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Chapter 1
Introduction to glycopeptides and resistance
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1.1 Bacterial infectious diseases: A growing global health concern
With the emergence of antimicrobial resistance, infectious diseases have been proclaimed as
one of the greatest threats to global human health by the World Health Organization (WHO).1
Infectious diseases are caused by microorganisms such as bacteria, viruses, fungi and
parasites and spread, directly or indirectly, from one person to another. Globally, infectious
diseases caused by bacteria contribute to approximately 20 % of overall burden of infectious
diseases. India is a hotspot for infectious diseases, occupying the highest position for the
occurrence of bacterial infections in the world.
Bacteria are the causative agents for various respiratory infections, chronic diseases
(such as gastric ulcers and gastric cancer), tuberculosis, diarrhoea, sepsis, pneumonia,
endocarditis, skin and soft tissue infections etc. Pneumonia being the most common form of
bacterial infection, causes about 4,00,000 deaths a year.2 The infections are either hospitalacquired or community acquired. Even in developed countries like the US,

about 1 in

25 hospital patients has at least one hospital-acquired infection of which about 10% succumb to
illness.3 The Gram-positive bacteria Staphylococcus aureus is responsible for most of the
hospital-acquired bacterial infections. Other Gram-positive bacteria such as Enterococcus sp.
and Streptococcus sp. and Gram-negative bacteria such as Klebsiella sp., Escherichia sp.,
Enterobacter sp., Pseudomonas sp., Acinetobacter sp.; known as ‘nosocomial bacteria’, are
also responsible for hospital associated infections.4 The advent of the New-Delhi metallo-βlactamases (NDM-1-14), leading to extensive resistance to β-lactams, leaves only tigecycline
and colistin as active drugs against these strain of bacteria.5 Thus development of novel
antibacterial agents against such bacteria is imperative.

1.2 Antibiotics and drug resistance
Antibiotics are molecules that kill or stall the growth of bacteria. Most of the antibiotics that
are currently under use were discovered between 1950 and 1960, which is often referred to as
the golden era of antibiotic discovery.6 The majority of these drugs are natural products
isolated from secretions of bacteria and fungi in order to ward off competition from
neighbouring microbial colonies. Alexander Fleming known for the discovery of the
antibiotic, penicillin from fungal moulds of Penicillium notatum opened up avenues for
discovery of antibiotics.7 Since then, numerous classes of antibiotics with different targets
have been discovered. Most of the antibiotics target specific sites in bacteria and can act by
7

either stalling bacterial growth (bacteriostatic) or direct killing (bactericidal). The five major
target sites in bacteria are the cell wall, ribosomes, nucleic acids, cell membrane and folic
acid synthesis pathway. Antibiotics such as bacitracin, β-lactams and glycopeptides act by
targeting bacterial cell wall biosynthesis.8 Aminoglycoside, macrolide, chloramphenicol and
oxazolidinone classes of antibiotics prevent protein synthesis by targeting ribosomes.9
Fluoroquinolones and rifamycins target nucleic acids such as DNA and RNA. The
sulphonamides stop folic acid production in bacteria.

Fig. 1.1: Antibiotic pipeline and emergence of bacterial resistance.
Microbial geneticists in the 1950s believed that it was a rare possibility that
antimicrobial resistance would develop concomitant to antibiotic use.10 However, over the
years, inappropriate use of these antibiotics for human and non-therapeutic animal use (e.g.
Avoparcin for growth promotion) resulted in the emergence of multi drug resistance in
bacteria.11 In response to the selective pressure in the presence of the antibiotic, bacteria have
survived and flourished with the selection of antibiotic resistant pathogens. From 1970 to
1990, the period referred to as the ‘discovery void’, not a single new antibiotic had been
introduced into the market (Fig. 1.1).6 This ‘void’ aggravated the problem of antimicrobial
resistance. Although, since 2000, few new antibiotic classes have been launched for the
treatment of Gram-positive infections (linezolid (US FDA (United Stated Food and Drug
Administration) approved in 2000), daptomycin (2003), retapamulin (2007), fidaxomicin
8

(2011) and bedaquiline (2012)), there is still an urgent need for the development of new
antibiotics against drug-resistant bacteria, especially Gram-negative bacteria, which are more
difficult to tackle.7, 12
Bacteria have developed various strategies to overcome antibiotic stress and acquire
resistance to antibiotics (Fig. 1.2).13 First, by the production of enzymes such as β-lactamases
that degrade the β-lactam (penicillin) class of antibiotics and therefore render the antibiotics
ineffective. In the case of resistance to chloramphenicol and aminoglycosides, bacteria
produce enzymes that can alter their chemical structure and make them inactive. Another
strategy used by bacteria involves active pumping out of the antibiotics using efflux pumps.14
Bacteria develop resistance to the tetracyclines, chloramphenicol and the fluoroquinolones
using efflux pumps. Other strategies of resistance involve production of enzymes to modify
the drug or modification of the drug binding site.15 As a result of modified target site,
antibiotics
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Fig. 1.2: Bacteria have developed various mechanism of resistance to antibiotics.
Apart from acquired resistance, bacteria are also intrinsically resistant to different
classes of antibiotics either due to absence of the target or presence of a feature that prevents
effectivity of the antibiotic. It is a trait that is encoded within the genome of a bacterial species,
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independent of the antibiotic selective pressure. Multi-drug resistant (MDR) phenotype
exhibited by Gram-negative bacteria is the conventional example of intrinsic antibiotic
resistance. These are insensitive to many classes of clinically important Gram-positive
antibiotics. This phenomenon is attributed to the presence of the Gram-negative outer
membrane (OM), which is impermeable to many molecules like glycopeptides and expression
of numerous efflux pumps that effectively reduce the intracellular concentration of the given
drug.
Historically, it has been observed that bacteria acquire resistance towards an antibiotic
within a couple of years of their approval (Fig.1.1). Soon after the first antibiotic, penicillin
became widely used in the late 1940s; penicillin-resistance emerged in infections caused by
Staphylococcus aureus. In 1959, methicillin, a later generation β-lactam antibiotic, was
introduced into the clinics; but methicillin-resistant S. aureus (MRSA) was observed in 1961.
In between 1970 and 1980, diseases associated with MRSA have resulted in numerous deaths
around the world. Vancomycin was the last-resort to treat this particular bacterium. At
present, the situation has become worse with MRSA developing resistance to vancomycin.
Vancomycin-resistant Enterococcus faecium (VRE) was reported in 1987 followed by
vancomycin-intermediate S.aureus (VISA) and vancomycin-resistant S.aureus (VRSA) in
1996 and 2001, respectively. When the antibiotic pipeline was almost about to dry out,
linezolid and daptomycin were launched in the year 2000 and 2003 respectively. However,
resistance to linezolid and daptomycin was reported in 2003 and 2005 respectively. Recently
two antibiotics fidaxomicin and bedaquiline have been approved by FDA in 2011 and 2012,
respectively, but these will not be enough to fight against all kinds of bacterial infections. The
rapid emergence of resistance in Enterococci sp. and Staphylococci sp. (VRE, VISA and
VRSA) has made glycopeptides (vancomycin), the drugs of last resorts for Gram-positive
infections, ineffective. Also, glycopeptides are unable to cross the outer membrane of Gramnegative bacteria, therefore, becoming inherently inactive. In our research, we aimed to
develop a strategy to combat the acquired and intrinsic bacterial resistance to glycopeptide
antibiotics as well as tackle the problems associated with bacterial biofilms.

1.3 Bacterial biofilms
Latent bacterial infections and biofilm multidrug tolerance remain major unsolved problems
in combating bacterial infections. They represent another form of bacterial resistance
(inherent and adaptive) to antimicrobial therapy. Biofilms are microbial communities that
10

settle and proliferate on surfaces and are covered by an extracellular polymeric matrix (EPS)
which contains polysaccharides, proteins and extracellular DNA. Most microbes grow as
biofilms in aqueous environments and most if not all pathogens can form biofilms. They can
be formed on a wide variety of surfaces, including natural aquatic systems, living tissues,
biomedical devices.17 According to the Centre of Disease Control (CDC), bacterial biofilms
cause 65% of all infections in developed countries. Biofilm infections are very difficult to
treat once established due to their resilience to host immune defence and antimicrobials.
Biofilm formation has been implicated in persistent tissue infections such as chronic wound
infection, chronic otitis media, chronic osteomyelitis, chronic rhinosinositis, recurrent urinary
tract infection, endocarditis and cystic fibrosis-associated lung.18
The EPS accounts for 50-90% of the total biomass of the biofilms. In most cases of
Gram-negative bacterial biofilms, the polysaccharides are either neutral or polyanionic. The
anionic property of the EPS is conferred by the presence of uronic acids (such as Dglucuronic, D-galacturonic, and mannuronic acids) or ketal-linked pryruvates. This
polyanionic property allows association of divalent cations such as calcium and magnesium
and hence provides greater binding force in the biofilm.19 The nature of the biofilm varies for
different bacteria and the amount of EPS increases with age of the biofilm. EPS production is
known to be sensitive to the nutrient status of the growth media; availability of carbon and
limitation of nitrogen, potassium, or phosphate promote EPS synthesis. Slow growth of
bacteria enhances EPS production. Antimicrobial resistance properties of biofilms can be
attributed to restricted diffusion of antimicrobials into biofilms, although in most cases, no
direct evidence of such has been provided.
Biofilms act as protective shields which sequester bacterial antigens from recognition
by the immune system and increase the resistance of bacteria to killing.20 The metabolic
activity of the resident bacteria and the physical structure of biofilm produce chemical and
nutrient gradients that result in formation of microniches and associated selective pressure.
Biofilms are an ideal environment for exchange of plasmids and conjugation occurs at a
greater rate between cells in biofilms than between planktonic cells.21 This leads to huge
phenotypic variation within the biofilm and provides an environment for transfer of resistance
genes.20 They contain both regular drug-susceptible cells and slow-growing cells; these cells
are shed off into surrounding tissue and the bloodstream upon maturation. Most of the cells in
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the biofilm are either in the stationary phase of growth or growing at a slow rate and most
antibiotics are not active against these cells.22
Strategies for the treatment strategies involve prevention, weakening, dispersal and
disruption.23 One of the most promising approaches involves development of biomaterials
resistant to biofilm formation for medical devices. Interfering with virulence factors and
quorum sensing is also an alternative.23 Antibiotics could be used in combination with
biofilm dispersal strategies to eliminate dispersed cells and prevent infection in other places.
Targeting the matrix by either weakening or disruption can lead to improved efficacy of
antibiotics. A new strategy could involve development of anti-biofilm agents through either
combination therapy or semi-synthesis of currently used antibiotics.

