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ABSTRACT

Methicillin resistant Staphylococcus aureus (MRSA) and vancomycin resistant Enterococcus
(VRE) are on the World Health Organization (WHO) high priority list of pathogens that
require serious attention. Therefore, the need for novel class of compounds is vital in
overcoming this problem. Teixobactin is a new class of antibiotic that has exhibited
antimicrobial activity against resistant bacteria. In this study we are expanding the
investigation of teixobactin derivatives against clinically relevant bacterial isolates from
South African patients. The minimum inhibitory concentration (MIC), the minimal
bactericidal concentration (MBC), the serum effect on the MIC’s and the time kill kinetics
studies of three of our synthesized teixobactin derivatives 3, 4 and 5 were ascertained by
broth microdilution according to the CLSI 2017 guidelines. Haemolysis on red blood cells
(RBCs) and cytotoxicity on peripheral blood mononuclear cells (PBMCs) were performed to
investigate the safety of these derivatives. MIC’s of the teixobactin derivatives against ATCC
reference strains were between 4-64 pg/ml (3), 2-64 pg/ml (4) and 0.5-64 pg/ml (5). The
MIC’s for MRSA were 32 pg/ml for (3), 2-4 pg/ml for (4) and 2-4 pug/ml for (5) whilst the
MIC’s obtained for VRE’s were 8-16 ug/ml for (3), 4 pg/ml for (4) and 2-16 pg/ml for (5).
50% human serum had no effect on the MIC’s. All these derivatives did not show any effect
on cell viability at their effective concentration. Teixobactin derivatives (3, 4 and 5) were
capable of inhibiting bacterial growth in drug resistant bacteria and thus serve as potential

antimicrobial agents.

xii



OUTLINE OF THE DISSERTATION

This study evaluated teixobactin derivatives as potential antimicrobial agents, through screening

both susceptible and resistant bacteria.

Chapter 1 is the literature review and briefly outlines the need for this study.

Chapter 2 focuses on the evaluation of teixobactin derivatives and a number of antimicrobial
assays conducted. This section was submitted to the accredited journal Frontiers in

Microbiology and is formatted accordingly.

Chapter 3 presents the concluding remarks of this study as well as the recommendations and

limitations.

The dissertation is concluded with the appendixes that includes the proof of journal submission

and ethical approval documents.
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CHAPTER ONE

Introduction

1.1 BRIEF INTRODUCTION

Antimicrobial resistance and the lack of novel antibiotics are of worldwide concern. The
production of antibiotics dates back to the 1900’s however because of misuse, resistance has
become a huge obstacle in the treatment of infections. Methicillin-resistant Staphylococcus
aureus (MRSA) and Vancomycin-resistant Enterococcus (VRE) are pathogens that are of
alarming concern. Thus the need for novel antibiotics to treat such infections is essential in
curbing antimicrobial resistance. Potential antimicrobial agents are developed using current
antibiotics that are no longer effective as a result of resistance. These antibiotics are the
backbone in the design of novel antimicrobial agents, with the hope to broaden the activity of

the antibiotics.

Teixobactin is a new class of antibiotic that has proven to be very effective against Gram-
positive bacteria. In this study novel teixobactin derivatives were tested as potential
antimicrobial agents. A number of in vitro assays were conducted using Gram-positive, Gram-

negative bacteria as well as drug-resistant bacteria, especially MRSA and VRE.

1.2. BACKGROUND AND STATEMENT OF THE PROBLEM

Bacterial resistance has become a public health problem as a result of the negligent usage of
antibiotics. MRSA and VRE are progressively emerging as common pathogens. As the existing
antibiotics have failed to circumvent the genes known to convey resistance, they are unable to
thoroughly treat infections caused by these bacteria. The development of novel antibiotics is

fundamental in the search for methods to curb the problem of resistance.



1.2.1 Penicillin: mode of action and mechanism of resistance

The discovery of Penicillin by Alexander Fleming in 1928 has paved the path in the treatment
of bacterial infections. Penicillin is still the most widely used antibiotic despite it being the
oldest known antibiotic and a number of bacteria have developed resistance as a result of its
extensive use. Penicillin was derived from a fungus, Penicillin chrysogenum. The presence of a
bicyclic ‘penam’ nucleus illustrates the biological activity of this group of antibiotics. The
‘penam’ nucleus forms a 4- membered Kalley Heiligenthal ring that is fused to a 5- membered
thiazolidine ring and an acyl side chain to the B-lactam (Dumancas et al., 2014). Penicillin
antibiotics were among the first antibiotics that were effective against bacterial infections that
resulted from streptococci and staphylococci. Penicillin is the termed used broadly to refer to
benzylpenicillin (penicillin G originally found in 1928), benzathine benzylpenicillin (benzathine
penicillin), benzylpenicillin (procaine penicillin) and phenoxymethylpenicillin (penicillin V).
Penicillin G and V are natural penicillins that were active against susceptible Gram-positive
cocci (Dumancas et al., 2014; Goodman, 2011).

Most B-lactam antibiotics function by inhibiting cell wall biosynthesis in bacteria; this is
achieved by covalently binding to penicillin binding proteins (PBPs). PBPs are responsible for
linking together the peptidoglycan molecules. This linkage is an essential step in cell wall
synthesis (Rang et al., 2015). Penicillin derivatives (penams), carbapenems, cephalosporins
(cephems) and monobactams all belong to this class and have the same mechanism of action but
vary in their antimicrobial activity (Papp-Wallace et al., 2011). Bacteria are able to overcome
the effects of B-lactam antibiotics by developing an enzyme known as f-lactamase that attacks
the B-lactam ring resulting in B-lactam resistance. In order to curb this resistance, p-lactam

antibiotics are prescribed in conjunction with B-lactamase inhibitors.

Ampicillin was the first major development from penicillin and presented a broader spectrum of

activity than the original penicillins. It exhibited activity against Streptococcus pyogenes and



Streptococcus pneumonia as well as some isolates of Staphylococcus aureus (Rang et al., 2014).
Dicloxacillin, methicillin and flucloxacillin were B-lactamase-resistant penicillins that were
further developed but these were only significant for their activity against B-lactamase-

producing species. It is however ineffective against MRSA.

MRSA has developed into the leading nosocomial Gram-positive pathogen contributing to high
rates of mortality and morbidity (Sista et al., 2004; Drago et al., 2007; Khan et al., 2015;
Ventola, 2015). More than 50% of hospital Staphylococcus aureus infections in intensive care
unit (ICU) are a result of MRSA. There have also been increased reports of multi-drug resistant
MRSA and increasingly virulent MRSA. Along with its broad based B-lactam resistance,
MRSA is also known to have a multi-drug resistance genotype, which includes
aminoglycosides, cephalosporins, fluoroquinolones and macrolide resistances (Pantosti et al.,
2007; Hope et al., 2008). Strategies to control and eliminate MRSA can include a combination
of vaccine development, development of novel anti-MRSA drugs, infection control and other

non- traditional methods (Chopra, 2003; Drago et al., 2007).

