.0039 0.0078 0.0156 0.0078 0.002
6  Erythromycin 0.625 0.625 0625 0.625 0.078 0.078 0.625 031 0.625
4 Chlorohexidin 0.625 0.078 0.625 0.0098 0.019 0.078 0.156 0.078 0.625
5  Phosphomycin 3.125 0.78 3.125 0.195 0.39 0.097 0.78 0.78 1.56
7  Clindamycin 25 0.3125 2.5 0.625 0.15 0.625 1.25 1.25 1.25
8  Chloramphenicol ~ 0.937 0.234 0937 0468 023 0234 0468 0.468 0.468
9  Kanamycin 1.56 0.39 1.56 0.39 0.39 0.39 0.78 0.78 1.56
10  Gentamycin 0.39 0.195 0.39 0.19 0.39 0.19 0.39 0.39 0.39
11 Tetracyclin 0.78 0.097 0.78 0.78 0.39 0.78 0.39 0.39 0.39
12 Rifampin 5 1.25 5 25 0.625 1.25 25 25 25
13 Trimethoprim 0.0625 0.0313 05 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625
14 DAPI 1.56 0.097 1.56 0.097 0.048 0.024 0.39 0.19 0.39
15 Hoechst 33342 0.625 0.0196 0.625 0.019 0.0098 0.0195 0625 0.625 0.31
16 TPPCI 5 1.25 5 0.625 0.31 0.625 5 5 5
17  Acriflavin 3.12 0.78 3.12 1.56 0.195 0.78 1.56 0.78 1.56
18 EtBr 6.25 1.56 6.25 1.56 0.195 0.78 1.56 0.78 1.56
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Table 3.13 Fold decrease in MIC of 18 different antibacterial molecules in presence of 8 lead
molecules.

Fold Decrease in MIC in presence of S0 pM EPIs

Antibacterial

Sr. No S N N R S S Q N~
wms 3 5 2 & § & § &
E E E E E E E E

1 Ciprofloxacin 16 8 16 32 16 8 16 16
2 Norfloxacin 64 2 64 128 64 32 32 8

3 Ofloxacin 8 1 8 8 4 2 4 16
6 Erythromycin 1 4 1 8 8 1 2 1
4 Chlorohexidin 8 8 64 32 8 4 8 1
5 Phosphomycin 4 4 16 8 32 4 4 2
7 Clindamycin 8 4 4 16 4 2 2 2
8 Chloramphenicol 4 2 2 4 4 2 2 2
9 Kanamycin 4 2 4 4 4 2 2 1
10 Gentamycin 2 2 2 1 2 1 1 1
11 Tetracyclin 8 2 1 2 1 2 2 2
12 Rifampin 4 4 2 8 4 2 2 2
13 Trimethoprim 2 1 1 1 4 1 1 1
14 DAPI 16 2 16 32 64 4 8 4
15 Hoechst 33342 32 2 32 64 32 1 1 2
16 TPPCI 4 4 8 16 8 1 1 1
17 Acriflavin 4 4 2 16 4 2 4 2
18 EtBr 4 4 4 32 8 4 8 4

3.8.3.4. Checkerboard titration assay

Interactions between ciprofloxacin and norfloxacin with 8 potential lead EPI molecules
were assessed by checkerboard titration assay against E. coli KAM32/pUC18-abeM as
described previously [132]. A schematic of checker board assay in 96-well plate is shown in

the Fig.3.9. The grey region indicates inhibition. Ciprofloxacin were tested at 10 concentrations
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(0.0002 to 0.1 pg/ml), while IITR molecules were tested at 8 concentrations (3 to 250 uM).
The small molecules were dispensed alone in the first row (A2 to A10) and ciprofloxacin alone
was dispensed alone in the first column (B2 to H2). The concentrations of the small molecules
were diluted vertically from A to H rows and the concentration of ciprofloxacin was diluted
horizontally from 1 to 10 columns. A2 to A10 (first row) contain highest concentration of the
small molecule (500 uM) alone whereas B1 to H1 (first column) contain highest concentration
of ciprofloxacin (0.1 pg/ml) alone. A1 well was kept as a control with no antibiotics or small
molecules were added in that. As the small molecules and ciprofloxacin were diluted vertically

and horizontally, various combinations were produced.

500

250

125

62.50

31.25

15.63

Concentration of EPIs (uM)

7.81

3.19

v 0.1 | 0.05 | 0.025 | 0.0125 0.006250.00312 0.0015 0.00078 0.0003 0.0001

| —

Concentration of drug (ug/ml)

Figure 3.9 Schematics of checkerboard assay to establish synergy between efflux pump
inhibitors and the drug.

The drug and small molecule interactions were classified as synergistic if the fractional
inhibitory concentration (XFIC) index was less than 0.5. FIC index is the sum total of FIC of

small molecule as well as the drug. FIC is the measure of MIC in combination divided by the
MIC alone.

FIC of Antibiotics = MIC of Antibiotic in combination/ MIC of Antibiotic alone
FIC of EPI = MIC of EPI in combination / MIC of EPI alone
FIC index (ZFIC) = FIC of EPI + FIC of Antibiotics

YFIC £0.5, indicates Synergy
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3.8.3.4.1. Method

1.

o a0 A~ WD

10.

11.
12.

13.
14.

15.
16.

All the wells of the 96-well plates were filled with 100 pl of MH media with ampicillin
(100 pg/ml). Same media was used throughout the experiments.

96 ul of media was poured into all the wells from A1-H1 (first column of the 96 well plate)
96 96 ul of media was poured into all the wells from A2-A10 (first row of the 96 well plate)
4 ul of ciprofloxacin from 0.1 mg/ml stock was added to B1-H1

4 ul of small molecule from 50 mM stock was added to A2-A10

100 pl was transferred from B1-H1 to next column B2-H2. Again 100 ul was transferred
from B2-H2 to next column B3-H3 by using multichannel pipette. In a similar fashion 100
ul was transferred up to B10-H10 (10" column).

At this point, 100 ul of media was discarded from B10-H10 wells.

In this way, antibiotic was serially diluted horizontally from B1-H1 to B10-H10.

Similarly, small molecule was serially diluted from A2-A10 to H2-H10 vertically. After
reaching at H2-H10, 100 ul media with small molecules and antibiotic was discarded.

Now, fresh culture with OD 0.5 at 600 nm was diluted 10° fold with sterile MH broth with
ampicillin.

100 pl of the diluted culture was added to entire plate except A12-H12 (negative control)
Al and A11-H11 was the positive control where no antibiotic or small molecule was added.
Only culture was added.

The plate was read at 600 nm using a plate reader (SpectraMax M2e Plus plate reader).

The plate was than incubated at 37°C at static inside a humidity controlled incubator for 12
h.