1.4 Autophagy and intracellular infection
Autophagy is a cellular degradative process that removes any unwanted cellular contents such
as misfolded proteins, damaged organelles, intracellular pathogens etc. from the cytoplasm. 24
It is a crucial process for maintaining cell homeostasis in response to stress. This lysosomedependant catabolic process occurs in four main steps: (1) initiation; (2) elongation of
autophagosomes; (3) closure; and (4) fusion with lysosomes. The autophagic response against
intracellular pathogens like bacteria, viruses, fungi, and parasites is termed xenophagy. 25 The
primary danger signal for microbial invasion into a cell seems to be a deficiency of
intracellular nutrients because of competition from invading microorganisms.26 Under such
nutrient starvation conditions, autophagy is upregulated. Stimulation of innate immune
receptors on recognition of pathogen-associated molecular patterns (PAMPs) also induces
autophagy.26

A number of pathogenic bacteria such as salmonella, mycobacteria, staphylococci etc.
have developed techniques to invade host cells in order to shelter themselves from the host
immune system.27 To further overcome the defense mechanisms of the host cell, bacteria
have developed strategies to survive intracellularly.28 Some bacteria escape into the
cytoplasm to avoid lysosomal killing; some stay inside the vacuolar phagosome, but hamper
their maturation into lysosomes;29 others subvert the normal autophagic pathway and take
control of this cell defense mechanism to the bacteria establish a niche for replication.30
These intracellular bacterial pathogens that colonize host cells are responsible for chronic and
persistent diseases.27 Autophagy is one of the most important defense machinery against
12

invading pathogens. Other than direct killing effects of autophagy, it is known to play an
important role in innate and adaptive immunity.31 Most antibiotics are ineffective in treatment
of such intracellular infections either due to inability to penetrate the cells or degradation
within the cells.32 Targeting intracellular infections by means of autophagy activation may
prove a useful strategy.

1.5 Introduction to glycopeptide antibiotics
Glycopeptide antibiotics are glycosylated heptapeptides isolated from soil bacteria
'Actinomycetes'. Vancomycin was discovered by Eli Lilly & Co, USA in 1956, was the first
member of this class of antibiotics. It still plays a crucial role in the treatment of Grampositive bacterial infections which are caused by MRSA and Clostridium difficile.33
Teicoplanin is another clinically important natural glycopeptide antibiotic (Factor A2-2),
discovered in the Lepitit Research Center, Milan, Italy. Since 1980, Teicoplanin is being used
for similar infections in Europe. In 2009, Telavancin, the first next generation semi-synthetic
glycopeptide was approved for clinical use. Later, in 2014, dalbavancin and oritavancin were
launched for the treatment of severe skin and soft tissue infections caused by MRSA.34 In
general, this class of antibiotics work by binding to the D-Ala-D-Ala terminal of the cell wall.

1.6 Vancomycin
Vancomycin (Fig. 1.3) acts by binding to the D-Ala-D-Ala terminus of peptidoglycan
intermediates of peptidoglycan precursors including lipid I, lipid II and uncross-linked
peptidoglycan.35 The binding between vancomycin and the D-Ala-D-Ala dipeptide occurs
through a set of five hydrogen bonding interactions between the D-Ala-D-Ala dipeptide and
the amides that line a cleft formed by the heptapeptide of the vancomycin (Fig. 1.4).36 The
bound glycopeptide sterically impedes further processing of lipid-II and/or the immature
glycan.37 This results in a weakened cell wall and leaves the bacterial cell susceptible to lysis
due to alterations in osmotic pressure. Initially, it was observed that it was difficult to induce
resistance to vancomycin in bacteria.38
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Teicoplanin

Vancomycin

Telavancin

Dalbavancin

Oritavancin

Fig. 1.3: Chemical structures of naturally occurring glycopeptides vancomycin and
teicoplanin; and semi-synthetic glycopeptide antibiotics telavancin, dalbavancin, and
oritavancin.
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1.7 Acquired-resistance to vancomycin

R

Fig. 1.4: Vancomycin binding to its target ligand D-Ala-D-Ala terminus of the
peptidoglycan. The D-Ala-D-Ala is modified to D-Ala-D-Lac in resistant strains.
The target of vancomycin is a substrate and therefore development of resistance seemed
difficult because it would involve changes in numerous enzymes along the peptidoglycan
biosynthesis pathway.39 However, resistance to vancomycin in the form of VRE emerged in
1985, 30 years after its approval for treatment.40 Resistance involves the replacement of the
D-Ala-D-Ala terminal of the cell wall precursor pentapeptide to D-Ala-D-Lac. This leads to a
1000 fold-loss of binding affinity.41 A cluster of genes, VanRSHAX encode for an alternate
biosynthetic pathway for the production of the mutated cell wall precursors.42 Among the
many resistant phenotypes of enterococci, VanA and VanB phenotypes are the most
prominent. They are differentiated by their susceptibility to vancomycin vs teicoplanin. The
Van A phenotype shows reduced sensitivity to both teicoplanin and vancomycin whereas Van
B phenotype is sensitive to teicoplanin.43
The VanR protein, the response regulator, and the VanS protein, a histidine kinase
sensor, form a two protein-component regulatory system.43 In the presence of perturbation of
cell wall precursors elicited in the presence of vancomycin or teicoplanin, the VanS protein is
autophosphorylated, which then in turn phosphorylates VanR.44 The phosphorylated VanR
protein then binds to the promoter region for VanHAX and regulates their expression.45 The
VanH protein catalyses the conversion of pyruvate to D-lactate.42-43 VanA ligase catalyses the
formation of D-Ala–D-Lac. Two other enzymes, VanX, a D,D-dipeptidase and VanY, the
15

D,D-carboxypeptidase deplete the pool of D-Ala–D-Ala available, which is crucial for
preventing the interaction of vancomycin with its target. VanX hydrolyses the D-Ala-D-Ala
dipeptide, while, VanY hydrolyses the terminal D-Ala residue from the PG precursor.46 The
function of the VanZ protein, which confers resistance to teicoplanin in the VanA phenotype,
is not yet understood. Another accessory protein VanXY is capable of performing the
funtions of both VanX and VanY.47 These modified precursors are polymerized into
functional cell wall, similar to the native cell wall. Other than that, resistance can result due
to the thickening of the bacterial cell wall.43, 48

1.8 Second-generation glycopeptides
The second-generation glycopeptides are semi-synthetic lipoglycopeptide antibiotics which
exhibit enhanced antibacterial activity over vancomycin against both vancomycin sensitive
and vancomycin-resistant strains.49 They also demonstrate better pharmacological properties.
There are three antibiotics which belong to this class- telavancin, oritavancin and
dalbavancin. The common feature of all this class of glycopeptides is the presence of a fatty acid side chain which serves as a membrane-anchor.50 This leads to superior binding affinity
to the pentapeptide termini (D-Ala-D-Ala or D-Ala-D-Lac). However, among these only
oritavancin displayed efficacy against VRE VanA phenotype.51

1.8.1 Telavancin
Telavancin (Fig. 1.3) is a derivative of vancomycin developed by conjugation of a lipophilic
decylaminoethyl

moiety

on

the

vancosamine

amino

group,

and

a

hydrophilic

(phosphomethyl)aminomethyl moiety at the para position of the aromatic ring on the Cterminal dihydroxyphenylglycine residue. The lipophilic moiety serves to provide membrane
interaction properties which alter the permeability of the bacterial cell membrane and disturb
the membrane potential. This membrane activity may be the cause for the bactericidal
property of this compound.52 The hydrophilic moiety enhances tissue distribution and
clearance thereby reducing nephrotoxicity.53 Like all glycopeptides, it inhibits cell wall
biosynthesis and hence has dual mechanism of action. This leads to improved activity over
the first generation glycopeptides against MRSA, MSSA and other vancomycin-resistant
strains such as VISA, VRSA, VRE (VanA). It was FDA approved in 2009.49
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1.8.2 Oritavancin
Oritavancin (Fig. 1.3) was FDA approved in 2014 for the treatment of complicated skin and
tissue infections of caused by MRSA. It is an N-acyl derivative of the naturally occurring
product, chloroeremomycin.54 It consists of a lipophilic 4-chloro-biphenyl group attached to
the parent drug through the amino group of the epivancosamine moiety. This lipophilic group
is capable of interacting with the bacterial cell membrane and permeabilizing it. Moreover, it
forms dimers prior to binding, which enhances its binding affinity to both D-Ala-D-Ala and
D-Ala-D-Lac.55 This dual mode of action results in MICs of lesser than 1 μg/mL against
MRSA, VRE (VanA), VRE (Van B) and VRSA. Under conditions where vancomycin has a
static effect, this antibiotic exhibits strong bactericidal properties.

1.8.3 Dalbavancin
Dalbavancin (Fig. 1.3) is a semi-synthetic derivative of a glycopeptide, A40926 belonging to
the teicoplanin family. The modification is through amidation of the C-terminal carboxyl
group with N,N-dimethylpropylamine group.56 Like teicoplanin, it possesses a terminally
branched dodecyl fatty acid chain through an amide linkage with the glucosamine moiety,
which helps in membrane anchoring. This glycopeptide displayed better binding affinity to
D-Ala-D-Ala than its parent compound, by virtue of its ability to form dimers and membraneanchoring.57 This lipoglycopeptide exhibits better potency than vancomycin and teicoplanin
against MRSA and susceptible enterococci. It shows an MIC of 0.1 μg/mL against VRE Van
B, although it is not active against VRE VanA phenotype.58 It was FDA approved in 2014 for
the treatment of skin and skin-structure infections.

1.9 Advances in semi-synthetic strategies to combat vancomycin resistance
Numerous strategies have been developed to overcome resistance of bacteria towards
glycopeptides. These large complex molecules have amino, carboxyl and hydroxyl groups
which can be modified. Even the chloro-substituents of the triarylbiether backbone can be
considered as sites for modification. Some of the strategies involve i) modification of the
heptapeptide backbone;59 ii) conjugation of functional groups to enhance the binding affinity
with both the sensitive and mutated terminal of pentapeptide;60 iii) installation of
lipophilicity; iv) conjugation of groups to enhance interaction with the lipid membrane; and
v) development of multivalent analogues.61
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Fig. 1.5: Strategies to enhance binding affinity to mutated ligands. (A) Structures of
vancomycin aglycon (6), ([Ψ[CH2NH]Tpg4]-vancomycin aglycon (7), Ψ[C(═NH)NH]Tpg4]
vancomycin aglycon (8) and their binding affinities with model ligands. (B) Dual binding
behaviour of compound 8 toward D-Ala-D-Lac and D-Ala-D-Ala. (C) Structure of
vancomycin-lactobionic acid conjugate. (D) Structure of lipovancomycin-sugar conjugate.
Bacteria developed resistance to vancomycin through modification of the terminal of
the pentapeptide from D-Ala-D-Ala to D-Ala-D-Lac. This replacement of the N-H with an –
O- not only resulted in loss of one H-bond between vancomycin and its target but also lone
pair-lone pair repulsion between the 4-carbonyl residue of vancomycin and D-Ala-D-Lac
ester oxygen (Fig 1.4). This caused a 1000 fold decrease in affinity between drug and target.
To overcome this, Boger and co-workers developed designs that focused on eliminating the
destabilizing lone pair interaction rather than reintroduction of the lost H-bond. Replacement
of the 4 amide carbonyl and with a methylene group ([Ψ[CH2NH]Tpg4]-vancomycin aglycon,
(7, Fig.1.5A) was developed.62 This analogue demonstrated a 40-fold increase in affinity for
D-Ala-D-Lac and a 35-fold reduction in affinity for D-Ala-D-Ala and an MIC of 31µg/mL
18