MRSA like all Staphylococcus aureus is a Gram-positive, spherical (cocci), non-spore forming,
non-motile bacterium and forms grape-like clusters or chains (Murray et al., 2015). Any strain
of S. aureus that mutated through horizontal gene transfer, natural selection and multiple drug
resistance to pB-lactam antibiotics is known to be MRSA. B-lactam antibiotics are a group of
broad-spectrum antibiotic, which includes some penams — penicillin derivatives such as
methicillin and oxacillin, and cephems such as the cephalosporins (Gurusamy et al., 2013).
Strains that are susceptible to or unable to resist these antibiotics are classified as methicillin-
susceptible Staphylococcus aureus, or MSSA. MRSA can be present as mixed colonies in
MSSA and also shows slower growth on media as compared to MSSA. (Murray et al., 2015).
The prevalence of MRSA is high in hospitals, nursing homes, where patients that have

catheters, open wounds and weakened immune systems are at risk of hospital- acquired



infections. MRSA can be hospital-acquired (HA-MRSA), community-acquired (CA-MRSA) or
livestock-acquired (LA-MRSA). Methods used to identify MRSA include polymerase chain
reaction (PCR) and selective culture media supplemented with relevant antibiotics (Murray et
al., 2015). MRSA can also be identified through the presence of the mecA gene, which is
generally absent in MSSA. However, some MSSA possess the mecA gene but it is not
expressed. The mecA gene is known to confer resistance to a large number of antibiotics, which
include methicillin, penicillin, and other penicillin-like antibiotics. This mecA gene, which
encodes for a novel penicillin- binding protein (PBP), facilitates methicillin resistance in S.
aureus. Methicillin exposure inactivates the four-high binding affinity PBPs that are usually
present. This results in PBP-2a, which has a low affinity to methicillin to take over the functions
of these PBPs, allowing the cell to grow. Other genes influence the production of PBP-2a and
the regulation of the methicillin resistance phenotype. MecR1 and mecl, two genes that are
located upstream from mecA, control the expression of PBP-2a. Although -lactam antibiotics
with a high affinity for PBP-2a have shown efficacy against MRSA in vivo, none of these
antibiotics were able to make it further than the exploration phase (Chambers, 2001; Thabit et

al., 2015).

Vancomycin remains the preferred drug for the treatment of infections caused by MRSA,
despite it being less active than penicillins. Combination therapy using vancomycin with ss-
lactam may be synergistic in vivo against MRSA. However because of the increasing prevalence
of MRSA in hospitals and communities, alternative approaches (antimicrobial stewardships,
hand washing, proper use od antibiotics) are required to treat MRSA (Chambers, 2001; Thabit
et al., 2015). In addition to the concerns surrounding MRSA, several reports have shown that

the emergence of VRE is increasing drastically and therefore requires some intervention.



1.2.2 Vancomycin: mode of action and mechanism of resistance

Vancomycin is produced by Amycolatopsis orientalis, a soil bacterium (Levine, 2006).
Vancomycin is administrated intravenously as a first line treatment option for a number of
serious bacterial infections caused by Gram-positive bacteria (Levine, 2006; Liu et al., 2011). It
is also used to treat meningitis that is caused by MRSA. Vancomycin, when taken orally, is
absorbed very poorly therefore intravenous administration is preferred however, it is
recommended orally to treat Clostridium difficile colitis (Edlund et al., 1997; Van Bambeke,
2006). The mechanism of action of vancomycin includes the inhibition of cell wall synthesis in
Gram-positive bacteria. Vancomycin is not active against Gram-negative bacteria because of the
different mechanism used by Gram-negatives in cell wall synthesis as well as factors linked to
the permeability of outer membrane (Wright, 2015).

Enterococci are present as common bacteria on human skin, and are part of the normal
microbiota make-up in human intestines (Miller et al., 2014). However, resistance to antibiotics
occurs as a result of selective pressure subsequently causing symptomatic infections,
particularly in patients that are immune-compromised. Bacteria are able to mutate therefore
antibiotics that are first-line treatment options are no longer effective. Vancomycin much like
teixobactin, also binds to lipid cell wall precursors, however resistance to this antibiotic only
emerged almost 40 years after its discovery. This was as a result of the mobilization of self-
resistance mechanisms that is employed by vancomycin-producing bacteria, through horizontal
gene transfer (Marshal et al., 1998; Wright, 2015). Vancomycin resistant enterococci (VRE) are
bacterial strains that belong to the genus Enterococcus and are resistant to vancomycin (CDC,
2011). Six vancomycin resistant genes are currently known, viz.VanA, VanB, VanC, VanD,
VanE and VanG (Fong and Drlica, 2008). The mechanism of resistance to vancomycin that has
been observed involved the alteration of the peptidoglycan synthesis pathways (Arias and

Murray, 2012; Thabit et al., 2015). The D-alanyl-D-lactase variation results in the loss of one



hydrogen bond interaction (4 as opposed to 5 for D-alanyl-D-alanine) between vancomycin and
the peptide. A six-fold loss of affinity between vancomycin and the peptide is caused by the D-
alanyl-D-serine variation, possibly due to steric hindrance (Coates, 2012; Meziane-Cherif et al.,

2012).

Reports from U.S. hospitals indicate a rapid increase in colonization and infection with VRE.
These increases bring about several complications within the health care sector, which include,
i) potential gene transfer of the vancomycin resistant gene to other Gram-positive organisms
namely S. aureus, and ii), the lack of antimicrobials for the treatment of VRE infections (CDC,
2011; Orsi and Ciorba, 2013). Most VRE are multi-drug resistant strains; e.g., ampicillin and
aminoglycosides that were previously used to treat infections brought about by these organisms.
A number of elements contribute to the increased risk of VRE infection and colonization. These
include severe underlying disease, previous therapy with vancomycin and multi antimicrobial
drugs, immunosuppression and intra-abdominal surgery. The presence of enterococci in the
normal gastrointestinal or female genital tract is the source of most enterococcal infections
because of its presence in the patient. Outbreaks and endemic infections due to enterococci,
including VRE, have indicated that patient-to-patient transmission can occur through direct or
indirect contact via hands of individuals or contaminated patient- care equipment or surfaces

(Tacconelli and Cataldo, 2008).

The prevalence of both MRSA and VRE in South Africa has increased in recent years and is the
leading cause of morbidity and mortality (Mahabeer. et al., 2016). There has not been much
success in reducing the spread of resistant bacteria in communities and healthcare settings,
despite the implementation of precautionary measures. These precautionary measures include
(hand washing with an antiseptic, routine screening for VRE, reduced use of antibiotics
unnecessarily and antimicrobial stewardship). (Orsi and Ciorba, 2013). Failure to follow

through with these precautionary measures, more so in undeveloped countries, leads to



increased prevalence and therefore, new antibiotics that have shown great promise such as

teixobactin, plays an important role in overcoming drug resistant bacteria.

1.3. TEIXOBACTIN

Teixobactin (Figure 1) is a new class of antibiotic that has been discovered using the iChip
(isolation Chip), a culturing method that enables uncultured bacteria to be isolated from soil
(Nichols et al., 2010; Ling et al., 2015; Stone and Judy, 2015; Wright, 2015). This method
allowed researchers to grow Eleftheria terrae (E. terrae), a previously uncultured bacterium that
produces the antibiotic teixobactin (Nichols et al., 2010). The iChip culture cells in a block of
plastic are inoculated with soil which is diluted to insert one bacterium in each cell, this is then
sealed with semi-permeable membranes and is planted in a box containing the origin soil
(Nichols et al., 2010; Stone and Judy, 2015). Nutrients and growth factors diffuse from the soil
into each cell through the membrane, this promotes bacterial growth into a self-sustaining
colony in vitro, allowing for growth of one species in the cells (Nichols et al., 2010).
Teixobactin is the first novel antibiotic with drug potential, isolated from bacteria in decades.
Teixobactin is an 11- residue, macrocyclic depsipeptide synthesized by E. terrae through the
non-ribosomal peptide synthetases Txol and Txo2 (Ling et al., 2015). These peptides have
unusual features which includes a methylated phenylalam=nine, four D-amino acids and the
non-proteinogenic amino acid enduracidine. The amino acid sequence of teixobactin is
MeHN—d-Phe—Ile—Ser——d-GIn—d-lle—Ille—Ser—d-Thr*—Ala—enduracididine—Ile—
CO—*. The carboxy terminus forms a lactone with the I-threonine residue (*), this is common
in microbial nonribosomal peptides. The catalysation of the lactone-forming ring closure
reaction by two C-terminal thioesterase domains of Txo02, forms a lactone (Ling et al., 2015).