Post read was taken at 600 nm after 12 h of incubation by using the plate reader.

Same diluted culture was used to determine the MICs of both antibiotic and small molecule
separately in a different 96-well plate to know their individual MICs at same condition.

3.8.3.4.2. Result

Results of checkerboard assay with ciprofloxacin and norfloxacin against E. coli

KAM32/pUC18-abeM is given in Table.3.14 and Table.3.15 respectively. FIC indexes (ZFIC)

for a single concentration (4 pM) of lead molecules are given in the tables. At higher

concentrations of small molecules ZFIC values were much lower. From the checkerboard assay

data, it was observed that with increasing concentration of EPI molecules, the MIC of both

ciprofloxacin and norfloxacin decreases significantly (Fig.3.10). CCCP, a known efflux pump
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inhibitor was taken as a positive control and found similar synergistic relationship with both the
antibiotics (Fig.3.11).

Table 3.14 FIC of Ciprofloxacin in combination with lead EPI molecules against E. coli
KAM32/pUC18-abeM.

MIC of MIC of MIC in FIC
Cibrofloxacin £\ lead Combination EIC of of
Lead P molecules  with 4 uM of : - lead IFIC
molecul alone (ug/ml), Ciprofloxacin EP| A+B
olecules (HM), EPI (ug/ml), A = (21%) N
« =
y z (4ly)
11'TR05822 0.05 125 0.013 0.26 0.031 0.291
IITRO6474 0.05 250 0.013 0.26 0.016 0.276
11'TR08027 0.05 125 0.0031 0.062 0.031 0.093
1I'TR08678 0.05 250 0.0031 0.062 0.016 0.078
11TR09804 0.05 250 0.0031 0.062 0.016 0.078
11'TR09990 0.05 500 0.0063 0.126 0.008 0.134
11TR09990 0.05 250 0.0031 0.062 0.016 0.078
IITR10677 0.05 500 0.0063 0.126 0.008 0.134

Table 3.15 FIC of Norfloxacin in combination with lead EPl molecules against E. coli
KAM32/pUC18-abeM.

MIC of

MIC of

) MIC in
Norfloxacin  EPllead compination  FICof T 'C Of lead
I_Ieadl alone molecules  \yith 4 uM of  Norfloxacin I?PI | illls
molecules (Hg/ml), (M), EPI (ug/ml) A= (2/x) molecule  ( )
' B= (4/y)
X y z

1ITR05822 0.31 125 0.039 0.126 0.031 0.157
I1ITR06474 0.31 250 0.02 0.065 0.016 0.080
11'TR08027 0.31 125 0.078 0.252 0.031 0.283
I1ITR08678 0.31 250 0.078 0.252 0.016 0.267
11'TR09804 0.31 250 0.039 0.126 0.016 0.141
11'TR09990 0.31 500 0.039 0.126 0.008 0.134
11TR010025 0.31 250 0.02 0.065 0.016 0.080
IITR10677 0.31 500 0.039 0.126 0.008 0.134
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Figure 3.11 Synergistic effect of CCCP (known efflux pump inhibitor) with Ciprofloxacin and

Norfloxacin.

3.8.4. Characterization of 1I'TR08027, a potential efflux pump inhibitor of AbeM

[ITR08027 appeared to be the most effective molecules out of these 8 potential efflux

pump inhibitors (EPIs). Detail characterization of EPI molecules began with the study of
IITR0O8027. The chemical name and structure of IITR08027 is given below (Fig.3.12).

E ©)
D\ )T\TNH /@\
F H S)\N S/

11TR08027

(E)-N-(3,4-difluorophenyl)-2-(2-(3-(methylthio)phenylimino)-4-oxothiazolidin-5-yl)acetamide
Figure 3.12 Chemical name and structure of 1ITR08027.
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3.8.4.1. EtBr accumulation assay

EtBr is a common substrate for many efflux pumps, including AbeM of A. baumannii. The

molecule fluoresces when it enters the cells and binds to the cellular components. This

fluorescence can be measured and the movement of EtBr from the external environment to the

cellular milieu can, therefore, be tracked. Therefore, EtBr accumulation assay was carried out

for the characterization of 1ITR08027 as an efflux pump inhibitor.

3.8.4.1.1. Method

1.

The assay was carried out according to the method described previously with minor
modifications [83].

E. coli KAM32/pUC18 and E. coli KAM32/pUC18-abeM were grown in LB/ampicillin
media until ODggg reaches at 0.6.

The cells were centrifuged at 10,000 rpm for 1 min and the pellet was washed in equal
volume of PBS twice and finally resuspended in PBS, containing 0.4% glucose and
adjusted to OD of 0.3 at 600 nm.

EtBr was added at 10pug/mL and the fluorescence of EtBr was measured over the time using
a SpectraMax M2e Plus plate-reader (Molecular Devices) at excitation and emission
wavelengths of 480 nm and 610 nm, respectively for 15 min at an interval of 1 min.

Small molecule was added after 15 min at a concentration of 25uM.

Fluorescence was measured for next 15 min at an interval of 1 min by using SpectraMax
M2e Plus reader (Molecular Devices) at kinetic mode to take readings at time interval of 1
min.

The experiment was performed three times and average changes in fluorescence intensity

were plotted against time.

3.8.4.1.2. Results

EtBr accumulation assay result suggested that 11I'TR08027 increases the accumulation of

EtBr inside the bacterial cells. A sharp elevation in fluorescence intensity was observed when
IITR08027 was added to the culture exposed to EtBr (Fig.3.13). It signifies that IITR08027

blocks the AbeM pump and increase the accumulation of EtBr inside the cell.
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Figure 3.13 Effect of 1ITR08027 on the accumulation of ethidium bromide (EtBr) in E. coli
KAM32/pUC18-abeM and E. coli KAM32/pUC18. Addition of IITR08027 causes a sharp
increase in fluorescent intensity indicating that IITR08027 enhances the accumulation of EtBr
inside the cells. The accumulation of EtBr in both E. coli KAM32/pUC18 and E. coli
KAM32/pUC18-AbeM gradually becomes equal owing to inhibition of efflux mechanism by
IITRO8027. It indicates that 1ITR08027 inhibit the efflux activity of AbeM leading to the
accumulation of EtBr inside the cell.