against VRE. The derivative showed a MIC lesser than 0.1 μg/mL in both drug-resistant and
drug-sensitive strains. They next introduced an amidine group at residue 4 carbonyl,
[Ψ[C(═NH)NH]Tpg4] vancomycin aglycon (8, Fig. 1.5A).59a This design exhibited dual
binding affinity to both D-Ala-D-Ala and D-Ala-D-Lac owing to its ability to act as a
hydrogen-bond donor and H-bond acceptor. The MIC against both drug-resistant and
sensitive bacteria was found to be lesser than0.5 μg/mL. In a previous work, our group
developed a strategy to improve the binding affinity of vancomycin to the target peptides of
resistant bacteria by conjugating various cyclic/acyclic sugar moieties.60 These sugars had the
ability to form hydrogen bonds with the target peptides of bacteria to the C-terminal of
vancomycin. Of these, the optimized vancomycin-sugar conjugate (Fig 1.5C) exhibited about
150-fold increase in binding affinity to N,N'-diacetyl-Lys-D-Ala-D-Lac

compared to

vancomycin. This system brought down the MIC value from 750 µM to 36 µM against VRE
(VanA phenotype). To further improve activity against VRE, a lipophilic alkyl chain (octyl,
decyl and dodecyl) was appended to the primary amine group of vancosamine of the
optimized vancomycin-sugar conjugate (Fig. 1.5D). The lead lipovancomycin-sugar
conjugate (Fig. 1.5D) comprising decyl chain displayed a 1000-fold (MIC = 0.7 µM) and
250-fold (MIC = 1 µM) increase in activity than vancomycin against VanA and VanB
phenotypes of VRE respectively.60
The second generation of glycopeptides involved the addition of lipophilic moieties to
the parent drug. Following these, various designs involved the attachment of lipophilic
groups to the parent drug. Our group had developed a rational strategy to impart an additional
membrane disruption property to vancomycin. Here, a permanent positively charged
lipophilic moiety was conjugated to the carboxylic group of vancomycin (11, Fig 1.6).63This
enabled better interaction with the negatively charged bacterial membrane. Compared to
vancomycin, the optimized compound in the series demonstrated a 40-fold, 400-fold and
1000-fold greater activity against VISA (vancomycin intermediate S. aureus), VRSA
(vancomycin-resistant S. aurues) and VRE (vancomycin-resistant Enterococci) respectively.
Lipophilic vancomycin-sugar conjugates bearing permanent positive charge were developed
to incorporate both enhanced binding and membrane disruption properties to the parent drug.
Sugar moieties with the ability to hydrogen bond to the target peptides of bacteria, were
conjugated to the C-terminal of vancomycin. Simultaneously, a permanent positively charged
lipophilic moiety was appended to the amine group of vancosamine to enable better
interaction with the negatively charged bacterial membrane.64 The optimized lead compound
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in the series with an octyl chain, (Fig 1.6), caused a staggering ~8000-fold increase in activity
against vancomycin-resistant Enterococci (VRE) than vancomycin.

R- C8H17
C14H25

A

B

Fig 1.6: Introduction of lipophilicity to improve membrane interaction properties
Glycopeptide antibiotics form dimers through hydrogen bonding and hydrophobic
interactions. These non-covalent dimers are known to be co-operative and enhance the
antibacterial efficacy.65 Intrigued by this observation, scientists devised various strategies to
increase binding affinity through multivalency. Bivalent vancomycin

(Fig. 1.7B) and

trivalent vancomycin derivatives (Fig. 1.7A) with variable linkers were developed by
individual groups.66 These showed enhanced binding affinity and activity against VRE as
compared to monomeric vancomycin. A multivalent polymer of vancomycin was
synthesized; this exhibited enhanced antibacterial activity against vancomycin.67 Our group
developed and synthesized vancomycin aglycon dimers with linkers varying in lipophilicity
and charge. These dimers increased cell wall biosynthesis inhibition and higher binding
affinity to the target peptides. The dimer having a pendant octyl lipophilic moiety in the
linker (Fig. 1.7 C) showed a 300-fold higher activity than vancomycin against VRE. This
property was attributed to the membrane anchoring due to the presence of lipophile.61
An alternative strategy developed in our lab involves conjugation of a Zn 2+ binding
ligand, dipicolyl-1,6-hexadiamine, to the C-terminal of vancomycin (Fig. 1.8). The dipicolyl
amine moiety captures the divalent zinc ion (Zn2+) with high selectivity. This compound
complexes with the pyrophosphate groups of cell-wall lipids in addition to binding to the cell
wall precursor peptides. This molecule exhibited a 375-fold higher in-vitro activity than
vancomycin against vancomycin-resistant Enterococci (VRE).68
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A

B

C

Fig 1.7: Enhancement of binding affinity through multivalency. Structure of (A) Vancomycin
aglycon dimer, (B) Vancomycin aglycon dimer with lipophilic linker (C) Vancomycin
aglycon dimer with cationic linker.

Fig. 1.8:Vancomycin conjugated with a dipicolyl moiety permits enhanced binding to lipid II
of bacterial cell.

1.10 Scope of the thesis
Bacterial resistance to conventional antibiotics threatens to take treatment back to the preantibiotic era. With a steady decline in the antibiotic pipeline, this is one of the most pressing
global health problems. Bacterial pathogens like Staphylococci and Enterococci are
becoming resistant to last line antibiotics such as vancomycin, daptomycin and linezolid,
leaving no treatment for the patients infected by these resistant strains.69 This problem is
more severe in case of Gram-negative pathogens which are inherently resistant to numerous
antibiotics.70,71 Resistance to most of the currently used antibiotics has been observed in
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Gram-negative pathogens such as Pseudomonas aeruginosa and Acinetobacter spp.72 These
bacteria are often responsible for serious nosocomial infection. Moreover, intracellular
pathogens and biofilms can lead to relapse of disease which may be caused by pathogens that
survived the previous antibiotic treatment. This calls for the urgent development of new
antibiotics with novel mechanisms of action. This thesis aims to develop a semi-synthetic
vancomycin analogue that could overcome vancomycin-resistance in both Gram-positive and
Gram-negative bacteria and prevent relapse of disease by targeting bacterial biofilms and
intracellular pathogens.
In this report, vancomycin was modified by appending a permanent positive charged
lipophilic group containing an amide group. Chapter 2 describes the design, synthesis of the
derivatives by varying the lipophilicity. The derivative with optimum activity against both
types of bacteria and minimal toxicity was selected as the lead molecule. A study of the
mechanism of action showed these molecules to act by membrane disruption which prevented
the development of bacterial resistance. Chapter 3 presents the potency of this lead molecule
in disrupting surface established biofilms formed by multi-drug resistant Gram-negative
bacteria and killing of intracellular pathogens. The compound reduced the bacterial burden in
mice with chronic A. baumannii burn wound infection. The membrane-active nature of
molecule allowed rapid killing of bacteria in their stationary phase of growth. Further, the
ability of the molecule to kill intracellular pathogens was explored and it was found that the
molecule induced autophagy. In summary, the developed vancomycin analogue was found to
be active against stationary phase bacteria and disrupt biofilms. It displayed reduction of
intracellular bacterial burden and induced autophagy.

22

23

24

Chapter 2
Development of cationic lipophilic vancomycin
analogues to tackle drug-resistance
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Abstract
This chapter describes the development of a series of semi-synthetic vancomycin analogues
with varying lipophilicity. These compounds have an amide spacer between the permanent
positively charged quaternary ammonium group and the lipophilic moiety. They exhibited
good activity against Gram-negative bacteria in addition to overcoming vancomycinresistance in Gram-positive bacteria. It was found that by introducing an amide spacer, the
toxicity of the compounds was reduced both in-vitro and in-vivo. This bactericidal compound
was found to act through membrane disruption and cell wall biosynthesis inhibition against
both Gram-positive as well as Gram-negative bacteria.
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2.1 Introduction
Glycopeptide antibiotics have been primary weapons in the fight towards combating Grampositive infections. Vancomycin, the oldest glycopeptide, is also known as the antibiotic of
last resort for the treatment of drug-resistant Gram-positive bacterial infections. However,
even this antibiotic has been rendered ineffective with the emergence of VRE (VanA and
VanB phenotypes), VRSA and VISA.16 Apart from the drug-resistant Gram-positive bacteria,
Gram-negative bacteria are known to be inherently resistant to vancomycin.71 This is
attributed to the presence of an outer membrane which prevents internalization of various
antibiotics.70
Significant efforts have been invested in devising synthetic strategies to enhance the
activity of vancomycin against resistant strains66a. In a design inspired by antimicrobial
peptides (AMPs) which lyse bacteria by disrupting their membranes, and the second
generation glycopeptides, we functionalized vancomycin with lipophilic-cationic moieties to
impart membrane-activity to the derivatives.63 Targeting the bacterial membrane has been
shown to an effective strategy to combat antimicrobial resistance. Conjugation of lipophilic
moieties to vancomycin imparted membrane-disruption properties to it, making the
vancomycin resistant bacteria susceptible to these derivatives. This led to a dual mode of
action involving target binding and membrane-disruption. The previously developed lead
molecule, VanQC8 (Fig. 2.1) was highly active against VRE, VISA and effectively overcame
the problem of vancomycin-resistance. Further, it was observed that of Gram-negative
bacteria were only sensitive to molecules that possessed longer lipid tails (tetradecyl in
VanQC14). VanQC14 (Fig. 2.1) displayed good activity against Gram-negative bacteria such
as E. coli and A. baumannii.73 Although VanQC14 was found to be active against Gramnegative bacteria, it was also toxic. This warranted an improvement in the design to sensitize
Gram-negative bacteria towards glycopeptides.
To specifically target the anionic bacterial membrane over the zwitterionic
mammalian membrane, the molecule must possess optimum amphiphilicity. In various
polymeric and small molecular systems, our group demonstrated that the incorporation of an
amide bond between the cationic centre and the lipophilic moiety enhances the selective
toxicity towards bacterial cells over mammalian cells.74,75,76 Biophysical studies and
molecular dynamic simulations had suggested that inclusion of an amide bond imparts
additional hydrogen bonding capability to the bacterial lipids.77 Herein, we hypothesized that
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synthesizing lipophilic cationic vancomycin analogues with an amide spacer would lead to
improvement in selectivity towards bacteria.

B

A

R=C8H17 (VanQC8 )
C14H25 (VanQC14 )

R= C6H13 (VanQAmC6 ,1)
C8H17 (VanQAmC8 , 2)
C10H21 (VanQAmC10 ,3)
C12H25 (VanQAmC 12,4)
C14H29 (VanQAmC 14,5)

Fig. 2.1: Lipophilic cationic vancomycin analogues (A) without amide and (B) with an
amide spacer in between the quaternary nitrogen and lipophilic chain.
In an effort to obtain a more selective glycopeptide antibiotic, we developed cationiclipophilic vancomycin derivatives with an amide bond in their lipid tails to obtain an
optimum compounds with selective, broad-spectrum antibacterial activity. This chapter
describes the selection of a semi-synthetic glycopeptides based on the in-vitro anti-bacterial
activity against Gram-positive and Gram-negative bacteria and toxicity. Synthetic strategy
used towards the preparation of compounds, their antibacterial activity, mechanism of action,
kinetics of antibacterial activity and propensity to induce bacterial resistance development
have been described and discussed.