Txol and Txo2 are composed of 11 modules; these modules are said to sequentially add one



amino acid to a growing peptide chain. The first module has a methyltransferase domain that

methylates the N-terminal phenylalanine (Ling et al., 2015).
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Figure 1: Structural representation of teixobactin

This small molecule antibiotic exerts its effect by binding to two precursors of bacterial cell-
wall polymers lipid 1l (peptidoglycan) and lipid Il (teichoic acid), preventing cell wall
synthesis that results in lysis of susceptible bacteria (Ling et al., 2015; Piddock, 2015; Wright,
2015). This mechanism of action explains the antibiotics efficacy against Gram-positive
bacteria rather than Gram-negative bacteria which have an outer membrane that prevents access
to lipid Il and lacks teichoic acid (Ling et al., 2015; Wright, 2015). Teixobactin is reported to be
potent in vitro against all Gram-positive bacteria and has shown great activity against
Staphylococcus aureus, resistant enterococci and Mycobacterium tuberculosis as well as
Bacillus anthracis and Clostridium difficile (Ling et al., 2015; Piddock, 2015; Wright, 2015). In
vivo, teixobactin was effective when used to treat MRSA and Streptococcus pneumoniae
infected mice (Ling et al., 2015). Teixobactin is however not active against Gram-negative
bacteria because of the presence of an outer membrane, more specially carbapenem resistant

Enterobacteriaceae or pathogens that contain the New Delhi metallo-beta-lactamase 1(NDM1).



A detailed model for teixobactin activity and potential mechanisms of resistance is still in the

foundation phases (Fiers et al., 2017).

Resistance to teixobactin has not been demonstrated in S. aureus and M. tuberculosis when
these pathogens were exposed to high doses of teixobactin (Lewis, 2017; Ling et al., 2015;
Piddock, 2015). It has been observed that resistance is less likely to develop against antibiotics
that target the lipid molecules that are essential for cell-wall synthesis than antibiotics that target
proteins (Anna and January, 2015; Wright, 2015). Thus implies that resistance through
horizontal gene transfer from the producing organism is unlikely (Fiers et al., 2017; Ling et al.,
2015). However numerous scientists caution that is it still too early to conclude that teixobactin
resistance cannot develop (Anna and January, 2015). Vancomycin once showed promise and
similar claims were made when it was discovered, however resistance developed very soon after
large-scale use around the 1980s. With the continuation of antibiotic misuse and prolonged use
in patients, mutations can occur thus resistance is inevitable (Arias and Murray, 2015). It is
highly probable that genes encoding resistance to teixobactin may already be present in soil
bacteria and it is only a matter of time until they emerge. The need for teixobactin derivatives is
required to broaden the spectrum of activity of this antibiotic and to include derivatives that are
also active against Gram-negative bacteria. Teixobactin is active against M. tuberculosis, thus

offering an opportunity for a new treatment regime for TB (Piddock, 2015).

For novel compounds to be suitable as treatment options for infections in patients, preliminary
in vitro screening is required to determine the cytotoxicity. This is followed by in vivo studies to

understand the pharmacokinetics and pharmacodynamics of these compounds (Piddock, 2015).



1.4.IN VITRO ASSAYS

In vitro assays are used to examine the antibacterial activity of potential drugs/compounds;
these include the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) determination assays. These assays are essential in determining the level

of activity of novel compounds and establishes their dosing decisions.

1.4.1 Antimicrobial susceptibility techniques

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
are standard quantitative techniques used to determine antimicrobial susceptibility to novel
agents (Brown and Brown, 1991). MIC refers to the minimum concentration of an antibiotic
that inhibits the visible growth of a microorganism after incubation. MBC refers to the
minimum concentration of the antibiotic that completely kills the microorganism (Andrews,
2001).

Agar dilution, broth dilution and disk diffusion are the standardized assays which are used for
MIC testing (Andrews, 2001; Wiegand et al., 2008). To quantitatively obtain the in vitro
activity of an antimicrobial agent, the agar dilution and broth dilution assays are employed.
These assays are executed by introducing a standardized suspension of the test microorganism
to a series of two-fold dilutions of the antimicrobial agent that is prepared in a solid or liquid
medium. The MIC is verified as the lowest concentration of the antimicrobial agent that
inhibited growth following an incubation period, specific to the microorganism (Wiegand et al.,

2008).

1.4.1.1 Agar dilution

The agar dilution method is an established reference method used to determine MIC. This

technique involves the combination of antimicrobial agents into agar with varying
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concentrations on each agar plate. The microorganisms being tested are concurrently inoculated
onto the agar surface. This is achieved using an inoculum-replicating apparatus. 32-36 different
microorganisms can be inoculated onto each plate (CLSI, 2017). These plates are then
incubated overnight and the MIC is read as the minimum concentration at which the

microorganism’s growth is inhibited.

1.4.1.2. Broth dilution

The broth dilution assay is the commonly used assay in antimicrobial susceptibility testing.
Tube dilution method or Macrobroth is one of the first techniques used and is the gold standard
for MIC determination. Antimicrobial agents are diluted (two-fold) in a test tube that contains a
liquid (broth) growth medium. The limitation of this assay is that it requires a large amount of
reagents and there is a very high possibility of human technical error when preparing the
solutions of the antibiotics. By making use of 96 well microtitre plates to conduct this test,
increased its practicality and popularity. This is known as the microdilution assay (Reller et al.,
2009). The microtitre plates are able to accommodate up to 8 antibiotics in 12 two-fold dilutions
or 12 antibiotics in 8 two-fold dilutions. According to CLSI guidelines, this assay has an
accuracy of approximately 1 two-fold concentration (CLSI, 2017). Following incubation, MICs
can either be determined by using an automated or manual device to inspect the growth of the
microorganism (Reller et al., 2009). Resazurin is a cell viability dye that is also used to confirm
if viable cells present in the solution (Collins and Franzblau, 1997; Moshayedi et al., 2012;

Rampersad, 2012).

1.4.1.3. Disk diffusion test

Disk diffusion is a standardized susceptibility assay most commonly utilsed in diagnostic
routine bacteriology laboratories. The antibiotic diffuses from a disk (containing a specific

antibiotic concentration) into the agar medium containing the microorganism being tested

11



(CLSI., 2017). A zone of inhibition will appear if the antibiotic is able to inhibit the growth of
the microorganism. The zone diameters are then compared to standardized references within the
CLSI guidelines to determine the susceptibility profile of the microorganisms, making this a
qualitative assay rather than quantitative. Various factors can affect the results of this assay;
these factors include the thickness of the medium, the type of media used, the incubation times,

and the concentration of the inoculum (Griffin et al., 2000).

1.4.2 Synergy test

Synergism is employed to determine if the effects of combination therapy results in better
antimicrobial activity as compared to when the antimicrobial agents are tested individually
(Doern, 2014). The checkerboard method and time kill kinetic assay is commonly used to
determine this (White et al., 1996, 2001). The checkerboard assay is a technique employed
decades ago where varying concentrations of an antimicrobial agent is combined with varying
concentrations of a second antimicrobial agent, through agar dilutions or broth dilutions. The
microdilution is the most commonly used method for checkerboard assay however both
methods can be used to mix two antimicrobial agents in the plates. This assay can be achieved
by either diluting the two antimicrobial agents before pipetting into the microdilution plates for
serial dilutions or one antimicrobial agent is serial diluted in the microtitre plate and then the
second antimicrobial agents, which has already been diluted, is added to the wells containing
the first antimicrobial agent (Dougherty et al., 1977). The plates incubated and the results

determined as per instructions for micro-broth dilution assay.

1.4.3 Serum effect

The serum effect assay, when conducted on novel compounds, aids in estimating the in vivo
activity. Therefore, if the MIC of the novel compound significantly changes upon the

introduction of serum, this indicates possible cellular interaction of the compounds being tested.
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Based on whether the MIC increases or decreases when in the presence of serum, will determine

if the interaction is extracellular or intracellular (Levison, 2004).

Antibodies are present in normal human serum; these antibodies destroy the cell wall/
membrane of bacteria through the classical and alternate complement pathways, thus resulting
the dissolution of most bacterial cells (Melching and Vas, 1971; Osawa and Muschel, 1964;
Pillemer et al., 1954). By heating the serum to 56°C, the bactericidal and bacteriolytic proteins
are damaged (Taylor, 1983). This assay also aids in determining the level of protein binding of
the potential antimicrobial agents. Heating at 56°C for 30 minutes inactivates the serum, after
which it is then filtered and added to the Mueller-Hinton broth (Keepers et al., 2014; Osawa and
Muschel, 1964). This assay determines the serum effect on the MIC of potential antimicrobial
agents without the intervention of immunological effects. This assay along with those discussed
earlier are huge contributors in the design and development of in vivo protocols for evaluating

novel compounds and also influences the compounds dosage for preclinical trials.