3.8.4.2. Ciprofloxacin/H* antiport assay on everted membrane vesicles of E. coli

KAM32/pU18-abeM

AbeM is driven by the proton motive force across the membrane. A constant movement of
H" and drug (substrate) occurs in opposite direction across the membrane. Efflux of a particular
drug molecule (e.g. ciprofloxacin) outside the membrane is proportional to the influx of H* in
the inner membrane. This antiport movement of H™ and drug molecules can be monitored
though a fluorescence quenching assay of quinacrine, a fluorescent compound. The
fluorescence of the molecule gets quenched in presence of H™ ions. In other words, the
fluorescence of quinacrine is inversely related with the H* in the system. Once the H" is
removed from the system, fluorescence of the quinacrine goes up. Therefore, ciprofloxacin/H*
movement were studied for the further characterization of 1ITR08027 as an inhibitor of proton

motive force.
3.8.4.2.1. Method

3.8.4.2.1.1. Preparation of everted membrane vesicles

1. Everted membrane vesicles was prepared a described earlier with some modification

[133,134].
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E. coli KAM32/pUC18-abeM Cells were grown in L medium [135] supplemented with 20
mM potassium lactate and 100 pg/ml of ampicillin.

The cells were harvested at a late exponential phase of growth, washed with a buffer
containing 10 mM Tris-HCI (pH 7.2), 0.14 M KCI, 1 mM 2-mercaptoetanol, and 10% (v/v)
glycerol (TKMG buffer) and suspended in same buffer.

The cells were broken by a single passage through a French pressure cell using a pressure
of 4000 p.s.i. The suspension was centrifuged at 20000 rpm for 30 min for removing the
unbroken cells and cell debries.

The supernatant was centrifuged at 90000 rpm for 2 h by ultra centrifuge (Beckman
Coulter, US). Tubes of 12.5 ml capacity (code.342413, Beckman Coulter) were used.

The pellet was washed once with TKMG buffer followed by resuspension in TKMG buffer
and total protein was quantified by using BCA protein assay kit (Thermo Scientific, USA).
All the steps other than protein estimation were performed at 4°C and the membrane

vesicles were kept on ice until use.

3.8.4.2.1.2. Quinacrine fluorescence quenching assay

1.

Ciprofloxacin/ H* antiport activity was measured by quinacrine fluorescence quenching
method with everted membrane vesicle prepared from cells of E. coli KAM-32/pUC18-
abeM as described previously [136].

The assay mixture consists of 10 mM Mops-KOH, pH 7.2, 140 mM KCI, 1 uM quinacrine
and membrane vesicles (0.2 mg/ml of protein).

The fluorescence was measured at excitation and emission wavelength of 420 nm and 500
nm, respectively.

5 mM Lactate was added as an energy source to initiate respiration.

As the fluorescence declined and reached at a steady state, ciprofloxacin was added at a
concentration of 40 pM. Addition of ciprofloxacin caused a slight increase in fluorescence
and again got stabilized.

Small molecule (IITR08027) was added at this point at a concentration of 25 uM [137].
The experiment was repeated three times and average change in the intensity of

fluorescence was plotted against time.

3.8.4.2.2. Results

Addition of lactate to the assay mixture resulted in an influx of H* ions owing to

respiration and concomitant decrease in the fluorescence of quinacrine (Fig.3.14). Addition of
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ciprofloxacin, substrate of AbeM, initiated the drug/H™ antiport of activity AbeM causing
ciprofloxacin to move inside the vesicles in exchange of H* ions leading to an increase in
quinacrine fluorescence. The antiport was inhibited by addition of 1ITR08027 which disrupted
the proton gradient across the membrane causing an efflux of H* ions from the everted
membrane vesicles evident by sharp increase in fluorescence of quinacrine. This shows that
IITRO8027 inhibits the drug/H™ antiport system by causing the proton gradient across the
bacterial membrane to collapse. This energy de-coupling forms the basis of efflux pump

inhibition.
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Figure 3.14 Fluorescence quenching to determine inhibition of drug/H+ antiport: Everted
membrane vesicles were prepared from cells of E. coli KAM32/pUC18-abeM. Potassium

+
lactate (5mM) was added to the reaction mixture to initiate respiration. Movement of H
inwards causes a steep decline in fluorescence of quinacrine. After stabilization, ciprofloxacin

was added which resulted an increase of fluorescence of quinacrine due to drug/H+ antiport
(protons being pumped out in exchange of drug molecules). On addition of IITR08027 there
was a steep increase in fluorescence of quinacrine indicating collapse of the proton gradient

and subsequently, inhibition of the drug/H+ antiport.

3.8.5. Studies with the fluoroquinolone resistant clinical isolate of Acinetobacter

baumannii

The fundamental objective of this study was to discover an efflux pump inhibitor (EPI)
which potentiates the activity of fluoroquinolones against the drug resistant strains of A.
baumannii. Therefore, for further characterization of I1ITR08027, multidrug resistant clinical

isolates of A. baumannii with high resistance for fluoroquinolones have been used in the study.
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3.8.5.1. Determination of MIC against fluoroguinolones resistant clinical isolates of A.
baumannii in presence and absence of 11 TR08027

3.8.5.1.1. Method

A number of clinical isolates of A. baumannii with high resistance for fluoroguinolones
have been tested. As there can be multiple mechanisms for fluoroquinolone resistance, MIC of
ciprofloxacin and norfloxacin were determined against all the clinical isolates in presence and
absence of 1ITR08027 similarly as described in section 3.8.3.2.1.

3.8.5.1.2. Result

As shown in Table.3.16 only two of these strains exhibit significant fold of increase in
susceptibility toward ciprofloxacin in the presence of 1ITR08027. RPTC-19 is one of the two
clinical isolates which exhibit highest increase in the susceptibility against the ciprofloxacin in
the presence of EPI (Table.3.16). On the basis of these observations, RPTC-19, a clinical
isolate of A. baumannii was chosen for further studies.

Table 3.16 MIC of ciprofloxacin and norfloxacin against the clinical isolates of A. baumannii
in presence and absence of IITR08027.

Clinical Without small molecules With 11'TR08027
gr. isolates of Fold decrease in MIC
No A MIC (ug/ml) MIC (ug/ml)
baumannii  ciprofioxacin ~ Norfloxacin ~ Ciprofloxacin ~ Norfloxacin ~ Ciprofloxacin ~ Norfloxacin

1 RPTC-02 16 128 16 128 1 1

2 RPTC-04 64 256 4 16 16 16
3 RPTC-07 64 256 32 128 2 2

4 RPTC-08 32 256 32 128 1 2

5 RPTC-12 16 128 16 128 1 1

6 RPTC-13 16 256 16 128 1 2

7 RPTC-16 32 256 16 128 2 2

8 RPTC-17 16 128 16 128 1 1

9 RPTC-19 64 256 1 4 64 64
10 RPTC-22 16 128 16 128 1 1
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3.8.5.2. Reverse Transcriptase PCR

Based on the result obtained in section 3.8.5.1, it was hypothesized that expression of

AbeM might be the cause of resistance to ciprofloxacin in the strain. The expression of the

AbeM pump was confirmed in RPTC-19 by reverse transcriptase PCR.

3.8.5.2.1. Methods

3.8.5.2.1.1. Isolation of total RNA

1.