2.2 Results and discussion
2.2.1 Synthesis
Initially, to synthesize the lipophilic cationic moieties (4a-4e), the respective amines (hexyl
amine to tetradecyl amine, 1a-1e) were allowed to react with bromoacetyl bromide to yield
corresponding amides (2a-2e). N1,N1-dimethylpropan-1,3-diamine was protected using di-tbutylpyrocarbonate to give t-butyl (3-(dimethylamino)propyl)carbamate (6). The tertiary
amine of compound 6 was then quaternized with 2a-2e respectively, to yield compounds 3a3e followed by deprotection of primary amine group under acidic conditions to generate
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1:1 DCM,H2O
K2CO3
0⁰ C-R.T 8h

1 N NaOH,Boc2O
R.T., 8h

CHCl3
60° C,48 h
R= C6H13 (3a)
C8H17 (3b)
C10H21 (3c)
C12H25 (3d)
C14H29 (3e)

R= C6H13 (4a)
C8H17 (4b)
C10H21 (4c)
C12H25 (4d)
C14H29 (4e)

R= C6H13 (1a)
C8H17 (1b)
C10H21 (1c)
C12H25 (1d)
C14H29 (1e)

R= C6H13 (2a)
C8H17 (2b)
C10H21 (2c)
C12H25 (2d)
C14H29 (2e)

4 N HCl/MeOH
4 h, R.T.

Vancomycin
HBTU, DIPEA
1:1 DMSO:DMF
0° C-R.T-12 h

R= C6H13 (VanQAmC6 ,1)
C8H17 (VanQAmC8 , 2)
C10H21 (VanQAmC10 ,3)
C12H25 (VanQAmC 12,4)
C14H29 (VanQAmC 14,5)

Scheme 2.1: Synthesis scheme of lipophilic cationic vancomycin analogues with amide
spacer.
the permanent positively charged lipophilic moieties (4a-4e). Permanent positively charged
lipophilic vancomycin analogues (1-5) were prepared by coupling the carboxylic group of
vancomycin with primary amine group of lipophilic cationic moieties (4a-4e) using
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N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium

hexafluorophosphate

(HBTU)

(Scheme 2.1) with 65-75 % yield. Vancomycin was dissolved in 1:1 dry DMF:DMSO and
HBTU solution in DMF was added dropwise at 0 ºC. Subsequently, the desired amine (4a-4e)
was added to the vancomycin solution and the reaction mixture was stirred at room
temperature for 12 h. All the derivatives of vancomycin were purified by reverse phase
HPLC to more than 95 % purity and characterized by HRMS and 1HNMR.

2.2.2 In-vitro antibacterial activity
The antibacterial activity of compounds 1-5 was determined against various ATCC strains
and clinical isolates of Gram-positive and Gram-negative bacteria. The minimum inhibitory
concentration (MIC) was determined as the lowest concentration required to completely
inhibit bacterial growth.
Table 2.1: Antibacterial activity against various Gram-positive and Gram-negative bacteria
(ATCC strains and clinical isolates) and hemolysis.
Minimum Inhibitory Concentration (μM)
Gram-negative
Gram-positive bacteria
bacteria

Compound
MRSA

VRE
Van A

VRE
VISA VRSA
Van B

AB
1425

PA
R590

AB
R674

HC50
(μM)

VanQAmC6 (1) 0.5
25
60
0.2
0.4
14.7 11.3
12.8
>1000
VanQAmC8 (2) 0.3
7.8
12.6
0.1
0.4
4.6 7.3
8.9
>1000
VanQAmC10 (3) 0.4
2.2
5.6
0.1
0.2
3.1 3.1
6.9
>1000
VanQAmC12 (4) 1.2
1.6
1.8
0.2
0.2
3.4 5.3
5.1
350
VanQAmC14 (5) 6.25
1.2
2.1
0.4
0.4
4
6.3
4.9
150
Vancomycin
0.6
750
250
13
62.5
100 >100 100
N.D
VanQC8
0.3
12.5
1.5
0.4
0.2
17
12.5
12.5
>1000
VanQC14
0.6
0.7
1
0.4
0.4
5
6
5
125
MRSA (ATCC 33591), Methicillin-resistant Staphylococcus aureus; VISA, Vancomycin
intermediate-resistant Staphlyococcus aureus; VRE, Vancomycin-resistant enterococci; AB,
Acinetobacter baumannii; PA, Pseudomonas aeruginosa; N.D.- not determined.
Initially, these vancomycin analogues were tested for their activity against bacteria
that were resistant or sensitive to the parent drug, vancomycin (Table 2.1). The hexyl chain
derivative (VanQAmC6) showed moderate activity against drug-resistant and drug-sensitive
strains. The activity increased on increasing chain length to octyl (VanQAmC8), displaying
MIC values of 0.3 μM, 0.1 μM and 0.4 μM against MRSA, VISA and VRSA respectively.
The activity further increased on going to longer chain length. The decyl chain derivative
(VanQAmC10) exhibited an MIC of 0.4 μM, 2.2 μM, 0.1 μM and 0.2 μM against MRSA,
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VRE Van A and VRSA respectively. Further, there was an increase in activity on going from
decyl to dodecyl chain in VRE Van A and VRE Van B. In general, the series of compounds
exhibited a parabolic pattern of activity with varying chain length. The derivatives with
hexyl, octyl and decyl chains exhibited lower MICs than vancomycin in the vancomycin
sensitive strain, MRSA. Interestingly, the longer chain variants VanQAmC12 and
VanQAmC14 showed reduced activity. In VRE Van A phenotype, VanQAmC6 displayed
improved activity over vancomycin (750 μM) with an MIC of 25 μM; on further increase in
lipophilicity, the MIC gradually decreased upto 1.2 μM in the tetradecyl derivative. The
activity of the vancomycin against VRE VanB is 250 μM while, the compounds
VanQAmC10, VanQAmC12 and VanQAmC14 showed good activity with MIC in the range 1.85.6 μM. All the derivatives exhibited the excellent activity against VISA with MIC ranging
from 0.1-0.4 μM. Against The molecules were found to have a ~150-300 fold better activity
against VRSA as compared to vancomycin. Thus, these compounds were able to overcome
the acquired resistance in Gram-positive bacteria.
Next, the activity of the series was tested against Gram-negative bacteria. These
compounds were found to exhibit excellent activity against A. baumannii and P. aeruginosa(Table 2.1). Against AB MTCC 1425, the MIC ranged from 5.3 μM to 14.7 μM following a
parabolic pattern with 3 showing highest activity. The MIC of the compounds was tested
against multidrug-resistant strain of A. baumannii; here too the compounds exhibited
excellent activity with MICs ranging from 5.4 to 12.8 μM. Against these bacteria, the dodecyl
derivative 4 showed best activity. Against a multidrug resistant strain of P. aeruginosa, the
MICs varied from 3.1to 6.3 μM wherein, 3 exhibited the lowest MIC of 3.1 μM. In Gramnegative bacteria, the compounds with amide bond showed similar or slightly better activity
than the analogues without an amide spacer (VanQC8, VanQC10). A. baumannii is a
noscocomial pathogen that has been reported to have developed resistance against almost all
current antibiotics. Intrigued by the results, we further tested the efficacy of these compounds
against various clinical isolates of A. baumannii (Table 2.2).
Derivative 1, with lowest lipophilicity exhibited lowest activity with a MIC of greater
than 32 μM in all cases. MIC of compound 2, with an octyl chain varied in the range 7.8-31.3
μM. Compounds with higher lipophilicity i.e. derivatives 3, 4 and 5, in general displayed
almost similar activity with MICs in the range 3.9-7.7 μM. These bacterial strains were
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resistant to some of the conventional antibiotics such as levofloxacin, meropenem and
ceftaroline.
Table 2.2: Antibacterial activity against various multidrug-resistant strains of A. baumannii

Bacterial
Strain

MIC (μM)
PMB

Tige

Mero

Levo

Str1

<0.4

6.8

83.4

88.6

>85.9 >44

>31.8 31.3 7.7

3.8 7.5

Str 2

<0.4

6.8

>167

177.1 >85.9 >44

>31.8 15.7 7.7

7.6 30.1

Str 3
Str 4
Str 5
Str 6
Str 7
Str 8
Str 9
Str 10
Str 11
Str 12
Str 487
Str 81
Str Hz2721
ATCC

<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4

3.4
6.8
6.8
3.4
6.8
6.8
3.4
3.4
6.8
6.8
1.7
3.4
3.4

167
167
>167
>167
10.4
>167
>167
83.4
>167
>167
2.6
10.4
167

177.1
177.1
22.1
11.1
22.1
22.1
11.1
177.1
88.5
22.1
1.3
44.3
22.1

>85.9
>85.9
>85.9
>85.9
>85.9
>85.9
>85.9
>85.9
>85.9
>85.9
21.5
>85.9
>85.9

31.8
31.8
>31.8
>31.8
>31.8
>31.8
>31.8
>31.8
>31.8
>31.8
>31.8
>31.8
>31.8

15.7
15.7
31.3
15.7
15.7
31.3
31.3
15.7
15.7
15.7
7.8
7.8
15.7

3.8
3.8
3.8
3.8
3.8
7.6
7.6
3.8
7.6
3.8
3.8
3.8
3.8

<0.4

6.8

167

22.1

>85.9 >44

31.8

15.7 7.7

7.6 7.5

<0.4

<0.85 <1.3

<1.4

21.5

>31.8 31.3 7.7

3.8 3.7

BAA 1605

ATCC
17978

Ceft

Van

>44
>44
>44
>44
>44
>44
>44
>44
>44
>44
>44
>44
>44

>44

1

2

3

3.9
3.9
3.9
3.9
7.7
7.7
7.7
3.9
7.7
7.7
15.5
3.9
3.9

4

5

3.8
3.8
3.8
3.8
3.8
7.5
7.5
3.8
7.5
1.9
3.8
3.8
3.8

Str- strain, PMB- Polymixin B, Tige- Tigecycline Van-vancomycin, Levo- Levofloxacin, ,
Ceft-ceftaroline
From the antibacterial activity data, compound VanQAmC10 and VanQAmC12
demonstrate potent activity against both Gram-positive and Gram-negative bacteria and are
potential candidates for the lead molecule. However, in order to select the lead molecule,
another factor must be taken into consideration, which is toxicity. This could however only
be confirmed by testing the toxicity against mammalian cells which will be described in the
next section.
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2.2.3 In-vitro toxicity
For any potent molecule to be used as a drug, in addition to having potent anti-bacterial
activity it should also be non-toxic to host cells. Hence it was important to determine the
selectivity of the derivatives for bacterial cells. In order to assess the toxicity of the
compounds, their ability to lyse erythrocytes were determined. The haemolytic activity of the
compounds was presented as their HC50 values, which can be defined as the concentration at
which 50% of the cells were lysed. The HC50 for compounds VanQAmC6 , VanQAmC8,
VanQAmC10 (1-3) were found to be greater than 1000 μM. Beyond that, molecules with
higher lipophilicity were haemolytic. The HC50 of compound VanQAmC12 (4) with a dodecyl
lipid tail was 350 μM and as the lipid tail length increased to tetradecyl, the HC 50 decreased
to 150 μM.
Based on the antibacterial activities of all the derivatives, compound VanQAmC10 (3)
and VanQAmC12 (4) displayed optimum activity against both Gram-positive and Gramnegative bacteria. However, VanQAmC12 displayed toxicity towards erythrocytes and hence
did not fit the criteria for a potent anti-microbial drug. The low haemolytic activity of
VanQAmC10 (3) supported its selection as the lead molecule. Although this molecule showed
improved activity towards Gram-negative pathogens than VanQC14 which does not have an
amide spacer, it showed negligible in-vitro toxicity.