1.5. JUSTIFICATION

The increase in bacterial resistance and the lack of new antimicrobial agents is a serious
concern. The search for novel antimicrobial agents and their derivatives is a growing focus
globally. Possible future lack of treatment options of resistant bacterial infections necessitates
for detailed in vitro studies of potential antimicrobial agents for subsequent in vivo analysis of

these agents.

1.6. AIMS
To evaluate the potential of novel teixobactin derivatives as antimicrobial agents using in-vitro

pharmacodynamic parameters.
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1.6.1 Specific objectives

The objectives of this study were:

To determine the minimum inhibitory concentrations (MICs) of teixobactin
derivatives according to the Clinical Laboratory Standards Institute guidelines using
the broth microdilution assay (CLSI, 2017).

To ascertain the minimum bactericidal concentrations (MBCs) and the serum effect
on teixobactin derivatives according to Keepers et al., 2014.

To determine the synergistic effect of teixobactin derivatives and vancomycin using
the checkerboard method according to the CLSI guidelines (CLSI, 2017).

To understand the time-Kill kinetics of the derivatives according to Wang et al., 2015.
To investigate the safety of these compounds using their haemolysis on red blood

cells (RBCs) and cytotoxicity on peripheral blood mononuclear cells (PBMCs).
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Abstract:

Background: Methicillin resistant Staphylococcus aureus (MRSA) and vancomycin resistant
Enterococcus (VRE) are part of the WHO high priority list of pathogens that needs urgent
invention hence emphasis needs to be placed on developing novel class of molecules to
overcome this scourge. Teixobactin is a new class of antibiotic, which has demonstrated
antimicrobial activity ATCC strains and Gram-positive resistant bacteria. Herein, we are
broadening the investigation of antimicrobial properties of teixobactin derivatives against

clinically relevant bacterial isolates from South African patients.

Methods: The minimum inhibitory concentration (MIC), the minimal bactericidal concentration
(MBC), the effect of serum on the MIC’s and the time kill kinetics studies of three of our
synthesized teixobactin derivatives 3, 4 and 5 were ascertained according the CLSI 2017
guideline by the broth microdilution method. Haemolysis on red blood cells (RBCs) and
cytotoxicity on peripheral blood mononuclear cells (PBMCs) were performed to investigate the

safety of these compounds.

Results: MICs of the teixobactin derivatives against reference strains were between 4-64ug/ml
(3), 2-64pg/ml (4) and 0.5-64ug/ml (5). The MIC’s observed for MRSA were 32ug/ml for (3),
2-4pg/ml for (4) and 2-4pg/ml for (5) whilst MIC’s for VRE’s were 8-16pug/ml for (3), 4pug/ml
for (4) and 2-16pug/ml for (5). In the presence of 50% human serum, there was no significant
effect on the MIC’s. All the compounds did not have any effect on cell viability at their

effective concentration.

Conclusion: Teixobactin derivatives (3, 4 and 5) were able to inhibit bacterial growth in drug

resistant bacteria and hence serve as potential antimicrobial agents.

Keywords: Teixobactin derivatives, biological activity, antimicrobial agents, resistant bacteria,

antimicrobial peptides.
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2.1. Introduction

The rate of antibiotic resistance is increasing faster than the development of new compounds for
clinical practice; this is causing a public health crisis. Unfortunately, in an extremely short
period, resistance to antibiotics has become a significant cause of disease and death globally

(Brown and Wright, 2016; Penesyan et al., 2015; Hamilton and Wenlock, 2016). This

worldwide collapse in collective research action to synthesize novel and efficient compounds,
has contributed to the existing drug resistance disaster and the lack of new and efficient

treatment options.

The first antibiotics were produced through screening soil microorganisms, but this limited

resource of cultivable bacteria was over mined by the 1960s (Lewis, 2012). Synthetic

approaches to produce antibiotics have been unable to replace this platform. An available source
of new antibiotics is the uncultured bacteria which makes up 99% of all species in external

environments (Kaeberlein et al., 2002; Fang et al., 2012; Nichols et al., 2010).

Teixobactin (1, Figure 1) is a new class of antibiotic that was discovered through screening of
uncultured bacteria using the i-Chip (isolation chip), which is a revolutionary method for

culturing bacteria (Ling et al., 2015; Piddock, 2015; von Nussbaum and Siissmuth, 2015). It was

identified as an effective agent against Gram-positive bacteria, which inhibits cell wall synthesis
through binding to two lipid cell wall precursors, lipid 11 (peptidoglycan precursor) and lipid I11

(teichoic acid precursor) (Homma et al., 2016; Jad et al., 2015; Ling et al., 2015). Teixobactin

binds to the undecaprenyl-PP-sugar region of these precursors, which is known to be
unmodified. Thus, making teixobactin the first example of a target-specific compound
essentially free of resistance. Vancomycin also targets lipid 11 however, teixobactin binds to a
different region, this is confirmed by its activity against VRE that posses modified lipid Il (Ling

et al., 2015; Homma et al., 2016; Jad et al., 2015; Parmar et al., 2016).
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Figure 1: Chemical structure of teixobactin

Although much attention has shifted towards combating Gram-negative bacteria there is still a
need for new compounds with novel mechanisms and low resistance profiles against Gram-
positive bacteria. Hence Texiobactin can satisfy this need and aid in the treatment of resistant
Gram-positive bacteria such as VRE and MRSA’s. The main aim of this study is to evaluate
novel derivatives of teixobactin (3,4 and 5) and investigate their biological properties toward
clinically relevant Gram-positive resistant bacteria, including sensitive ATCC Gram-negative

species.

2.2 - Materials and methods

2.2.1- Antibiotics and reagents

All the derivatives were dissolved in 5% DMSO. GIBCO® RPMI-1640 cell culture media (with
HEPES, L-glutamine and sodium pyruvate) was obtained from Life Technolgies™ (Carlsbad,
California, United States). Hyclone™ fetal bovine serum was purchased from GE Healthcare
Life Sciences (Chicago, Illinois, United States). Phosphate Buffered Saline (PBS) was obtained
from Lonza (Basel, Switzerland). Nunclon™ Delta Surface sterile microtiter plates (including
the Edge 2.0 plate) were bought from Thermo Fisher Scientific™ (Waltham, Massachusetts,
United States). Human serum from male AB plasma, sterile and filtered, antibiotics, antimycotic

solution and all other reagents were obtained from Sigma (St. Louis, Missouri, United States).
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2.2.2- Bacterial strains

Clinical isolates of MRSA and VRE were obtained from Lancet Laboratories, Durban, South
Africa, ethical approval BE394/15 Biomedical Research Ethical Committee of the University of
KwaZulu-Natal. Four reference strains of bacteria: Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853, Bacillus subtilis ATCC 6051 and Staphylococcus

aureus ATCC 29213 were obtained from American type of collection culture.

2.2.3 Synthesis, purification, and characterization of teixobactin derivatives
Teixobactin derivatives (3, 4, and 5) (Figure 2) were synthesized, purified, and characterized as

previously described (Abdel Monaim et al., 2017).

2.2.4- Minimum inhibition concentration (MIC) and minimum bactericidal concentration
(MBC) determination

The MICs of the synthesized teixobactin derivatives were determined using the broth
microdilution method according to the Clinical Laboratory Standard Institute CLSI (CLSI.,
2017) Two-fold dilutions of each compound solution were prepared using cation adjusted
Mueller—Hinton Broth (CAMHB) in a microtiter plate. A 0.5 McFarland-standardized bacterial
inoculum (Biosan SIA DEN-1B densitometer) was used to prepare a total volume of 200ul in
each microtiter well. The plates were incubated at 37°C for 18 - 20h. The MIC was determined
as the lowest concentration at which there was no visible growth. Control wells for bacteria and
media were also included. Meropenem, vancomycin and ampicillin were employed as standard
control drugs. The plates containing VRE’s were incubated using the Scientific series 2000
incubator at 35 °C under aerobic conditions. The MBC was determined as the lowest
concentration of the test compound that was able to produce a 99.9% decrease in bacterial
viable count on the agar plates. Control wells included the amount of solvent used in dissolving

drug candidates, medium and bacteria.
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2.2.5- Human serum effect in the MICs
The effect of serum on the MIC was performed similar to the MIC method described above
however, in this case a 50 % human serum: Mueller-Hinton broth (Sigma Aldrich) was

prepared.