10.

11.

12.

13.

A single colony of A. baumannii was inoculated in LB broth and incubated overnight at
37°C with agitation.

The overnight culture was diluted to 1% in fresh 5 ml LB broth and incubated at 37°C, with
agitation, till ODgy = 0.5.

3ml of culture was withdrawn and the cells were harvested by centrifugation at 10000Xg
for 1 min at room temperature.

The cell pellet, in an RNase free microcentrifuge tube, was resuspended in 1ml of RNA
Xpress reagent (HiMedia) and incubated for 10 min at room temperature.

200 pl of chloroform was added to the suspension, mixed vigorously and again incubated
for 10 min at room temperature.

The microcentrifuge tube was centrifuged at 12000Xg for 15 min at 4°C.

The supernatant was collected carefully avoiding the protein interface between aqueous and
organic layers.

The supernatant was transferred into a fresh RNase free microcentrifuge tube and 500 pl of
isopropanol was added. The RNA was allowed to precipitate at room temperature for 15

min.

. The microcentrifuge tube was centrifuged at 12000Xg for 12 min and the supernatant was

carefully decanted.

The pellet was washed with 75% Ethanol (prepared in DEPC treated water) and centrifuged
at 7500Xg for 5 min.

The supernatant was discarded and the RNA pellet was allowed to air dry at room
temperature.

Upon drying the pellet was resuspended in 30 pl of DEPC treated water and incubated at
55°C for 10 min with gentle intermittent vortexing.

The dissolved RNA was run on 2% agarose gel to check its consistency.
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3.8.5.2.1.2. DNase Treatment to the RNA sample

DNase treatment of RNA samples was done using Fermentas DNase | enzyme. The following

reaction mixture was prepared.

Ingredient Volume (ul)
RNA sample 25.0
10X DNase buffer with MgCl, 3.5
DNase | 2.0
DEPC treated water 4.5
Total 35.0

The mixture was incubated at 37°C for 20 min. DNase | was inactivated by adding 3.5ul of
25mM EDTA solution and subsequent 10 min incubation at 70°C. DNase treated RNA was

again run on 2% agarose gel to check.

3.8.5.2.1.3. Synthesis of cDNA

First strand DNA synthesis from RNA sample was carried out using SuperScript 111 RT (Life

technologies). Following reaction mixture was prepared

Ingredient Volume (ul) or amount
RNA sample (164 ng/ul) 3.0
10uM Random hexamer primer 4.0
10mM dNTP 5.0
Water 1.0
Total 13 ul

The mixture was mixed well and heated at 65°C for 5 min. Following were added to the

reaction mix
Ingredient Volume (ul) or amount
5X FS synthesis buffer 4.0
0.1M DTT 1.0
RNase inhibitor 1.0
SuperScript I RT 1.0
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Samples were incubated at 25°C followed by 1 h incubation at 55°C. The enzyme was

inactivated by 15 min incubation at 70°C. cDNA was quantified by using a Nanodrop

(Thermo Scientific).

3.8.5.2.1.4. PCR reaction mixture and PCR program

Reagents Stock _ Final _ Volume (ul) u.sed in
concentration concentration 50 pl reaction
Primer Forward 10 uM 0.4 uM 2
Primer Reverse 10 uM 0.4 uM 2
Pfu Buffer 10X 1X 5
dNTPs 2mM 0.2 mM 5
Pfu Polymerase enzyme 2.5 U/ul 25U 1
Template cDNA 100 ng/ul 100 ng 1
Nuclease free water - - 34
Total 50 nl

3.8.5.1.1.5 PCR Program used for the amplification of internal region of abeM

Steps Temperature Duration Cycles
1 98°C 2 min
98°C 30s
3 52°C 30s 30 cycles
72°C 45 min
4 72°C 10 min
5 4°C Hold

3.8.5.2.2. Result

Amplification of a coding segment of AbeM was observed after reverse transcriptase PCR
(Fig.3.15). This observation confirmed the expression of abeM in the A. baumannii RPTC-19.
On the basis of this observation RPTC-19 has been used in the study for further
characterization of 1ITR08027.
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Figure 3.15 Expression of abeM in A. baumannii RPTC-19, a clinical isolate of
Acinetobacter baumannii resistant to fluoroquinolones. Total RNA was isolated from A.
baumannii RPTC-19 cells at exponential growth stage. Reverse transcriptase PCR (RT-PCR)
for 16SrRNA (lane 2) and abeM (lane 3) was performed using the total RNA, after revere
transcription, using primers listed in Table.3.2. Lane 1 contains 100bp DNA ladder.

3.8.5.3. Determination of Minimum Effective Concentration (MEC) of ciprofloxacin and

norfloxacin against the clinical isolate of A. baumannii, RPTC-19

MEC (Minimum Effective Concentration) is defined as minimal concentration of EPI that
produced the maximal reduction in MIC of an antibiotic. MECs of ciprofloxacin and
norfloxacin in combination with 1ITR08027 were determined against the clinical isolate RPTC-

19 as described previously [104].

3.8.5.3.1. Method

1. Assay was done in 96 well plate using Muller Hinton broth by using two fold broth dilution
methods as described in section 2.13.1.

2. MICs of both ciprofloxacin and norfloxacin were determined in presence of increasing
concentration of 1ITR08027.

3. The antibiotics were tested at 10 different concentrations, while small molecule was tested
at 8 different concentrations.

4. Inhibitory concentration of antibiotics (ciprofloxacin and norfloxacin) was plotted against

the increasing concentration of small molecule.

3.8.5.3.2. Result

A remarkable decrease in MICs of both ciprofloxacin and norfloxacin against RPTC-19
were observed with increasing concentration of 11ITR08027 (Fig.3.16). The MEC (Minimum
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Effective Concentration) of 1ITR08027 for ciprofloxacin and norfloxacin were observed 16 uM
and 32 uM respectively. Alone the MICs of ciprofloxacin and norfloxacin against the clinical
isolate were 64 pg/ml and 256 pg/ml respectively. Therefore, combination therapy of
IITR08027 with ciprofloxacin and norfloxacin can be extremely effective against quinolone

resistant clinical isolates of A. baumannii expressing AbeM or its homologue.

256 —=- Norfloxacin
—+— Ciprofloxacin
64_
:_1: 16+
£ 4
5 N
0.25+
0.0625-
T T T ]
0 8 16 24 32
Concentration of II'TRO8027
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Figure 3.16 Determination Minimum Effective Concentration (MEC) of ciprofloxacin and
norfloxacin in combination with 11TR08027: Efficacy of ciprofloxacin and norfloxacin in
combination with 1ITR08027 was determined against the clinical isolate of Acinetobacter
baumannii RPTC-19. Minimum effective concentration (MEC) of IITR08027 for ciprofloxacin
and norfloxacin against Acinetobacter baumannii RPTC-19 was determined as 16 uM and 32
uM respectively.