2.2.4 In-vivo toxicity
The in-vivo toxicity of the lead compound VanQAmC10 was determined by evaluating its
LD50 value which is the dose that kills 50% of the test population. 6 week old female Balb/c
mice were divided into groups with mice in each group. Each group was given a single dose
of VanQAmC10 through intraperitoneal, intravenous and subcutaneous injections respectively
and the survival of mice in each group was observed for 14 days. LD50 was determined using
Spearman-Karber method. The LD50 of VanQAmC10 (compound 3) was found to be 70 mg/kg
through i.v. injection which is only slightly lower than VanQC8 and much higher than that of
VanQC14 (Table2.3). When administered through i.p., the LD50 was found to be greater than
130 mg/kg; through subcutaneous administration, the LD50 was greater than 160 mg/kg. The
in-vivo toxicity data underlines the lower toxicity of the compound as compared to the
previously developed molecule, VanQC14.
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Table 2.3: In-vivo toxicity (LD50 values) of vancomycin analogues by various modes of
administration
LD 50 (mg/kg)

Mode of administration
Intravascular
Intraperitonial
Subcutaneous

VanQAmC10 VanQC8 VanQC14
70
80
28
>130
N.D
N.D
>160
N.D
N.D

2.2.5 Bactericidal activity
In order to assess the bactericidal activity of the compounds, in-vitro time-kill assay was
performed against MRSA and a drug-resistant strain of A. baumannii. The bactericidal
activity was compared with that of the parent drug. 5 log CFU/mL of MRSA was incubated
with VanQAmC10 and vancomycin, both taken at 0.4 μM (1 X MIC) and 2.4 μM (6 X MIC)
(Fig. 2.2A). At 0.4 μM concentration, VanQAmC10 reduced the bacterial count by 1 log
CFU/mL in 3 h and maintained a static effect thereafter upto 24 h. At 2.4 μM, it showed
about 2 log CFU/mL reduction in 3 h and complete killing in 6 h. Vancomycin displayed a
much slower bactericidal activity at 2.4 μM, causing complete reduction in 24h. At 0.4 μM it
maintained a static effect on bacterial growth up to 6 h, after which, the bacteria regained
growth and the final count was found to be 7 log CFU/mL.

A

B

*

*

*

*

Fig. 2.2: Time-kill kinetics against (A) MRSA (B) A. baumannii R 674. Stars indicate <50
cfu/mL of bacteria.
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To study the kinetics of activity against a model Gram-negative bacteria, A. baumannii R674,
VanQAmC10 was taken at two concentrations, 7 μM (1 X MIC) and 28 μM (4 X MIC), while
vancomycin, was taken at a higher concentration of 56 μM. These were then incubated with 6
log (CFU/mL) of A. baumannii. Within 2 h of incubation with the compound at 28 μM, 3-4
log (CFU/mL) reduction was observed. In 6 h, complete reduction of bacterial count was
observed and the bactericidal activity persisted till 24 h (Fig. 2.2B). At 56 μM, vancomycin
slowed down the growth as compared to growth control. The results underlined the rapid
bactericidal activity of compound 3, which increased with increasing concentration.

2.2.6 Mechanism of action
The bacterial cell membrane is a crucial component where major cellular processes occur. It
maintains the integrity of the cell and also provides selective entry of ions in and out of the
cell. Thus disturbing the cell membrane would hamper these major cellular processes crucial
for bacterial survival. Experiments were performed to validate the membrane disruption
properties of compound VanQAmC10.

2.2.6.1 Membrane depolarization
First, the ability of this compound to depolarize the bacterial membrane was examined using
a fluorescent probe, DiSC3(5) ((3, 3’-dipropylthiadicarbocyanine iodide)) which is sensitive
to membrane potential. The dye accumulates in the membrane and the fluorescence intensity
decreases due to self-quenching. Upon disruption of the membrane potential, an increase in
fluorescence is observed due to DiSC3(5) being displaced into the solution78. Mid-log phase
bacteria (MRSA and A. baumannii) were diluted to 108 CFU/mL in 1:1:1 mixture of HEPES,
glucose and KCl; to this 2 μM Disc3 dye was added. The fluorescence due to the DiSC3(5)
was allowed to stabilise. VanQAmC10 was then added to bacterial suspension and the
fluorescence due to DiSC3(5) was monitored. The fluorescence due to Disc3 dye showed an
increase within 2 minutes of addition of compound to the bacteria. The compound was
displayed a gradual increase in dissipation of membrane potential over time in both MRSA
(Fig. 2.3A) and A. baumannii (Fig. 2.3B) and. The extent of dissipation of membrane
potential was found to be concentration dependent. As expected, vancomycin did not have
any effect on the bacterial membrane.
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A

B

Fig. 2.3: Membrane depolarisation of MRSA (A) and A. baumannii (B) by VanQAmC10
taken at varying concentrations.

2.2.6.2 Inner membrane permeabilization
The kinetics of membrane permeabilization by the lead compound was measured by the
uptake of propidium iodide (PI), which is a DNA intercalating agent that fluoresces upon
binding. It is membrane impermeant and hence excluded from live cells. Upon membrane
permeabilization, PI can easily enter the cell and bind to DNA.

A

B

Fig. 2.4: Inner membrane permeabilization of MRSA (A) and A. Baumannii (B) by
VanQAmC10 at varying concentrations and vancomycin.
The fluorescence of PI was measured for 4 minutes before the addition of varying
concentrations of VanQAmC10. The fluorescence due to PI showed an increase almost
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immediately upon addition. Interestingly, in case of A. baumannii, the fluorescence increased
and stabilised almost immediately (Fig. 2.4B), while the increase occurred gradually in case
of MRSA (Fig. 2.4A). The results indicate that the compound permeabilizes the inner
bacterial cell membrane of both MRSA and A. baumannii in a concentration dependant
manner.

2.2.6.3 Outer membrane permeabilization
The outer membrane (OM) is a characteristic of Gram-negative bacteria which acts as a
permeability barrier. It is responsible for the general resistance of Gram-negative bacteria
towards numerous drugs that act against Gram-positive bacteria. Due to inability to cross this
barrier, many antibacterial agents, including glycopeptide antibiotics such as vancomycin, are
inherently inactive towards gram-negative pathogens. Compromising the integrity of the
outer membrane would facilitate uptake of exogenous molecules. Thus, the OM
permeabilizing abilities of VanQAmC10 and vancomycin was studied against a multi-drug
resistant strain, A. baumannii R674 by measuring the fluorescence of the dye 1-N-phenylnaphthylamine (NPN). This dye fluoresces weakly in aqueous environments, but its
fluorescence greatly increases in nonpolar or hydrophobic environments such as the cell
membrane. Upon permeabilization of the outer membrane, this dye can interact with the cell
membrane, which is hydrophobic and fluoresce.78 The increase in fluorescence of NPN is
then measured.

Fig. 2.5 Outer membrane permeabilization of A. baumannii at varying concentrations of
VanQAmC10 as compared to vancomycin (50 μM).
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The bacteria suspension was incubated with 5 μM NPN dye for 4 minutes before addition of
the compounds. Permeabilization of the outer membrane of bacteria was observed
immediately after of compound and was found to increase with increase in concentration
(Fig. 2.5).

2.2.6.4 Cell wall biosynthesis inhibition
Vancomycin acts by inhibiting cell wall biosynthesis i.e. it prevents further cross-linking of
peptidoglycan. This leads to an accumulation of peptidoglycan precursors in the cytoplasm.
In order study the effect of new derivative on peptidoglycan biosynthesis, the accumulation
of

UDP-linked

peptidoglycan

precursor,

UDP-N-acetyl-muramyl-pentapeptide

(UDPMurNAc-pp) was studied in comparison to vancomycin.

B

Abundance

A

UDP-MurNAc-pentapeptide (L-Ala-D-γ-Glu-L-Lys-D-Ala-DAla)

Mass-to-Charge (m/z)

D
Abundance

C

UDP-MurNAc-pentapeptide(L-Ala-D-γ-Glu-m-DAP-D-Ala-DAla)
Mass-to-Charge (m/z)

Fig. 2.6: Cell wall biosynthesis inhibition leads to intracellular accumulation of UDPmurNAc-pentapeptide in VISA (A-B), and A. baumannii (C-D).
For this study, VISA was taken as a model Gram-positive bacteria and A. baumannii
as model Gram-negative bacteria. Bacteria were treated with varying concentrations of the
new derivative VanQAmC10 and vancomycin; the accumulation of the UDPMurNAc-pp was
then studied through UV-VIS spectrophotometer. On treatment with compound VanQAmC10,
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an intense peak corresponding to UDPMurNAc-pp was observed at 260 nm (Fig. 2.6). This
was also confirmed by high-resolution mass spectrometry. The observed m/z of 1194.334 (for
(M+H)+) was observed for Gram-negative bacteria and 1150.537 (for (M+H)+) for Grampositive bacteria. The peak intensity increased with increase in concentration of compound
from 7 µM to 70 µM whereas vancomycin (100 µM) showed negligible accumulation of
UDPMurNAc-pp. The results indicate that the compound increased inhibition of cell wall
biosynthesis in both MRSA and A. baumannii. This may be attributed to the membrane
anchoring by the lipid tail of the drug similar to the case of other lipoglycopeptides.
Vancomycin is inactive against Gram-negative bacteria due to the presence of the outer
membrane which acts as a permeability barrier and hence the negligible accumulation of cell
wall precursors is as expected. VanQAmC10 is capable of permeabilizing the outer membrane
of Gram-negative bacteria and this possibly gives it access to the cell wall region of these
bacteria and hence inhibits cell wall biosynthesis.

2.2.7 Resistance development study
Drug resistance is a major problem currently faced by health care associates in the treatment
of bacterial infections. This calls for the development of newer antibiotics with novel modes
of action. Thus, the study of the potency of resistance development to this compound was
crucial.

A

B

Fig. 2.7: Bacterial resistance-development study against (A) A. baumannii R674 (starting
MIC values for colistin and compound 3 were found to be 0.5 µM and 7 µM, respectively).
(B) MRSA (starting MIC values for vancomycin and compound 3 were 0.6 µM and 0.4 μM).
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The development of resistance was studied against both MRSA and a multi-drug
resistant A. baumannii. For this study, vancomycin was taken as the positive control for
MRSA while Colistin was used for A. baumannii. The bacteria were then exposed to control
respectively along with VanQAmC10 for 20-22 serial passages and the change in the MIC
was monitored in every passage. After 20 passages, vancomycin showed a 16-fold increase of
MIC against MRSA and colistin showed a 32-fold increase in MIC against A. baumannii.
However, no change in MIC of VanQAmC10 was observed after 20 and 22 passages in case
of A. baumannii (Fig. 2.7A) and MRSA (Fig. 2.7B) respectively, indicating that the bacteria
find it difficult to develop resistance to this compound.

2.3 Conclusion
A series of amphiphilic semi-synthetic vancomycin analogues with varying lipophilicity were
synthesized. The strategic insertion of an amide linker between the lipophilic chain and the
cationic centre led to an increase in lipophilic chain length without increase in hydrophobicity
and hence reduced in-vitro and in-vivo toxicity. The improved activity of the analogues over
those without an amide spacer may be attributed to the hydrogen-bonding capability of the
amide. This permitted the selection of an amphiphilic glycopeptide that could overcome the
acquired resistance to vancomycin in Gram-positive bacteria as well as the inherent resistance
in Gram-negative bacteria. The lead molecule VanQAmC10 exhibited significant activity
against vancomycin resistant strains and drug resistant strains of a nosocomial pathogen A.
baumannii. This molecule was found to show better inhibition of cell wall biosynthesis as
compared to vancomycin. Its bactericidal activity is attributed to its ability to compromise the
integrity of the bacterial cell membrane. By virtue of its membrane-targeting mode of action,
the bacteria were unable to develop resistance to this new semi-synthetic glycopeptide. With
a diminishing pipeline of antibiotics to treat Gram-negative superbugs, the antibacterial
properties of this compound make it an attractive candidate as a therapeutic agent to tackle
multidrug resistant superbugs.