2.2.6- Time-Kkill kinetic assays

Time-Kkill assays were performed using the broth micro-dilution method in accordance with the
CLSI guidelines (CLSI., 2017). In this study, inoculum suspensions with approximately 10°
(colony-forming units) CFU/ml of exponentially growing bacterial cells were used. 1:10. 1:100
and 1:1000, serial dilutions were performed. The test compound was added to 10mL of
inoculum suspensions with final concentrations corresponding to 1x MIC, 2x MIC and/or 4x

MIC.

Each test included a growth control that comprised of the bacterial strain without the test
compound. The inoculum cultures were incubated at 37 °C. Aliquots were removed from the
inoculum cultures after timed intervals of incubation (i.e. 0, 1, 2, 4, 6, 8 and 24 h), and serial
ten-fold dilutions were prepared in CAMHB. The numbers of viable cells were determined by
the plate count technique, which involved plating 100 pL of each dilution on a MHA plate

(Wang et al., 2015).

2.2.7- Cell culture

Buffy coat was obtained from a healthy anonymous blood donor via the South African National
Blood Service following approval by their Ethics Committee (National Health Laboratory
Service Clearance Certificate number 2013/18). Aseptic technique and appropriate biosafety

precautions were observed.
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2.2.8- Haemolysis Assay on Red Blood Cells (RBCs)

The haemolysis assay was performed as previously described (Tramer et al., 2012), with

modifications to allow for a 96-well microtiter plate format. Approximately 10 mL of blood was
decanted from the buffy coat pack and spun down at 600g for 10 min in a Jouan BR4
centrifuge. The supernatant was removed by gentle aspiration and the pellet washed several
times by centrifugation and re-suspension in buffer (PBS with EDTA and then PBS alone).
After the final wash, the red cell pellet was re-suspended in 4 volumes of PBS (to obtain a
hematocrit of approximately 20%). 10pL of the cells aliquoted into the wells of a clear, round
bottom 96-well microtiter plate containing 170uL PBS and then lysed by addition of 20uL 1%
Triton™ X-100 solution. A blank, containing 180uL PBS and 20uL Triton™ X-100 (1%) was
also prepared. After 30 min, the samples were spun down at 3000 g for 5 min in an Orto Alresa

Digicen 21R plate centrifuge.

The absorbance was read at 405nm in a Tecan Sunrise™ plate reader. The absorbance of the
blank was subtracted from that of the lysed RBCs, and the concentration of the re-suspended
RBCs was adjusted so that they would have an absorbance of approximately 1.5 upon lysis.

This was confirmed by repeating the procedure on the adjusted red blood cell preparation.

Seven, serial 5-fold dilutions of the compounds were then prepared in triplicate by adding 25uL
of the compound to 100pL PBS. Untreated controls (i.e. 0% hemolysis) and 100% hemolysis
samples (with 20uL Triton™ X-100 and 80uL PBS) were included. Then appropriately diluted
RBCs (10uL RBC and 90uL PBS per well) was added to the plate using a multichannel

multistepper pipette.

The plate was incubated at 37°C for 30 min, spun down at 3000 g for 5 minutes in a plate
centrifuge, the supernatants transferred to a new microtiter plate, and the absorbance read at

405nm. The viability of the red cells at each concentration of the compound was calculated as
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follows: % viability = 100 x [1 — [At/ (A1 - Ao)]] where A; = mean absorbance of the test
compound at a given concentration, Ay = mean absorbance of the untreated control and Ajgo =
mean absorbance of the sample lysed with Triton™ X-100. The results were represented

graphically.

2.2.9- Cytotoxicity on peripheral blood mononuclear cells (PBMCs)

The cytotoxicity assay was performed as previously described (Araujo et al., 2013; Azumah et

al., 2016; Pannecouque et al., 2008; Pinto et al., 2011). Briefly, PBMCs were isolated from the

buffy coat pack using the Ficoll-Paque density gradient protocol (GE Healthcare, Munich,
Germany) which entails layering of the buffy coat on the Ficoll-Paque reagent, centrifugation
for 30 min and gentle aspiration of the lymphocyte layer, as described by the manufacturer. The
lymphocytes were washed as recommended and the viability and cell count were determined on
the Countess™ Automated Cell Counter (Thermo Fisher Scientific™, Waltham, Massachusetts,
United States). The cells (100 000 viable cells/well) were then dispensed into wells of a
Nunclon™ Delta Surface Edge 2.0 plate microtiter plate containing 100ul complete media
(RPMI-1640 with 10% fetal bovine serum, 1% Antibiotic Antimycotic solution and 3%
phytohemagglutinin). The cells were incubated in a Scientific Series 2000 incubator for 24
hours at 37°C and 5% CO,. Then seven, serial 5-fold dilutions of the compounds were prepared
in triplicate by adding 25uL of the compound to 100uL complete media in the wells of a
separate microtiter plate. The dilutions were transferred to the appropriate wells of the plate
containing the cells, which was then incubated for 72 hours at 37°C and 5% CO,. Thereafter,
20ul of MTT salt (7.5mg/ml) was added to each well, and the plate was incubated for a further 4
hours. Then 100ul of the media was carefully removed from each well (avoiding agitation of the
crystals) and replaced with 100ul of solubilisation solution (containing acidified isopropanol

and Triton™ X-100). The plate was shaken on a plate shaker for 30 minutes to facilitate
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complete dissolution of the crystals. The absorbance was read at 550nm (background: 690nm).

The results were shown graphically.

2.3- Results

2.3.1- Teixobactin derivatives

Teixobactin is an 11-amino acid “head to side-chain” cyclodepsipeptide (1, Figure 1) with a D-
Thr as a bridge head forming the ester with the carboxylic group of a L-lle. L-Ala and the post-
translational modified L-allo-enduracidine (End), which contains a cyclic guanidine, are also

part of the cycle (Giltrap et al., 2016; Dhara et al., 2016; Jin et al., 2016; Yang et al., 2016;

Abdel Monaim et al., 2016a; Yang et al., 2017; Wu et al., 2017; Jin et al., 2017; Parmar et al.,

2017a; Parmar et al., 2017b; Abdel Monaim et al., 2017; Schumacher et al., 2017). The tail is

formed by 2 moieties of L-Ser, 2 moieties of L-lle, D-allo-lle, D-GIn, ending with a N-Me-D-
Phe. As L-allo-End was not commercially available, our group and others have concentrated
their efforts in the synthesis of Argio-teixobactin (2, Figure 2), which L-allo-End has been

substituted by Arg (Jad et al., 2015; Parmar et al., 2016).