3.8.5.4. Kill kinetic Assay

Efflux pump inhibitor may also influence the killing kinetics of an antibiotic [104,119].
Therefore, time Kill assay of ciprofloxacin alone and in combination with IITR08027 was

carried out against the clinical isolate of A. baumannii, RPTC-19.

3.8.5.4.1. Method

1. Kill kinetics of ciprofloxacin in the presence of IITR08027 was evaluated by a time-kill
method as described previously [104] .

2. A single colony of Acinetobacter baumannii clinical isolate (RPTC-19) was inoculated in
MH broth and incubated overnight at 37°C with agitation.

3. The overnight culture was diluted 100 times in fresh MH medium.

83



4. 5 ml of diluted inoculums was treated with 64 pg/ml ciprofloxacin alone (1X MIC), 16
pa/ml ciprofloxacin alone (1/4 X MIC) and 16 pg/ml ciprofloxacin in combination with 50
UM 1ITR08027 (1/4 X MIC + EPI).

5. One tube, 5 ml culture was kept as a control without any treatment with antibiotics and
incubated in same condition at 37°C for 12 h.

6. 100 pl of samples were withdrawn after 3 h interval and plated onto freshly prepared MH
agar plates with different dilutions. Fresh MH media was used for serial dilution.

7. The plates were incubated at 37°C overnight. The colonies appeared on MH agar plates
were counted and total CFU/ml was calculated by multiplying with the dilution factor.

8. Change in log;oCFU/mI of bacterial cells was plotted against time.

3.8.5.4.2. Result

It was observed that 1ITR08028 enhances the killing efficiency of ciprofloxacin in
presence of EPI. The time kill curve of Acinetobacter baumannii clinical isolate (RPTC-19)
with ciprofloxacin at sub-inhibitory concentration (1/4 MIC) in presence and absence of
IITR08027 were performed (Fig.3.17). Sub-inhibitory concentration of ciprofloxacin 16 pg/ml
(/4 MIC) alone could not inhibit the growth of the organism. However, sub-inhibitory

concentration of ciprofloxacin exhibited bactericidal activity in presence of 25 puM of
IITRO8027.
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- Control & MIC =« 1/4 MIC¥ 1/4 MIC + EPI (50pM)

Figure 3.17 Time kill kinetics of ciprofloxacin in presence and absence of 1ITR08027: Sub-
inhibitory concentration of ciprofloxacin was found to exhibit bactericidal activity against the
clinical isolate, A. baumannii RPTC-19 in combination with 1ITR08027.
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3.8.5.5. In vitro post-antibiotic effect

Post Antibiotic Effect (PAE), delayed regrowth of bacteria following exposure to an
antibiotic is an pharmacodynamic characteristics of an antibiotic [100]. It is an important
parameter because it is crucial for determining the correct dosing of antibiotic [101,138].
Longer delay in growth is always desirable for a good antibiotic after a brief exposure [139]. It
also gives an idea how persistent an antibiotic is or how long the bacteria can sustain the action
of antibiotics. Therefore, the influence of 1ITR08027 on the PAE of ciprofloxacin was

examined against the clinical isolate, RPTC-109.

3.8.5.5.1. Method

1. In vitro post-antibiotic effect of ciprofloxacin on clinical isolate of A. baumannii (RPTC
19) in presence and absence of 1ITR08027 was determined as described previously with
some minor modifications [101].

2. 5 ml of overnight culture ( OD was adjusted to 0.1 by dilution with fresh media) in Muller
Hinton broth was incubated for 2 h at 37°C with and without ciprofloxacin at concentration
of 10 X MIC (640 pg/ml).

3. In another set of tubes, ciprofloxacin at 10X MIC along with increasing concentrations (50
puM, 100 uM and 150 uM) of IITR0O8027 were also incubated at same condition.

4. After 2 h of incubation, antibiotic was removed by centrifugation of the culture at 7000 rpm
for 10 min.

5. The cells were washed twice with the phosphate buffer and pellets were resuspended in
fresh MH broth.

6. The OD of the tubes without the antibiotic was diluted by adding fresh media. OD of
culture at 600 nm in all the culture tubes were made equal to 0.06.

7. The initial OD at 600 nm of all the tubes was 0.06.

8. 200 pl of culture was withdrawn after every 1 h and OD was measured by SpectraMax M2e
Plus spectrophotometer (Molecular Devices).

9. Simultaneously, 50ul of samples were plated on freshly prepared MH agar plate with
different dilutions.

10. Colonies appeared on MH agar plates after overnight incubation were counted and CFU/ml
was calculated. A linear regression line was fitted to the logi, (CFU/mI) values over the
period of 0 to 4 h after the exposure to the antibiotic as described previously [140].

11. The PAE was determined according to (Craig et al, 1999) as PAE = T — C, where T is the
time required for the visible counts of the exposed bacteria to increase by 1 logio above the
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counts observed immediately after washing and C is the corresponding time for the
antibiotic unexposed control.

***The period of zero to 4 h was chosen for comparison considering the following facts: it was
the period immediate after the exposure of antibiotics, it was long enough duration for studying

such a fast growing resistant mutant and visible growth was observed after 4 h.

3.8.5.5.2. Result

PAE of ciprofloxacin on the A. baumannii RPTC19 was found to be extended in presence
of 1ITR08027 which is a potential efflux pump inhibitor (EPI). With increasing concentration
of 1ITR08027 (EPI) recovery time for bacterial culture was lingered. In other words, bacterial
cells took more time to come back at its normal growth phase when it was treated together with
ciprofloxacin and 1ITR08027 as compared to ciprofloxacin alone (Fig.3.18 and 3.19). The PAE

of ciprofloxacin alone and in combination with [ITR08027 was determined (Table.3.17).