2.4 Experimental section
2.4.1 Materials and methods
All reagents were purchased from Sigma-Aldrich and Spectrochem and used without further
purification. All the solvents of reagent grade were purchased from Spectrochem and SD
Fine. Chloroform for column chromatography was purchased from SD Fine chemicals and
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distilled prior to use. HPLC grade acetonitrile was purchased from Spectrochem. Analytical
thin layer chromatography (TLC) was performed on E. Merck TLC plates pre-coated with
silica gel 60 F254 (250 μm thickness). All final vancomycin derivatives were purified by
reverse phase HPLC using 0.1 % trifluoroacetic acid (TFA) in water/acetonitrile (0-100 %) as
mobile phase to more than 95 % purity. HPLC analysis was performed on a Shimadzu-LC 8
Å Liquid Chromatography instrument (C18 column, 10 mm diameter, 250 mm length) with
UV detector monitoring at 270 nm. The NMR spectra were recorded using Bruker AMX-400
(400 MHz for 1H) spectrometer in deuterated solvents. The chemical shifts (δ) are reported in
parts per million downfield from the peak for the internal standard TMS for 1H NMR. High
resolution mass spectra (HR-MS) were obtained using 6538-UHD Accurate Mass Q-TOF
LC-MS instrument. TECAN (Infinite series, M200 pro) Plate Reader was used to measure
absorbance in biological assays. Bacterial strains, MRSA ATCC 33591, Enterococcal strains,
A. baumannii were obtained from ATCC (Rockville, MD) and MTCC. Clinical isolates were
obtained from National Institute of Mental Health and Neuro Sciences (NIMHANS),
Bengaluru, India and Central Drug Research Institute (CDRI).

2.4.2 Synthesis and characterisation
Synthesis of t-Butyl (3-(dimethylamino)propyl)carbamate: N1,N1-Dimethylpropan-1,3diamine ( 4 g, 1 equivalent) was dissolved in 1M NaOH solution and two equivalents of
(Boc)2O ( 4 equivalent) was added to it. The reaction mixture was stirred at room temperature
for 10 h. The compound was then extracted into the organic layer using chloroform. The
resultant organic solution was evaporated and dried to afford colourless oily tert-butyl (3(dimethylamino) propyl)carbamate with 70 % yield.
1

H-NMR (400 MHz, CD3OD) δ/ppm: 3.09-3.06 (t, 2H), 2.4-2.33 (q, 2H), 2.26 (s, 6H), 1.69-

1.62 (m, 2H), 1.43 (s, 9H). HRMS m/z: 203.1737 ((M+H)+ observed), 203.1755 (calculated)
General procedure for synthesis of 2a- 2e: Alkyl amine (2g, 1 eqv) was dissolved in 10
mL of dichloromethane (DCM) and kept at 4 °C under stirring. K2CO3 (1.5 eqv) was
dissolved in 10 mL Millipore and added to the alkyl amine solution. Bromoacetyl bromide
(1.5 eqv) was then dissolved in 10 mL of dry DCM and added drop-wise into the reaction
mixture at 4°C, over 30 minutes. The reaction mixture was then allowed to stir at room
temperature and allowed to stir for 8 h. The product was extracted in organic chloroform
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layer. The resultant chloroform layer was evaporated under reduced pressure to obtain the
pure required product with 98-100% yield.
x = 3 (2a)
5 (2b)
7 (2c)
9 (2d)
11(2e)

2-Bromo-N-hexylethanamide (2a): Yield 99%; 1H-NMR (400 MHz, CDCl3) δ/ppm: 6.54 (s,
amide –NHCO-, 1H), 3.88 (s, -COCH2Br, 2H), 3.32-3.24 (m, -CONHCH2-, 2H), 1.57-1.48
(m, -NHCH2CH2C4H9, 2H), 1.3-1.16 (m, CH2 (CH2)3CH3-, 6H), 0.85-0.89 (t, terminal CH3,
3H). HRMS m/z: 222.04892 ((M+H)+ observed), 222.0495 (calculated)
2-Bromo-N-octyl-ethanamide (2b): Yield 98%; 1H-NMR (400 MHz,CDCl3) δ/ppm: 6.56 (s,
amide –NHCO-, 1H), 3.85 (s, -COCH2Br, 2H), 3.32-3.24 (m, -CONHCH2-, 2H), 1.59-1.51
(m, -CONHCH2CH2C6H13 , 2H), 1.3-1.16 (m, CH2(CH2)5CH3, 10H), 0.85-0.89 (t, terminal
CH3, 3H). HRMS m/z: 250.0698 ((M+H)+, observed), 250.0878 (calculated)
2-Bromo-N-decyl-ethanamide (2c): Yield 97%; 1H-NMR (400 MHz, CDCl3) δ/ppm: 6.52
(s, amide –NHCO-, 1H), 3.87 (s, -COCH2Br, 2H), 3.3-3.23 (m, -CONHCH2-, 2H), 1.56-1.48
(m, NHCH2CH2C8H17, 2H), 1.33-1.21 (m, CH2(CH2)7CH3, 14H), 0.84-0.89 (t, terminal CH3,
3H). HRMS m/z: 278.1111 ((M+H)+ ,observed), 278.1120 (calculated)
2-Bromo-N-dodecyl-ethanamide (2d): Yield 98%; 1H-NMR (400 MHz,CDCl3) δ/ppm: 6.55
(s, amide –NHCO-, 1H), 3.87 (s, -COCH2Br, 2H), 3.31-3.22 (m, -CONHCH2-, 2H), 1.551.47 (m, -CONHCH2CH2C10H21, 2H), 1.33-1.21 (m, CH2(CH2)9CH3, 18H), 0.84-0.89 (t,
terminal CH3, 3H). HRMS m/z: 306.1409 ((M+H)+ ,observed), 306.2822 (calculated)
2-Bromo-N-tetradecyl-ethanamide (2e): Yield 97%; 1H-NMR (400 MHz,CDCl3) δ/ppm:
6.56(s, amide –NHCO-1H), 3.87 (s, COCH2Br-, 2H), 3.31-3.22 (m, -CONHCH2-, 2H), 1.551.47 (m, -CONHCH2CH2C12H25, 2H), 1.33-1.21 (m, CH2(CH2)11CH3, 22H),0.84-0.89 (t,
terminal CH3 , 3H). HRMS m/z: 334.1655 ((M+H)+,observed), 334.3354 (calculated)
General procedure for synthesis of 3a-3e: Compounds 2a-2e (2 eqv) were individually
dissolved in 10 mL of dry chloroform in a sealed tube and NHBoc-N,N-dimethyl
propylamine (1g, 1 eqv) was added to it. The reaction mixture was refluxed for 48 h. The
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pure products were purified by column chromatography (CHCl3/CH3OH) using Silica gel to
afford quaternized derivatives.
x = 3 (3a)
5 (3b)
7 (3c)
9 (3d)
11(3e)

3-((tert-butoxycarbonyl)amino)-N-(2-(hexylamino)-2-oxoethyl)-N,N-dimethylpropan-1aminium bromide (3a): Yield, 70%; 1H-NMR (400 MHz, CDCl3) δ/ppm: 8.85 ( bs, CONHC6H13, 1H), 5.19 (s, -NHBoc, 1H), 4.56 (s, -N+(CH3)2-CH2CONHC6H13, 2H), 3.733.63 (t,

BocNH(CH2)2CH2N+(CH3)2-, 2H), 3.36 (s, N+(CH3)2, 6H), 3.29-3.23 (m, -

CONHCH2CH2-, 4H), 2.15-2.07 (m, -N+CH2CH2CH2NHBoc , 2H), 1.6-1.54 (m, CONHCH2CH2C4H9, 2H), 1.43 (s, -O-C(CH3)3, 9H), 1.36-1.24 (m, -CH2(CH2)3CH3, 6H),
0.89-0.85 (t, terminal CH3, 3H). HRMS m/z: 344.2898 (M+ observed), 344.2908 (M+
calculated)
3-((tert-butoxycarbonyl)amino)-N,N-dimethyl-N-(2-(octylamino)-2-oxoethyl)propan-1aminium bromide (3b): Yield, 65%; 1H-NMR (400 MHz, CDCl3) δ/ppm: 8.88 (bs, -CONH
C8H17, 1H), 5.11 (s, -NHBoc, 1H), 4.54 (s, -N+(CH3)2CH2CONHC8H17, 2H), 3.68-3.62 (t, BocNHCH2CH2N+(CH3)2-, 2H), 3.34 (s, -N+(CH3)2, 6H), 3.29-3.23 (m, -CONH-CH2CH2-,
4H), 2.16-2.08 (m, -N+CH2CH2CH2NHBoc-, 2H), 1.58-1.54 (m, -CONHCH2CH2C6H13, 2H),
1.44 (s,-O-C(CH3)3, 9H), 1.35-1.21 (m, -(CH2)5CH3, 10H), 0.89-0.85 (t, terminal CH3, 3H).
HRMS m/z: 372.3308 (M+ observed), 372.3221(M+ calculated)
3-((tert-butoxycarbonyl)amino)-N-(2-(decylamino)-2-oxoethyl)-N,N-dimethylpropan-1aminium bromide (3c): Yield, 68%; 1H-NMR (400 MHz, CDCl3) δ/ppm: 8.86 (bs, -CONH
C10H21, 1H), 5.15 (s, -NHBoc, 1H), 4.55 (s, -N+(CH3)2-CH2CONHC10H21, 2H), 3.69-3.64 (t,
- BocNHCH2CH2N+(CH3)2-, 2H), 3.35 (s, N+(CH3)2, 6H), 3.29-3.24 (m, -CONH-CH2CH2-,
4H), 2.14-2.11 (m, -N+CH2CH2CH2NHBoc-, 2H),1.6-1.54 (m, -CONHCH2CH2C8H17, 2H),
1.43 (s, -O-C(CH3)3, 9H), 1.34-1.24 (m, -(CH2)7CH3, 14H), 0.89-0.85 (t, terminal CH3, 3H).
HRMS m/z: 400.3388 (M+ observed), 400.3534 (M+ calculated)
3-((tert-butoxycarbonyl)amino)-N-(2-(dodecylamino)-2-oxoethyl)-N,N-dimethylpropan1-aminium bromide (3d): Yield, 70%; 1H-NMR (400 MHz, CDCl3) δ/ppm: 8.85 (bs, 45