Argio-teixobactin (2), which has been converted as the parent teixobactin analogue, has slightly
lower activity than teixobactin. Our group has prepared a short library of teixobactin analogues
containing more than one Lys residue using a Lys-scanning strategy, which was absent in the

natural structure (Abdel Monaim et al., 2016b; Abdel Monaim et al., 2017). From this collection

of peptides, three (3, 4 and 5, Figure 2) identified as having good MIC’s against ATCC bacteria

and were selected for further in vitro evaluation in this study.
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Figure 2: Chemical structure of teixobactin derivatives (2, 3, 4 and 5)
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2.3.2- Antimicrobial activity of teixobactin derivatives and the effects of human serum on
the MICs

The antimicrobial activity of the three derivatives (3, 4 and 5) was investigated by in vitro
screening against drug-resistant and sensitive bacteria using the broth micro-dilution method
in accordance with the CSLI guideline. As shown in Tables 1, 2 and 3, the derivatives were
able to induce inhibition in both sensitive and resistant strains of the tested bacterial isolates.
Teixobactin derivatives demonstrated potent antimicrobial activity against Gram-positive
bacteria as opposed to Gram-negative bacteria. Three conventional antibiotics (meropenem,
vancomycin and ampicillin), were used as control antimicrobial agents, these drugs only
exhibited activity against the drug-sensitive strains of bacteria, but showed no activity against
the resistant isolates with the exception of vancomycin which is known to be efficient against
MRSA. The MICsowere 32 ug/ml (3), 2 ug/ml (5/4) for MRSA, as well as 16 pg/ml (3) and 4
ug/ml (5/4) for VRE. In this study teixobactin derivatives yielded MIC’s as low as 2 ug/ml
and 0.5pg/ml for Gram-positive reference strains, S. aureus and B. subtilis respectively. The
MIC’s of the experimental compounds against susceptible Gram-negative bacteria were 32
ug/ml for E. coli and 64 pg/ml for P. aeruginosa. These compounds also inhibited drug-
resistant clinical isolates of MRSA at concentrations of 32ug/ml, 4 ug/ml and 2 pg/ml for 3, 5
and 4 respectively. Vancomycin, being the current drug of choice for the treatment of MRSA,
had an MIC of 1 pg/ml; while the MIC of ampicillin against MRSA was >512 pg/ml. Against

VRE, the MIC’s for 3, 5 and 4 were 16pug/ml, 4pug/ml and 8pug/ml respectively.

No significant effect of serum on the MIC were observed when the reference bacterial strains
where tested with varying concentrations of the derivatives in presence of 50% human serum;
the values only varied by +1 in fold dilutions. Teixobactin derivatives (3, 4 and 5)

demonstrated bactericidal activities against Gram- positive ATCC strains, which yielded a
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99.9% decrease in viable cells on the agar plates at concentrations < 4x the MIC values. All

the experiments were conducted in triplicate to confirm the outcomes.
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Table 1: Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) and MIC in presence of 50% human serum of

teixobactin derivatives against susceptible reference strains of bacteria.

Antimicrobial Organism
agents
Gram-positive Gram-negative
S. aureus ATCC 29213 B. subtilis ATCC 6051 E. coli ATCC 25822 P. aeruginosa ATCC 27853
MIC MBC 50% serum MIC MIC MBC 50% serum MIC MIC MBC 50% serum MIC MIC MBC 50% serum MIC
(ug/ml) (Hg/mi) (Hg/ml) (Hg/ml) (hg/ml) (Hg/mi) (Hg/ml) (hg/ml) (Hg/ml) (Hg/ml) (Lg/ml) (Hg/ml)
3 32 64 64 4 8 2 o4 64 >64 o4 128 >64
1 1 16 4 2 8 1 64 64 >64 >64 128 >64
5 2 8 4 05 1 0.5 32 64 >64 64 128 >64
Meropenem 0.25 ND ND 0.125 ND ND 0.125 ND ND 1 ND ND
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Table 2: Minimum inhibitory concentration (MIC) of teixobactin derivatives against

methicillin resistant Staphylococcus aureus (MRSA).

Tsolates Origin Species 3 4 5 Vancomycin Ampicillin
MIC (ugmi) | MIC (ugmi) [ MIC (ugmi) | MIC (ugimi) MIC (ug/m)
BI1970 Blood S.aureus 32 2 2 T >512
PI0781 Nasal S.aureus 32 2 2 T >512
P10747 CVP S.aureus 32 2 2 1 >b12
S37938 S. aureus 32 2 2 1 >512
S18155 ETT S.aureus 32 2 2 05 >b12
B13178 Blood S. aureus 32 2 2 1 >512
440260 S.aureus 32 4 4 1 >512
S18970 S.aureus 32 Y 2 1 >512
P11520 Pus S. aureus 32 4 4 1 512
T5683 Nasal S.aureus 32 2 2 T >512
MIC50 32 2 2 T >512

% ETT, Endotracheal tube; CVP, Central venous catheter; ICU, - Missing data.

Table 3: Minimum inhibitory concentration (MIC) of teixobactin derivatives against

VVancomycin-Resistant Enterococci (VRE).

Tsolates Species 3 4 5 Vancomycin
MIC (ag/m) | MIC (ng/ml) | MIC (ag/ml) | MIC (ag/mi)
951245262 (A) Enterococcus faecium 8 4 4 >128
951234856 (B) Enterococcus faecium 16 4 ! >128
951208931 (C) Enterococcus faecium 16 ! ! >128
938636470 (D) Enterococcus faecium 16 8 4 >128
938666613 (E) Enterococcus faecium 16 16 ! >128
938600912 (F) Enterococcus faecium 16 2 8 >128
938072607 (G) Enterococcus Taecium 16 8 ! >178
9444714000 (H) Enterococcus faecium 16 8 4 >128
945530665 () Enterococcus faecium 16 4 4 >128
U43821 (J) Enterococcus faecium 16 8 4 >128
MIC50 16 4 4 >128
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2.3.3- Time-kill kinetics

Time-kill kinetic assays were performed to determine whether teixobactin derivatives
exhibited time-dependent or concentration-dependent properties as well as if their effects
were bacteriostatic or bactericidal. The time-kill curves of the teixobactin derivative 4 against
Gram-positive bacteria; S. aureus and B. subtilis both ATCC strains are represented in
(Figure 3). The killing kinetics of the derivative indicated that the bacterial killing is time and
concentration dependent, and the bactericidal effect was observed at concentration of 2 and
4x MIC levels at 6 hours, as well as at 1x MIC at 24 hours against S. aureus and B. subtilis.
Exposure of S. aureus and B. subtilis to the test compound at 2x and 4x MIC resulted in
decreasing bacterial cell count greater than 3 log, relative to the initial density from 6 and 4
hours respectively, which was also indicative of a bactericidal effect. At a concentration of 1x

the MIC, significant reduction in logio CFU occurred after 6 hours, upon the addition of the

compound 4 (Figure 3).
A B
12 120
92 981
2 1X MIC (Compound 4) 2 1X MIC (Compound 4)
§ 2X MIC (Compound 4) E 2X MIC (Compound 4)
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® N Control g Control
3 381
0 : : : : : [V . : : : :
o am 8@ 128 168 202 247 oz am 8a 128 168 202 247
Time (hour) Time (hour)

Figure 3: Time killing Kinetics at different concentrations of teixobactin derivative 4. Gram-
positive bacteria (S. aureus and B. subtilis) were challenged with compound 4 at 1x, 2x and

4x MIC levels.
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2.3.4- Haemolysis and Cytotoxicity

The haemolysis and cytotoxicity effects were evaluated by exposing RBCs and PBMCs to
teixobactin derivatives at varying concentrations. The tested concentrations of the compounds
had neither cytotoxic effect on PBMCs nor any hemolytic effect on erythrocytes. The percent
viability of RBCs and PBMCs were above 90% at the highest concentration used in this study

(64ug/mL) (Figure 4).
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Figure 4: Haemolysis and cytotoxicity effects of teixobactin derivatives at various
concentrations A) Viability (%) of RBCs and PBMCs treated with DMSO; B) Viability (%)
of RBCs and PBMCs treated with compound 3; C) Viability (%) of RBCs and PBMCs

treated with compound 4; D Viability (%) of RBCs and PBMCs treated with compound 5.

2.4- Discussion
Antibiotic resistance in Gram-positive bacteria is on the rise globally as indicated by the
WHO list of high priority pathogens (i.e. VRE and MRSA) though much attention has shifted

to combating Gram-negative bacteria. Teixobactin has been demonstrated as effective against
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Gram-positive bacteria and no detectable resistance has been reported yet. This is because
teixobactin is structurally distinct from glycopeptides and is the first member of a new class

of lipid Il binding antibiotics.

Compounds 4 and 5 MIC’s for reference strains S. aureus and B. subtilis were between the
ranges of 0.5-4ug/ml (Table 1), and demonstrated a range of 2-4ug/ml against the clinical
MRSA isolates. 3 had an MIC of 32ug/ml, this was much higher than those reported for the
control antibiotic, vancomycin, 0.5-1ug/ml. Other groups reported an MIC of 4ug/ml against

MRSA using compound (Parmar et al., 2017a; Jin et al., 2016; Schumacher et al., 2017).