1.2-

-e- Control
- Only Cp

Cp + EPI (50 uM)
=¥ Cp + EPI (100 uM)
-~ Cp + EPI (150 uM)

0.0 T T T T

Time (h)

Figure 3.18 Induction of Post antibacterial effect (PAE) by ciprofloxacin alone and in
combination with IITR08027 against the clinical isolate A. baumannii RPTC-19: A.
baumannii RPTC-19 cells at ODggo of 0.1 were treated with 10X MIC of ciprofloxacin alone
(Cp alone) and same concentration of ciprofloxacin in combination with 50 puM, 100 uM and
150 pM of 1ITR08027 (Cp+EPI) for 2 h. The antibiotic was removed after 2 h and the cells
were suspended in fresh media. Initial ODggo of the cells, in different conditions, was made
equal by adding sterile media and growth was monitored for 4 h with an interval of 1 h. Each
point is representative of mean of triplicate values and error bars represent standard deviation.
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Figure 3.19 Induction of Post antibacterial effect (PAE) by ciprofloxacin alone and in
combination with 1I'TR08027 against the clinical isolate of A. baumannii (RPTC-19): A
log phase culture of 0.1 OD cells was treated with 10 X MIC of ciprofloxacin alone and same
concentration of ciprofloxacin with increasing concentration of IITR08027 for 2 h. The
antibiotics were removed after 2 h and the cells were suspended in fresh media. Initial OD of
the cells was made equal by adding sterile media. The culture was incubated in shaking
condition at 37°C for 4 h. 50ul of samples were withdrawn at every h and plated on freshly
prepared MH agar plate with different dilutions to determine the viable counts (CFU/ml). The
PAE, average time required for increase in unit logarithmic scale was determined (Table.3.17).

Table 3.17 Post antibiotic effect (PAE) of ciprofloxacin on Acinetobacter baumannii RPTC-19
in the presence and absence of 1ITR08027.

10g10 Time required for unit PAE

CFU/ml/h logip increase (min) (min)
Control 2.75 22 -
Only Ciprofloxacin 2.05 29 7
Ciprofloxacin + IITR08027 (50 uM) 1.75 34 12
Ciprofloxacin + 1ITR08027 (100 pM) 1.325 45 23
Ciprofloxacin + 1ITR08027 (150 puM) 1.25 48 26

3.8.6. Selection of resistant mutant in vitro

Another very important characteristic of an efflux pump inhibitor is its ability to reduce
the frequency of resistant mutant development [104,119]. A mutant selection study was carried
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out on A. baumannii ATCC1798 in presence and absence of IITR08027 with varying

concentration of ciprofloxacin.

3.8.6.1. Method

1. Emergence of ciprofloxacin resistant mutant in presence and absence of 1ITR08027 was
monitored as described previously [104].

2. Acinetobacter baumannii (ATCC 17978) culture of approximately 10° CFU/100 pl was
plated on MH agar plate containing ciprofloxacin at a concentration of 2, 4, 8 and 16 times
of its MIC (ug/ml).

3. The same concentrations of ciprofloxacin were also tested in combination with 1ITR08027
at a concentration of 50 uM.

4. Frequency of ciprofloxacin resistant mutant was determined as described previously [141]
by dividing the total number of colonies appeared after 48 h of incubation at 37°C on the
drug containing plate by the total number of CFU plated.

3.8.6.2. Results

Mutant selection frequency was decreased in presence of IITR08027. It was observed that
same concentration of ciprofloxacin produces lesser number of mutants when treated with
IITR08027. No mutant was selected at 8X MIC concentrations which can be defined as mutant
prevention concentration (MPC) of ciprofloxacin against RPTC-19. At 2X and 4X MIC
concentrations, the frequency of resistant mutant was much higher in comparison to same
concentration with 1I'TR08027 (Table.3.18).

Table 3.18 Frequency of selection of ciprofloxacin resistant mutants in Acinetobacter
baumannii ATCC 17978 in the presence and absence of 1ITR08027.

Mutant selection frequency

2X MIC (128 mg/L) 4 X MIC (256 mg/L) 8 X MIC (512 mg/L)

Without 11 TR08027 3X 107 1.85 X 107 <10°

With IITR08027 (50 pM) 1X 107 6 X 107 <10

3.8.7. MTT assay

In order to assess the cytotoxicity of 1ITR08027 was determined by MTT assay on

mammalian Hela cells.
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3.8.7.1. Method

1.

10.

Cytotoxicity of IITR08027 on Hela cells was determined by the MTT assay as described
previously [142].

In brief, approximately 5%x10° cells in 200 pl of media were seeded in a 96-well microtiter
plate and incubated overnight.

Cells were then treated with increasing concentrations of 1ITR08027 (1 to 200 uM) and
incubated at 37°C for 24 h.

Control cells were treated with 0.1% DMSO (vehicle control) and incubated at same
condition for 24 h.

After 24 h, 20 pul MTT (5 mg/ml) were added to the culture and incubated for 4 h at 37°C.
MTT-containing medium was then removed very carefully and 200 ul DMSO was added to
dissolve the formazone crystal by gentle agitation.

Optical density (OD) was measured at 570 nm in a plate reader (M2e, Molecular Devices).
Absorbance values were expressed as percentage of solvent control.

Percentage inhibition was calculated in comparison to the solvent control. The percentage
inhibition was calculated as

% inhibition = 100 — [(Mean OD of treated cellx100)/mean OD of vehicle treated cells]
The IC50 values were calculated using graph pad prism, version 5.02 software (Graph Pad
Software Inc., CA, USA).

Each assay was done three times, and the results of one representative experiment are

shown in

3.8.7.2. Result

The MTT toxicity study against mammalian Hela cells showed that 1ITR08027 has

minimum toxicity at its effective concentration range. The minimum effective concentration

(MEC) of IITR08027 was found to be around 16 uM against highly resistant clinical isolate of
Acinetobacter baumannii (RPTC-19). As shown in Fig.3.20 at 80 uM (5X MEC)

concentrations, cell viability of Hela cell line was around 80 percent. However, at higher

concentration (more than 100 uM) the molecule exhibited some level of toxicity. The IC50 of

the molecule is around 150 uM (133.33 £+ 15.4 uM).
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Figure 3.20 Cytotoxicity of 1I'TR08027: Cytotoxicity of ITR08027 was determined by MTT
assay. Percentage inhibition of cell growth was plotted against the concentration of 1ITR08027
used for cell treatment.

This study has demonstrated a viable screening strategy for identifying an efflux pump
inhibitor against a specific transporter. IITR08027 has been identified and characterized as an
efflux pump inhibitor of AbeM in A. baumannii. AbeM is a clinically relevant efflux pump and
no specific inhibitors have yet been reported against this pump. ITR08027 was found to
potentiate the activity of fluoroquinolones as well as many other substrate antibacterials against
multidrug resistant mutant of A. baumannii. The molecule also improves the pharmacodynamic
properties of quinolones as an antibiotic by enhancing the killing potential and lingering the
PAE. The molecule itself is noninhibitory upto a very high concentration and very less toxic at
its effective range. The lead molecule can further be taken up for preclinical trials and animal

toxicity studies.
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CHAPTER 4
DISCUSSION AND CONCLUSION

4.1 Discussion

Encountering multiple drug resistance in bacterial pathogens is a serious challenge for
healthcare. New antibiotics are not available since long time and old antibiotics are becoming
ineffective against bacteria causing a number of infectious diseases in human and other
animals. Discovering new antibacterial molecules and rejuvenating the old antibiotics are the
need of this h to tackle the situation [143]. This study centres around both of these two aspects
of combating the multiple drug resistance in bacterial pathogens. Small molecules with
diversified chemical structures have been screened by cell based assay in both the approaches

for discovering novel chemical entities.