CONH C12H25, 1H), 5.14 (s, -NHBoc, 1H), 4.58 (s, -N+(CH3)2-CH2CONHC12H25, 2H), 3.73.65 (t,- BocNHCH2CH2N+(CH3)2-, 2H), 3.36 (s, -N+(CH3)2, 6H), 3.29-3.23(m,CONHCH2CH2-, 4H), 2.16-2.13 (m, -N+CH2CH2CH2NHBoc, 2H), 1.6-1.55 (m, CONHCH2CH2C10H23, 2H), 1.44 (s, -O-C(CH3)3, 9H), 1.35-1.24 (m,-(CH2)9CH3, 18H),
0.89-0.85 (t, terminal CH3, 3H). HRMS m/z: 428.3805 (M+ observed), 428.3847(M+
calculated)
3-((tert-butoxycarbonyl)amino)-N,N-dimethyl-N-(2-oxo-2-(tetradecylamino)ethyl)
propan-1-aminium bromide (3e): Yield, 72%;1H-NMR (400 MHz, CDCl3) δ/ppm:
8.87(bs,-CONH C14H29, 1H), 5.13(s, -NHBoc, 1H), 4.57(s, -N+(CH3)2-CH2CONHC14H29,
2H), 3.71-3.63(t,- BocNHCH2CH2N+(CH3)2-, 2H), 3.35 (s, -N+(CH3)2, 6H), 3.29-3.23 (m, BocNH-CH2CH2-, 4H), 2.14-2.09 (m, -N+CH2CH2CH2NHBoc, 2H),1.62-1.53 (m, CONHCH2CH2C12H25, 2H), 1.43 (s, -O-C(CH3)3, 9H), 1.35-1.19 (m,-(CH2)11CH3, 22H),
0.89-0.85 (t, terminal CH3, 3H). HRMS m/z: 456.411 (M+ observed), 456.416 (M+ calculated)
General procedure for synthesis of 4a-4e: Compounds 3a-3e were individually dissolved in
3 mL of 1:1 solution of 4 N HCl and methanol. The reaction mixture was allowed to stir at
room temperature for 4h. The solvents were then evaporated under reduced pressure to obtain
pure product in quantitative yield.
x = 3 (4a)
5 (4b)
7 (4c)
9 (4d)
11(4e)

3-Amino-N,N-dimethyl-N-(2-oxo-2-(hexylamino)ethyl)propan-1-aminium chloride (4a) :
1

H-NMR (400 MHz,CD3OD) δ/ppm: 8.49 (bs, –CONHC6H13, 1H), 4.2 (s, -N+(CH3)2-

CH2CONHC6H13, 2H), 3.75-3.71 (s, NH2(CH2)2CH2N+(CH3)2-, 2H), 3.34 (s, N+(CH3)2, 6H),
3.27-3.21 (m, -CONHCH2C5H11, 2H), 3.07-3.03 (m, NH2CH2-, 2H), 2.25-2.18 (t,N+CH2CH2CH2NH2, 2H), 1.6-1.53 (m, -CONHCH2CH2C6H13, 2H), 1.36-1.27 (m, (CH2)3CH3 , 6H), 0.83-0.85 (t, terminal CH3, 3H). HR-MS m/z: 244.2388(M+ observed),
244.2384(calculated for M+)
3-Amino-N,N-dimethyl-N-(2-oxo-2-(octylamino)ethyl)propan-1-aminium chloride (4b) :
1

H-NMR (400 MHz, CDCl3) δ/ppm: 8.45 (bs, -CONHC8H17, 1H), 8.24 (bs, -NH2, 2H), 4.44

(s, -N+(CH3)2-CH2CONHC8H17, 2H), 3.7-3.64 (t, NH2(CH2)2CH2N+(CH3)2-, 2H), 3.29-3.23
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(m, - CONHCH2C7H15, 2H), 3.13 (s, N+(CH3)2, 6H), 3.09-3.04 (m, NH2CH2-, 2H), 2.232.16 (m, -N+CH2CH2CH2NH2, 2H), 1.58-1.54 (m, -CONHCH2CH2C6H13, 2H), 1.36-1.28 (m,
-(CH2)5CH3-, 10H), 0.92-0.87 (t, terminal CH3, 3H). HR-MS m/z: 272.2601 (M+ observed),
272.2796 (calculated for M+)
3-Amino-N,N-dimethyl-N-(2-oxo-2-(decylamino)ethyl)propan-1-aminium chloride (4c):
1

H-NMR (400 MHz, CDCl3) δ/ppm: 8.46 (bs, -CONHC10H21, 1H), 8.15 (bs, -NH2, 2H), 4.49

(s, -N+(CH3)2-CH2CONHC10H21, 2H), 3.59-3.52 (t, NH2(CH2)2CH2N+(CH3)2-, 2H), 3.223.17 (m, -CONHCH2C9H19, 2H), 3.15 (s, -N+(CH3)2, 6H), 3.09-3.04 (m, NH2CH2-, 2H),
2.23-2.18 (m, -N+CH2CH2CH2NH2, 2H), 1.56-1.51 (m, -CONHCH2CH2C8H17, 2H), 1.361.28 (m, -(CH2)7CH3, 14H), 0.89-0.85 (t, terminal CH3, 3H). HRMS m/z: 300.3011 (M+
observed), 300.301 (calculated for M+)
3-Amino-N,N-dimethyl-N-(2-oxo-2-(dodecylamino)ethyl)propan-1-aminium

chloride

(4d): 1H-NMR (400 MHz, CDCl3) δ/ppm: 8.49 (bs, -CONHC12H25, 1H), 8.28 (bs, -NH2,
2H), 4.43 (s, -N+(CH3)2-CH2CONHC12H25, 2H), 3.6-3.52 (t, NH2(CH2)2CH2N+(CH3)2-, 2H),
3.29-3.21 (m, , -CONHCH2C11H23, 2H), 3.15 (s, -N+(CH3)2, 6H), 3.11-3.04 (m, NH2CH2-,
2H), 2.2-2.14 (m, -N+CH2CH2CH2NH2, 2H), 1.61-1.56 (m, -CONHCH2CH2C10H23, 2H), 1.41.29 (m, -(CH2)9CH3, 18H), 0.9-0.86 (t, terminal CH3, 3H). HRMS m/z: 328.3281 (M+
observed), 328.3323(calculated for M+)
3-Amino-N,N-dimethyl-N-(2-oxo-2-(tetradecylamino)ethyl)propan-1-aminium chloride
(4e) : 1H-NMR (400 MHz, CDCl3) δ/ppm: 8.48 (bs,-CONHC14H29, 1H), 8.24 (bs, -NH2, 2H),
4.41 (s, -N+(CH3)2-CH2CONHC14H29, 2H), 3.5-3.45 (t, NH2(CH2)2CH2N+(CH3)2-, 2H), 3.313.23 (m, -CONHCH2C13H27, 2H), 3.19 (s, N+(CH3)2, 6H), 3.13-3.07 (m, NH2CH2-, 2H),
2.27-2.19 (m, N+CH2CH2CH2NH2, 2H), 1.59-1.52 (m, -CONHCH2CH2C12H25, 2H), 1.391.25 (m,-(CH2)11CH3, 22H), 0.9-0.86 (t, terminal CH3, 3H). HRMS m/z: 356.3701 (M+
observed), 356.3636 (calculated for M+)
General

procedure

for

synthesis

of

vancomycin

carboxamides:

Vancomycin

hydrochloride (100 mg, 67 μM, 1 equivalent) was dissolved 1 mL 1:1 DMSO:DMF. The
reaction mixture was cooled to 0 °C, and 0.22 mL (1.5 equivalents) of 0.45 M HBTU
solution in DMF and 58 µL (5.0 equivalents) of diisopropylethylamine (DIPEA) were added
to the reaction mixture. To this two equivalents of compounds 4a-4e were individually
dissolved in 1 mL 1:1 DMSO:DMF and added to vancomycin above. The reaction mixture
47

was then allowed to warm to room temperature and stirred for 12 h. The product was purified
by preparative reverse-phase HPLC using 0.1 % trifluoroacetic acid in H2O/acetonitrile
mixture and then lyophilized to afford tris-(trifluoroacetate) salts of final compounds with
more than 95 % purity (65-75 % yield).
x = 3 (VanQAmC6, 1)
5 (VanQAmC8 , 2)
7 (VanQAmC10, 3)
9 (VanQAmC12, 4)
11(VanQAmC14,5)