These results were echoed in this study, as the MIC’s observed against MRSA using
compound 3 was between 2-4pug/ml. The MIC’s observed for the three derivatives make them

good candidates as potential antimicrobial agents

The MBC reported by Ling et al, 2015 was 2x the MIC of teixobactin. The bactericidal
activity of teixobactin and its derivatives against Gram-positive bacteria is superior to that of

vancomycin, and it retains excellent bactericidal activity against VRE (Ling et al., 2015).

This excellent bactericidal activity of teixobactin and its derivatives is reported to be due to
not only inhibition of peptidoglycan synthesis but also the synergistic inhibition of wall
teichoic acid synthesis. These derivatives echo the same bactericidal activity that is observed

for teixobactin. The MIC/MBC ratios were <4 for all the three derivatives (3, 4 and 5).

Time kill kinetic assays were carried out with compound 4 as it exhibited the best MIC’s
against S. aureus and B. subtilis. Complete bactericidal activity was observed at
concentrations of 16 and 8ug/ml at 4h. Much like that observed in studies on other
teixobactin derivatives, these derivatives have no cytotoxic or hemolytic effect in vitro. In the
presence of 50% serum there was no drastic change in the MIC’s. The MIC’s obtained with

serum were 1x higher or equivalent to the MIC (Table 1).
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Thus we can conclude that human serum has no effect on the antibacterial activity of the
derivatives (3, 4 and 5). These results are similar to those observed by Parmar et al, 2017

(Parmar et al., 2017a). Although not sufficient to conclude, the serum effect is essential as it

aids in speculating the probable in vivo activity of the drug. These derivatives will possibly
have low protein binding properties because they bind to multiple target sites on the bacterial
cell, none of which are proteins. The present study confirms that Teixobactin derivatives 3, 4
and 5 are safe and can thus be considered potential treatment options against sensitive and
resistant bacteria. These results suggest that urgent in vitro pharmacodynamics and in vivo
studies are required.

Interestingly in this study we observed that the derivatives were also active against Gram-
negative bacteria but at higher concentrations (Table 1), which can be an important result
taking into consideration the low toxicity of these compounds. These derivatives may exert

their activity against Gram-negative bacteria by disrupting the outer membrane.

In conclusion, we have demonstrated the highly potent antimicrobial activity of three
teixobactin derivatives against clinically significant isolates of bacteria. Unlike vancomycin,
these derivatives have produced early stage killing kinetics. This study will further aid in the
development of other teixobactin derivatives that can also lead to high potent antimicrobial
activity against resistant bacterial strains and contribute to the development of novel peptide

based antimicrobial agents to assist with the global threat of drug resistance.
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CHAPTER THREE

Conclusion and Recommendations

3.1 CONCLUSION

This study evaluated novel teixobactin derivatives as potential antibiotics. Teixobactin
derivatives have shown good activity against sensitive Gram- positive and Gram- negative
bacteria as well as clinically significant bacterial isolates. The MIC’s observed for MRSA was
between 2-4pg/ml. The MIC’s obtained for VRE’s were between 4-16pug/ml. The MIC/MBC
ratio was <4, this result was consistent with all three derivatives and retains excellent bactericidal
activity against VRE. The derivatives were able to inhibit bacterial growth in drug resistant
bacteria and therefore serve as potential antimicrobial agents. Complete bactericidal activity was
observed at 4 h at concentrations of 16 and 8ug/ml. These derivatives have no cytotoxic and
hemolytic effect in vitro. In the presence of 50% human serum, no drastic change (values were
the same as the MIC or one concentration higher than the MIC) in the MIC’s was observed
indicating that human serum has no effect on the antimicrobial activity of the derivatives.
Interestingly in this study we observed that at higher concentrations (32- 64ug/ml), the
derivatives were also active against Gram-negative bacteria. This observation is vital,
considering the low toxicity of these compounds. This study confirms that these derivatives are
safe and can serve as potential antimicrobial agents for the treatment of both sensitive and

resistant bacteria.

3.2 RECOMMENDATIONS
e During this study, in vitro assays were largely examined. Based on our findings these

molecules are potential antimicrobial drug candidates that need further investigations.
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Therefore, we recommend in vivo studies to ascertain their potential therapeutic efficacy
and to provide in-depth understanding of their pharmacokinetic and pharmacodynamic
properties.

Designing and developing analogues/derivatives of these potent teixobactin derivatives
investigated in this project might improve their pharmacological properties and extend
their inhibitory spectrum to cover more Gram positive and negative resistant pathogenic

bacteria.
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Abstract: Teixobactin is a recently described antimicrobial peptide that shows high activity against
gram-positive bacteria as well as mycobacterium tuberculosis. Due to both its structure as a head-to-side
chain cyclodepsipeptide and its activity, it has attracted the attention of several research groups.
In this regard, a large number of analogs with substitutions in both the cycle and the tail has been
described. Here, we report the contribution of the N-terminus residue, N-Me-D-Phe, to the activity of
Argyp-teixobactin. On the basis of our findings, we conclude that the N-terminus accepts minimum
changes but not the presence of long alkyl chains. The presence of a positive charge is a requirement
for the activity of the peptide. Furthermore, acylation of the N-terminus leads to total loss of activity.

Keywords: antimicrobial peptides; teixobactin; lipophilicity; solid-phase peptide synthesis;
cyclic depsipeptides

1. Introduction

The isolation of a new anti-microbial peptide (AMP) called teixobactin in 2015 by Ling et al.
raised great expectations because it is one of the few new antibiotics to have been reported in recent
years [1,2]. This antibiotic shows high activity against gram-positive bacteria as well as Mycobacterium
tuberculosis. Teixobactin (Figure 1) is a head-to-side chain cyclodepsipeptide that contains hydrophilic
and hydrophobic residues [3,4]. Thus, the tail of the natural peptide contains four polar amino
acids, L-allo-enduracididine, two Ser, and D-GIn, and four non-polar Ile residues, one Ala and one
N-Me-D-Phe residue at the N-terminus. Finally, a D-Thr is the branching unit to form the cyclic moiety.

Molecules 2017, 22, 1632; d0i:10.3390/ molecules22101632 www.mdpi.com/journal/molecules
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ABSTRACT: Teixobactin is a head to side chain cyclo-
depsipeptide that contains two positive charges. One is found
in the cycle, as a result of the presence of the guanidino-
unusual amino acid L-allo-End, while the other is at the N-
terminal. Here we introduce 26 new Teixobactin analogues
with an increasing number of positive charges. In an attempt to
fine-tune the biological activity of Teixobactin, we examined
the effect of cationicity on the SAR of these analogues. The
maximum number of positive charges to maintain the activity
are three to four. Analogues with five positive charges show the
lowest activity.
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H INTRODUCTION

Cationic antimicrobial peptides (AMPs) are a crucial
component of the innate immune defense of almost all living
organisms, since they are natural antibiotics with the capacity to
kill a wide range of pathogens. Moreover, cationic AMPs also
display high therapeutic potential. In this regard, they have
been reported to exert diverse immunomodulatory activity,”
and activity against skin cancer and also infectious skin
diseases.””

Cationic AMPs are short—medium size amphipathic
peptides. As such, they have a hydrophilic character as a result
of the presence of a relatively high percentage of Arg and Lys
residues. These cationic amino acids confer aqueous solubility
to the peptide and also allow for electrostatic interaction with
the negatively charged bacterial cell wall,”® while the
hydrophobic character of the peptide facilitates interaction
with the lipid bilayer membrane of bacteria.”®

One of the proposed mechanisms of action for cationic
AMPs is inhibition of the cell wall biosynthesis via binding to
lipid II, the precursor of cell wall synthesis in Gram-positive
microorganisms. For example, plectasin binds to lipid II and
prevents its incorporation into the peptidoglycan chain.’
Human f-defensin 3 (hBD3), which is also a highly charged
(+11) cationic host defense peptide, inhibits cell wall synthesis
by interacting with the protein involved in lipid II synthesis.'’

v ACS Publica‘tions © 2017 American Chemical Society
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A new AMP, Teixobactin, was isolated from Eleftheria
terraea, a nonculturable Gram-negative bacterium that belongs
to the class of beta-proteobacteria.'’ Teixobactin is one of the
first new antibiotics to be discovered in several decades and is
attracting attention not only because of its strong activity
against Gram-positive bacteria and Mpycobacterium tuber-
culosis'>™"* but also because of its lack of known bacterial
resistance. It is believed that the mode of action of Teixobactin
is the inhibition of cell wall synthesis via the interaction with
lipid II and teichoic acid, the precursor of lipid III. This mode
of action explains the nonresistance of bacteria against
Teixobactin.""