4.1.1 ldentification and characterization of novel antibacterial molecules

The first approach of the study was to discover novel chemical entities against gram

negative bacteria. Here is the summary of the outcome of the initial study.

4.1.1.1. Screening of a small molecule library consists of 10956 molecules

The study has demonstrated a systematic approach of screening a large collection of small
molecules within a standard (common) laboratory facility without any intervention of robotic
system. All 10956 molecules were tested individually against E. coli ATCC25922 for
discovering novel antibacterial small molecule (Fig.2.18). This study can be adapted for
screening against any other bacteria with different collection of molecule from natural as well

as synthetic sources even in an academic setup [27].
4.1.1.2 Discovery of a molecule with broad spectrum antibacterial activity

The study led to the identification of IITR06144 (Fig.2.20), a novel antibacterial small
molecule with broad spectrum antibacterial activity (Table.2.2). The molecule inhibits the
growth of number of multi drug resistant pathogens including Acinetobacter baumannii AYE,
E. coli O157 and Vibrio fluvialis BD146 [144].

4.1.1.3. Low toxicity of IITR06144

Toxicity of IITR06144 was determined by Hemolysis assay with human red blood cells
and MTT assay with C3H10T1/2 stem cells (Table. 2.3 and 2.4). The toxicity of 1ITR06144
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was compared with two commercially available nitro aromatic drugs namely nitrofurantoin and
furazolidone. The relative toxicity of the molecule was lower than those two nitroaromatic

drugs.

4.1.1.4. 11TR06144 interfere with bacterial cell division

Cell division proteins are attractive drug targets for future antibiotics [145]. Resistance is
developing against the drugs with conventional common targets. In that context, it is important
to identify molecule with novel therapeutic target. 1ITR06144 restricts bacterial cell division
process. It prevents two daughter cells to be separated from each other during cell division
leading to cellular elongation. Microscopic evidences which support this hypothesis are given
in Fig.2.22-2.24.

4.1.1.5. 1ITR06144 inhibit FtsZ by delocalization of FtsZ

FtsZ is reported as a target of many antibacterial agents. Filamentation or cellular
elongation are common phenomenon associated the mechanism of all the FtsZ inhibitors [146-
153]. Exposure of 1ITR06144 leading to cellular filamentation in E. coli is evident in section
4.1.1.3. It is also evident from the experimental data (given in section 2.17.2) that 1ITR06144
causes delocalization of FtsZ in the entire cell (Fig.2.6). A uniform distribution of FtsZ-GFP
was observed in FtsZ over expressor of E. coli cells (Aska clone). But, once it was treated with
I1ITR06144 at sub-inhibitory concentration, the FtsZ was found to be delocalized into the entire
cells. Delocalization of FtsZ assembly was evident by the dissolution of GFP in the entire cells.
The dissolution of GFP was visualized by fluorescence microscopy (Fig.2.6).This is direct
evidence that demonstrates that 1ITR06144 inhibits FtsZ leading to delocalization of FtsZ in
entire cell. Because of FtsZ delocalization, division ring (septum) cannot be formed in mid-cell
region. As consequence, two daughter cells cannot be separated from each other leading to

cellular filamentation.

4.1.1.6. Genetic evidence of FtsZ inhibition by 11TR06144

Genetic evidence of inhibiting FtsZ by berberine was proved earlier by antisense RNA
mediated gene silencing study [45]. A similar study, given in section 2.17.3 has revealed that
IITR06144 inhibit FtsZ. The growth Kkinetic data (Fig.2.28) indicates that increase in expression
of ftsZ antisense RNA causes a simultaneous increase in the activity (potency) of IITR06144. It
suggests that both the antisense RNA of ftsZ and [ITR06144 inhibit the same target FtsZ.
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4.1.1.7. The molecule does not function through sImA and minC

One assumption was that 1ITR06144 might inhibit FtsZ in an indirect manner, through
other internal players (other proteins that inhibit FtsZ polymerisation). SImA, nucleoid
occlusion factor puts a hold in bacterial cell division until and unless chromosomal DNA has
been segregated properly in two daughter cells. It does not allow two daughter cells to be
separated by inhibiting FtsZ until the DNA replicates properly and segregated [57]. Another
inhibitor of FtsZ is MinC which inhibits FtsZ at polar region [154]. MIC data (Fig.2.29) with
the knockout mutants (Keo collection) of simA and minC does not show any significant change
in the susceptibility of these mutants against 1ITR06144.1t suggests that inhibition of FtsZ by
IITR06144 is not mediated via the action of either SImA and MinC.

4.1.1.8. Major nitrofuran reductase NfsA augments the activity of these molecules

NfsA and NfsB are the major nitro reductases found in E. coli responsible for reducing
nitro group (-NO,) of the nitroaromatic compounds [66]. MIC data with nfsA knockout (Keo
collection) and over-expression mutant (Aska library) of E. coli suggest that NfsA influence the
activity (potency) of 1ITR06144 inside the bacterial cells. It was observed that the MIC of
IITR06144 against Anfsad of E. coli is twofold higher than the wild type stain (Fig.2.29). It
suggests that in absence of NfsA, potency of 1ITR06144 decreases. Somehow the activity of
IITRO6144 is elevated by NfsA function. This hypothesis was reconfirmed by a similar kind of
experiment. In this case, MIC was determined against the overexpressor of NfsA in inducing
condition (section 2.17.5). A remarkable increase the sensitivity of E. coli overexpressor was
observed against 1ITR06144 (Fig.2.30). From both of these observation, it is hypothesized that
NfsA might reduce the —-NO, group and convert it to a more reactive —NH in a stepwise manner
as described previously [61,155].

4.1.2 ldentification and characterization of novel efflux pump inhibitor

The second approach of the study was to discover an efflux pump against, AbeM of
A. baumannii and reviving the activity of fluoroguinolones against quinolone resistant A.

baumannii. Here is the summary of the outcome of second approach.

4.1.2.1 Screening of 8000 small molecules for potential Efflux Pump Inhibitors (EPIs)

A systematic approach of screening a small molecule library of 8000 molecules has been
demonstrated. All 8000 molecules were tested individually against E. coli KAM32/pU18-abeM

in 96-well plates (Fig.3.6). This approach is also applicable for discovering efflux pump
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inhibitor against other efflux pumps similar to AbeM in any other organism. A simple and cost
effective primary screening strategy was developed for screening. The relative resistance of E.
coli KAM32 cells harboring multiple copies of abeM cloned into a multi copy number plasmid

has been utilized for screening.