From a chemical point of view, Teixobactin is an 11-mer
cyclodepsipeptide (head to side chain) (Figure 1) consisting of
a seven-residue tail connected to the p-Thr residue at position
8, which is the bridge head unit and forms a four-residue cyclic
moiety upon lactonization of the p-Thr hydroxyl function with
the Ile carboxy terminus. It contains five nonproteinogenic
amino acids: four D-amino acids, namely, N-methyl-p-Phe at the
N-terminus, D-Gln at position 4, p-allo-Ile, at position S, p-Thr,
at position 8 (involved in the cyclic part), and vr-allo-
enduracididine (End) (Figure 1, A) as part of the cycle,
which is the source of a positive charge in the molecule.""
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Teixobactin is a head to side-chain cyclic depsipeptide with a
guanidino based residue within the cycle, three D-amino acids in
the tail, and a N-methylated terminal residue. The synthesis of the
first analogue, containing Arg, was recently described by our
group. Herein, we demonstrated that analogues of
Arg.Teixobactin bearing either (a) three L-amino acids in the tail
and keeping the N-methyl at the N-terminal or (b) with three D-
amino acids, but with acetylation of the N-terminal, are inactive
against gram (+) and gram (-) bacteria. These results complement
those published by the groups of Madder, Taylor, and Singh that
have shown that both modifications: L-amino acids and N-
acetylation also led to loss of biological activity.

The development of new antimicrobial drugs have became
essential and crucial due the dramatic increase of bacterial
resistance to the traditional antibiotics."> Amongst these new
antimicrobial compounds, antimicrobial peptides (AMP),
especially cyclic peptides, have shown to be very appealing
due to the potent activities and stabili'ty."'6 Very recently
(2015), a new head to side chain antimicrobial
cyclodepsipetides called Teixobactin (1) was discovered by Ling
et al. using an iChip multichannel device as a new discovery
technique to simultaneously isolate and grow the uncultured
bacteria.” This new antimicrobial peptide exhibited higher
activity against gram positive than gram negative bacteria.
Furthermore, Teixobactin has been reported to kill bacteria in
absence of any detectable resistance. The reason for that was
ascribed to its mechanism of action; where it blocks one of the
membrane-associated steps of peptidoglycan biosynthesis and
then causes inhibition of lipid Il ,as a predominant target, and
lipid Il which plays a critical role in the synthesis of teichoic
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acid.”®

Since the publication of isolation, characterization, and
antimicrobial activity of Teixobactin,” several groups started
the development of synthetic strategies for a convenient
synthesis that is suitable for running a medicinal chemistry
program. Our group published in 2015, the first synthesis of an
analogue of Teixobactin (2a) in 2015 where the non-
proteinogenic guanidine-based amino acid enduracididine was
substituted with the proteinogenic Arginine.9 This analogue
showed similar biological trends, being active against the
gram-positive bacteria and inactive against gram-negative
bacteria. However, Teixobcatin was one order of magnitude
more active than the Arg analogue.s‘ 0

At the beginning of 2016, the groups of Madder, Taylor, and
Singh published the synthesis of the same analogue, Arg-
teixobactin (Za),11 using a identical strategy and reporting the
same biological activity. In the same manuscript, the authors
stated that “(they) established that the D-amino acids are
critical for the antimicrobial activity”. They supported this
statement with the synthesis of a second analogue (3b) where
the three D-amino acids of the tail were substituted by the L-
amino acid residues (Phe, Gin, lle). However, the N-Me of the
terminal Phe for this new analogue (3b) was substituted with
N-Ac. Substitution of N-Me-Phe residue with Ac-Phe should
have a significant impact in the biological activity. The impact
of this Ac-Phe terminal could potentially be more critical than
the change to L-amino acids, since the peptide (3b) has lost its
cationic character (a normal requirement for antimicrobial
peptides)12 due to introduction of the acetyl group. In addition
to that, the hydrogen bond map of the peptide is also
dramatically altered.

Herein, we report the synthesis and biological evaluation of
two unpublished analogues: (2b) that has three L-amino acids
while keeping the N-Me group at the Phe terminal; and (3a)
with D-amino acids, but where the D-Phe terminal is
acetylated.

. Name., 2013, 00, 1-3 | 1
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ABSTRACT: Teixobactin is a recently discovered antimicro-
bial cyclodepsipeptide with good activity against Gram positive
bacteria. Taking Arg,—teixobactin as a reference, where the
nonproteinogenic residue L-allo-enduracididine was substi-
tuted by arginine, a lysine scan was performed to identify the
importance of keeping the balance between hydrophilic and
hydrophobic amino acids for the antimicrobial activities of this
peptide family. Thus, the substitution of four isoleucine
residues present in the natural sequence by lysine led to a total
loss of activity. On the other hand, the substitution of the polar
noncharged residues and alanine by lysine allowed us to keep
and in some cases to improve the antimicrobial activity.

1. INTRODUCTION

Infectious diseases, including tuberculosis (TB), cause major
global health problems.' ™ This awareness accompanied by the
lobbying of some nongovernmental organizations has fueled
the renaissance of the search for new antibiotics.” In this
scenario, the publication on teixobactin (1) (Figure 1) at the
beginning of 2015 by Ling et al. raised a pronounced
expectation.’ Teixobactin is a head to side-chain cyclo-
depsipeptide that exhibits good activity against Gram-positive
bacteria and TB.""" At the end of 2015, our group published
the first synthesis of an analogue of teixobactin, Arg;,—
teixobactin (2) (Figure 1), where the nonproteinogenic amino
acid r-allo-enduracididine was substituted by arginine.”"”

Arg),—teixobactin (2) exhibits similar biological trends as
teixobactin (1) by showing better activity against Gram-positive
bacteria than against Gram-negative bacteria. However, Arg;,—
teixobactin (2) was shown to be 1 order of magnitude less
active than the parent compound. In 2016, two groups, Payne
and co-workers and Li and co-workers,'>"* published the total
synthesis of the natural product (1).

At a glance, the structure of teixobactin, an 11 amino acid
peptide, can be defined as a scaffold formed by a linear segment
constituted with seven amino acid residues, which we named
tail, followed by a cyclic structure with four residues. In the
cycle, a D-Thr is at the bridgehead linked to an 1-Ile, which

v ACS Publications  © 2016 American Chemical Society 1262
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contains a guanidine side-chain amino acid, and the neutral
alanine completes the sequence. The tail end is an N-Me-p-Phe
and contains two more D-amino acids. Another characteristic
feature of this peptide is the presence in total of four isoleucine
and three polar uncharged residues (two serine and one
glutamine).

Although the structure of this peptide was known only
relatively recently, there are already a few reports on its
structure activity relationship. In this regard, our group and
Singh and co-workers independently found that the activity was
lost when the three p-amino acids in the tail were substituted
by the corresponding L-amino acids (phenylalanine, glutamine,
and isoleucine). This was also observed when the N-Me-D-Phe
at the N-terminal was substituted with N-Ac-p-Phe, indicating
the importance of a positive charge at the N-terminal.*'’

More recently and during the completion of this study,
Nowick and co-workers have reported another bioactivity
study, employing Arg;,—teixobactin (2) as a reference.'> The
main conclusions of their work are that the Lys,,—teixobactin
(substitution of the arginine by lysine) is more active than (2).
Furthermore, the absolute stereochemistry is insignificant.
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