4.1.2.2 Identification of novel efflux pump inhibitor, IITR08027

Study led to the identification of 1ITR08027 (Fig.3.12), an efflux pump inhibitor of AbeM
in Acinetobacter baumannii. The molecule has been characterised as an efflux pump inhibitor
of AbeM by EtBr accumulation assay (section 3.8.4.1) and drug/H" antiport study (section
3.8.4.2). The utility of the molecule for using in combination with fluoroquinolones
(ciprofloxacin and noxfloxacin) were also studied in detail (section 3.8.5.3-5)

4.1.2.3 11ITR08027 potentiates the activity of multiple substrates of AbeM

IITR08027 was found to potentiate the activity of a number of antibiotics, especially the
fluoroquinolones, against E. coli KAM32/pUC18-abeM (Table.3.13). 16 to 32 fold decrease in
MIC of ciprofloxacin and norfloxacin was observed in presence of 50 uM of IITR08027. Apart
from fluoroquinolones, 4 fold decrease in the MIC of kanamycin and 8 fold of decrease in MIC
of ofloxacin and chlorohexidine was also observed. Addition of 1ITR08027 also resulted in
significant fold decrease in MIC of other substrates like EtBr, DAPI, Hoechst 33342 and

acriflavin.

4.1.2.4 11'TR08027 enhances the accumulation of EtBr inside the cells

EtBr is a common substrate for efflux pumps. Fluorescence intensity goes up as EtBr
accumulates inside the cell. Therefore, accumulation of EtBr inside the cells can be measured
through changes in fluorescence intensity. EtBr accumulation assay was carried out to
demonstrate whether 1ITR08027 facilitates the accumulation of EtBr inside the bacterial cells
(section 3.8.4.1). The result indicated that 1ITR08027 enhance the accumulation of EtBr inside
the bacterial cells (Fig.3.13). It suggests that 1ITR08027 inhibits the efflux activity of AbeM
leading to the accumulation of EtBr inside the cells. These finding qualify 1ITR06144 as an
efflux pump inhibitor of AbeM.

4.1.2.5 11TR08027 restricts the antiport movement of ciprofloxacin/H" across the membrane

Most of the secondary transporters including AbeM are driven by the electrochemical
gradient across the membrane. They are primarily antiport system where cations (e.g. H* and

Na®) and the drugs (e.g. ciprofloxacin) move opposite to each other. It is an essential and
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intrinsic quality of a secondary pump. AbeM is driven by the H' gradient across the membrane.
It is an antiport system where H* and the fluoroquinolones (substrate) moves opposite to each
other. Qunacrine fluorescence quenching assay was carried out to determine whether
IITRO8027 inhibit this antiport movement (section 3.4.8.2). The result of the study (Fig.3.14)
suggested that IITR08027 inhibit the antiport movement of ciprofloxacin/H* across the

bacterial membrane.

4.1.2.6 11TR08027 enhances the efficiency of fluoroquinolones against multidrug resistant

A. baumannii

Not only in E. coli KAM32/pUC18-abeM, IITR08027 enhances the efficiency of both
ciprofloxacin and norfloxacin against multi drug resistant clinical isolates of A. baumannii
expressing AbeM or its homologue. MICs of both ciprofloxacin and norfloxacin with varying
combinations of 1ITR08027 were determined against fluoroguinolone resistant clinical isolate
of A. baumannii (section 3.8.5.3.) The result suggests that MICs of both the antibiotics
decrease with gradual increase in concentration of IITR08027 (Fig.3.16). The minimum
effective concentration (MEC) of ciprofloxacin and norfloxacin against the clinical isolate of A.

baumannii were determined as 16 uM and 32 uM respectively.

4.1.2.7 11TR08027 enhances the killing efficiency of ciprofloxacin

Kill kinetics of ciprofloxacin and varying concentrations of 11ITR08027 was determined
(section 3.8.5.4.). From the result (Fig.3.17), it was observed that killing potential of
ciprofloxacin was augmented in combination with [ITR08027. Sub-inhibitory concentration of
ciprofloxacin at 16 pg/mL (1/4 MIC) alone could not inhibit the growth of the organism.
However, sub-inhibitory concentration of ciprofloxacin along with 1ITR08027 at a

concentration of 50 uM restricted the bacterial growth up to 12 h.

4.1.2.8 1ITR08027 extends the post antibiotic effect (PAE) of ciprofloxacin

Post antibiotic effect (PAE) is the amount of time required for one log increase in cell
population after the antibiotic has been withdrawn. Post antibiotic effect of ciprofloxacin alone
and in combination with 11ITR08027 was determined (section 3.8.5.5). The result (Table.3.17)
suggested that in presence of 1ITR08027 the PAE of ciprofloxacin was extended. The time for
recovery in growth was higher in combination with II'TR08027 (Fig. 3.18 and 3.19).
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4.1.2.9 1ITR08027 reduces the frequency of resistant mutant selection

Mutant selection frequency was found to be decreased in presence of 1ITR08027
(Table.3.18). It was observed that same concentration of ciprofloxacin produces lesser number

of mutants when treated in combination with 1ITR08027.

4.1.2.10 11'TR08027 is nontoxic in its effective rage

The minimum effective concentration (MEC) of IITR08027 was observed 16 uM and 32
uM for ciprofloxacin and norfloxacin against highly resistant clinical isolate of Acinetobacter
baumannii. The MTT toxicity study against mammalian HeLa cells showed that 1ITR08027
has very low cytotoxicity at this effective concentration range (Fig.3.20).

4.2 Conclusion

The entire study was focused on identification and characterization of novel chemical
entities against multiple drug resistant gram negative bacterial pathogens. Diverse collection of
small molecules have been used effectively developing simple phenotype based screening
strategies for identifying novel antibacterials as well as efflux pump inhibitors (EPIs). The
study can be adopted for targeting any other pathogens or other families of efflux pump with
larger magnitude of chemical collections within a standard normal laboratory setup. Two
molecules were studied in detail for characterization. These molecules can be further studied

for preclinical trials in animals.
4.3 Future direction

The study led to the discovery of two novel chemical entities for combating multidrug
resistance. 1ITR06144 is a broad spectrum antibacterial molecule and 11TR08027 is an efflux
pump inhibitor (EPIs) against the multidrug transporter, AbeM in A. baumannii. Both of these
molecules have enormous possibility of commercial use against bacterial infections. However,
a detailed further investigation is required for sending these molecules form laboratory to
clinic. Both of these molecules have to be gone though different level of preclinical trials in
animals. If they satisfy all the criteria, they can be used commercially. Effect of IITR0827 on
other families of efflux pumps can also be investigated. A detailed structural analysis of both
the molecules can be done to identify the functional region of the molecules interact with the
target. Based on the structure-activity relation, these molecules can be truncated to more

effective small structures for commercial use.
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