VanQAmC6 (1): Yield: 75%; 1H-NMR (400 MHz, DMSO-d6) δ/ppm: 9.37 (s, 1H), 9.188.96 (m, 3H), 8.74-8.48 (m, 4H), 8.21 (bs, 1H), 7.82 (s, 1H), 7.67 (bs, 3H),7.6-7.43 (m, 4H),
7.38-7.33 (d, 1H), 7.32-7.26 (d, 1H), 7.22-7.18 (d, 1H), 7.08-7.01 (m,1H), 6.96-6.89 (d, 1H),
6.8-6.76 (d, 1H), 6.73-6.69 (d, 1H), 6.39-6.37 (d, 1H), 6.24-6.21 (d, 1H), 6-5.96 (m, 1H),
5.87-5.82 (d, 1H), 5.79-5.74 (d, 1H), 5.59 (s, 1H), 5.49-5.44 (d, 1H), 5.39-5.17 (m, 5H), 4.974.9 (d, 1H), 4.7-4.65 (m, 1H), 4.5-4.47 (d, 1H), 4.3-4.23 (d, 2H),4.07-3.9 (m, 4H), 3.72-3.65
(d, 1H), 3.57-3.42 (m, 3H), 3.29-3.25 (s, 2H), 3.19 (s, 1H), 3.12-3.09 (m, 7H), 2.65 (bs, 2H),
2.51-2.49 (m, 12H), 2.19-2.12 (m, 1H), 2.19-2.12 (m, 1H), 1.93-1.82 (m, 2H), 1.75-1.52 (m,
3H), 1.45-1.38 (m, 2H), 1.32-1.29 (s, 2H), 1.27-1.24 (m, 6H),1.09-1.05 (d, 2H), 0.92-0.83 (m,
9H). HRMS m/z: Observed: 1675.645 (M+), 838.3299 (M+H)2+; Calculated: 1675.63(M+),
838.317 (M+H)2+
VanQAmC8 (2): Yield: 73%; 1H-NMR (400 MHz, DMSO-d6) δ/ppm: 9.37 (s, 1H), 9.199.03 (m, 3H), 8.75-8.47 (m, 4H), 8.18 (bs, 1H ), 7.98 (s, 1H), 7.82 (bs, 2H), 7.68 (s, 2H),
7.58-7.44 (m, 3H), 7.36-7.33 (d,1H), 7.29 (s, 1H), 7.21-7.17 (d, 1H), 7.03 (bs, 1H), 6.93-6.9
(1H,d), 6.8-6.76 (d, H), 6.4-6.37 (d, 1H), 6.23-6.2 (d, 1H), 5.98 (s, 1H), 5.78-5.74 (d, 1H),
5.59 (s, 1H), 5.39-5.14 (m, 5H), 4.97-4.9 (d, 1H), 4.7-4.65 (m, 1H), 4.5-4.47 (d, 1H), 4.3-4.23
(d, 2H), 4.3-4.23 (d, 2H), 4.06-3.92 (m,3H), 3.72-3.66 (d, 1H), 3.59-3.51 (m,2H), 3.26 (s,
2H), 3.17 (s, 4H), 3.13-3.09 (m, 7H), 2.89-2.84 (t, 1H), 2.65 (s, 2H), 2.5-2.49 (m, 12H), 2.202.11 (m, 1H),2-1.95 (m, 2H), 1.94-1.1.8 (m,2H), 1.76-1.54 (m, 3H), 1.46-1.38 (t, 2H), 1.311.28 (m, 2H), 1.27-1.22 (bs, 10H), 1.1-1.05 (d, 2H), 0.92-0.84 (m, 9H). HRMS m/z::
Observed: 1703.63 (M+), 852.3506 (M+H)2+; Calculated: 1703.63 (M+), 852.3438 (M+H)2+
VanQAmC10 (3): Yield: 69%; 1H-NMR (400 MHz, DMSO-d6) δ/ppm: 9.37 (s, 1H), 9.248.95 (m, 3H), 8.77-8.49 (m, 4H), 8.18 (bs, 1H),8—7.94 (m, 1H), 7.99 (s, 1H), 7.82 (bs, 2H),
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7.68 (m, 3H), 7.59-7.44 (m, 3H), 7.38-7.28 (m, 2H), 7.22-7.19 (d, 1H), 7.05 (s, 1H), 6.956.89 (d, 1H), 6.8-6.76 (d, 1H), 6.73-6.68 (d, 1H), 6.39-6.37 (d, 1H), 6.23-6.21 (d, 1H), 6.015.97 (s, 1H), 5.85 (s,1H), 5.79-5.74 (d, 1H), 5.59 (s, 1H), 5.47 (s, 1H), 5.4-5.17 (m, 5H),
4.97-4.92 (d, 1H), 4.72-4.66 (d, 1H), 4.52-4.47 (d, 1H), 4.32-4.22 (d, 2H), 4.07-3.89 (m, 3H),
3.72-3.66 (d, 1H), 3.59-3.45 (m, 3H), 3.29-3.25 (s, 2H), 3.18 (s, 3H), 3.14 (bs, 7H), 2.9-2.83
(m, 1H), 2.65 (s, 2H), 2.52-2.48 (m, 13H), 2.2-2.12 (m, 1H), 2.04-1.96 (m, 1H), 1.95-1.8 (m,
2H), 1.76-1.53 (m, 3H), 1.45-1.38 (m, 2H), 1.32-1.29 (m, 2H), 1.26-1.22 (m, 14H), 1.08-1.05
(d, 2H), 0.92-0.83 (m, 9H). HRMS m/z: Observed: 1731.7105 (M+), 866.3623, (M+H)2+;
Calculated: 1731.74 (M+), 866.3704 (M+H)2+
VanQAmC12 (4): Yield: 70%; 1H-NMR (400 MHz, DMSO-d6) δ/ppm: 9.36 (s, 1H), 9.178.98 ( m, 3H), 8.75-8.47 (m, 4H), 8.16 (s, 1H), 7.82 (s, 2H), 7.77 (s, 1H), 7.68 (s, 3H), 7.597.43 (m, 4H), 7.39-7.26 (m, 2H), 7.22-7.17 (d, 1H), 7.05 (s, 1H), 6.93-6.88 (d, 1H), 6.8-6.76
(m, 1H), 6.72-6.68 (d, 1H), 6.4-6.36 (d, 1H), 6.24-6.21 (d, 1H), 6-5.95 (d, 1H), 5.86-5.8 (d,
1H), 5.79-5.74 (d, 1H), 5.59 (s, 1H), 5.48-5.44 (d, 1H), 5.38-5.16 (m, 5H), 4.93 (s, 1H), 4.724.62 (d, 1H), 4.5-4.46 (d, 1H), 4.31-4.22 (d, 2H), 4.05-3.91 (bs, 3H), 3.73-3.65( m, 1H), 3.593.43 (m, 3H), 3.29-3.24 (s, 2H), 3.18(m, 2H), 3.12 (bs, 7H), 2.64 (s, 2H), 2.51-2.48 (m, 13H),
2.19-2.11 (m, 1H), 1.95-1.8 (m, 2H), 1.76-1.54 (m, 2H), 1.39-1.46(m, 2H), 1.28-1.2 (bs,
18H), 1.09-1.05 (d, 2H), 0.92-0.83 (m, 3H). HR-MS m/z: Observed: 1759.742 (M+),
880.3777, (M+H)2+; Calculated: 1759.796 (M+), 880.397 (M+H)2+
VanQAmC14 (5): Yield: 65%; 1H-NMR (400 MHz, DMSO-d6) δ/ppm: 9.37 (s, 1H), 9.199.03 (m, 3H), 8.76-8.47 (m, 4H), 8.18 (bs, 1H ), 7.98 (s, 1H), 7.82 (bs, 2H), 7.68 (s, 2H) 7.587.44 (m, 3H),7.36-7.33 (d,1H),7.29 (s, 1H), 7.21-7.17 (d, 1H), 7.03 (bs, 1H), 6.93-6.9 (1H,d),
6.8-6.76 (d, 1H), 6.4-6.37 (d, 1H), 6.23-6.2 (d, 1H), 5.98 (s, 1H), 5.78-5.74 (d, 1H), 5.59 (s,
1H), 5.39-5.14 (m, 5H), 4.97-4.9 (d, 1H), 4.7-4.65 (m, 1H), 4.5-4.47 (d, 1H), 4.3-4.23 (d,
2H), 4.3-4.23 (d, 2H), 4.06-3.92 (m, 3H), 3.72-3.66 (d, 1H), 3.59-3.51 (m, 2H), 3.26 (s, 2H),
3.17 (s, 4H), 3.13-3.09 (m, 7H), 2.89-2.84 (t, 1H), 2.65 (s, 2H), 2.5-2.49 (m, 12H), 2.20-2.11
(m, 1H), 2-1.95 (m, 2H), 1.94-1.1.8 (m, 2H), 1.76-1.54 (m, 3H), 1.46-1.38 (m, 2H), 1.34-1.29
(m, 2H),1.28-1.22 (bs, 22H), 1.11-1.05 (d, 2H), 0.92-0.84 (m, 9H). HRMS m/z: Observed:
1787.776, 894.3921 (M+H)2+; Calculated: 1787.8491 (M+), 894.3921 (M+H)2.+.
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2.4.3 Antibacterial assay
The antibacterial activities of the compounds are reported as their Minimum Inhibitory
Concentrations (MIC), which is the lowest concentration of the antibacterial agent required to
inhibit the growth of microorganism after overnight incubation. A glycopeptide antibiotic,
vancomycin and colistin were also used in this study to compare the result. All synthesized
compounds (1-5) were assayed in a micro-dilution broth format as per the CLSI guideline.
The bacterial freeze dried stock samples were stored at -80ºC. About 5 μL of these stocks
were added to 3 mL of the respective broth and the culture was grown for 6 h at 37°C with
prior to the experiments. This 6 h grown culture gives about 109 cfu/mL in case MRSA
(ATCC 33591), and 108 cfu/mL in case of A. baumannii, VRE Van A, VRE Van B, VISA
which were determined by spread plating method. This 6 h grown culture was diluted to give
effective cell concentration of 105 cfu/mL which was then used for determining MIC.
Compounds were serially diluted 2-fold, in sterile millipore water and 50 μL of these serial
dilutions were added to the wells of 96 well plate followed by the addition of about 150 μL of
bacterial solution. The plates were then incubated for 24 h at 37ºC. The O.D. value at 600 nm
was recorded using TECAN (Infinite series, M200 pro) Plate Reader. Each concentration had
triplicate values and the whole experiment was done at least twice and the MIC value was
determined by taking the average of triplicate O. D. values for each concentration and
plotting it against concentration. The data was then subjected to sigmoidal fitting. From the
curve the MIC value was determined, as the point where the O. D. was similar to that of
control having no bacteria.

2.4.4 Haemolysis assay
50 μL of serially diluted compounds were added into 96 well microtiter plates. Freshly
drawn, heparanized human blood was centrifuged down to obtain the erythrocytes and resuspended to 5 vol % in PBS (pH 7.4). 150 μL of the erythrocyte suspension was added to the
serially diluted compounds (vancomycin and compound 4 from 1000 µM to 2 µM). One set
without compound and other with 50 μL of 1 vol % solution of Triton X-100 were kept as
controls. The plates were incubated at 37 °C for 1 h followed by centrifugation at 3,500 rpm
for 5 min. 100 μL of the supernatant from each well were transferred into fresh microtiter
plates, and A540 was measured. Percentage of haemolysis was determined using the formula
(A - A0)/(Atotal -A0) × 100, where A is the absorbance of the test well, A0 the absorbance of
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the negative controls (without compound), and Atotal the absorbance of 100 % hemolysis
wells (with Triton X-100), all at 540 nm.

2.4.5 In-vivo toxicity
Systemic toxicity was examined after intravenous (i.v), intraperitoneal (i.p) and subcutaneous
(s.c.) injection of VanQAmC10 to four groups of Balb/c female mice. Each mouse was
injected with a 0.2 mL of freshly prepared compound solution in saline. The doses of the
compound administered through i.p. per group were 40 mg/kg, 70 mg/kg, 100 mg/kg, and
130 mg/kg. The doses of compound administered subcutaneously, per group were 70 mg/kg,
100 mg/kg, 130 mg/kg, and 130 mg/kg, 160 mg/kg. The doses for i.v. administration, were
77.5 mg/kg, 28.7 mg/kg, 10.7 mg/kg, 4mg/kg according to the OECD Animals were directly
inspected for adverse effects for 4 h, and mortality was observed for 14 days, thereafter, LD 50
was determined using Spearman-Karber method.

2.4.6 Time-kill kinetics assay
The bactericidal activity of the compounds was evaluated with the time kill kinetics assay61
Briefly, MRSA and A. baumannii was grown in nutrient media at 37°C for 6 h. The
compounds 3 and vancomycin was added to the bacterial solution (MRSA of approximately
1.8×105 cfu/mL) with the working concentration of 25 μM (about 6×MIC). This was
incubated at 37°C. At different time intervals (0, 1, 2, 3, 6 and 24 h) 20 μL of aliquots from
that solution were serially diluted 10-fold in 0.9 % saline. Then from the dilutions, 20 μL was
plated on yeast-dextrose agar plates and incubated at 37°C for 24 h. The bacterial colonies
were counted and results are represented in logarithmic scale, i.e. log (cfu/mL).

2.4.7 Inner Membrane permeabilization assay
The 6 h grown culture (mid log phase) of A. baumannii and MRSA were harvested (3500
rpm, 5 min), washed, and resuspended in 1:1 solution of 5 mM glucose and 5 mM HEPES
buffer at pH 7.2.63, 79 10 μM of propidium iodide (PI) was added to the bacterial suspension
and 200 μL of this mixture was put into 96-well flat clear bottomed black well plates. 20 μL
of test compound and vancomycin were added to it the wells containing bacterial suspension.
Fluorescence has monitored at excitation wavelength of 535 nm (slit width: 10 nm) and
emission wavelength of 617 nm (slit width: 5 nm). As a measure of inner membrane
permeabilization the uptake of PI was monitor by the increase in fluorescence for 30-50 min.
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2.4.8 Cytoplasmic membrane depolarization assay
The 6 h grown culture (mid log phase) of MRSA were harvested (3500 rpm, 5 min), washed
in 5 mM glucose and 5 mM HEPES buffer (pH 7.2) in 1:1 ratio and resuspended in 5 mM
HEPES buffer, 5 mM glucose and 100 mMKCl solution in 1:1:1 ratio.61, 79 Then 2 μM of 3,
3′-Dipropylthiadicarbocyanine iodide (DiSC3(5)) was added to bacterial suspension and preincubated for 20 min (for MRSA) and 45 min (for A. baumannii). The fluorescence was
monitored at excitation wavelength of 622 nm (slit width: 10 nm) and emission wavelength
of 670 nm (slit width: 5 nm). Then 20 μL of test compound and vancomycin were added to
black well plates containing bacterial suspension and DiSC3(5) after 2-4 min of fluorescence
measurement. As a measure of membrane depolarization fluorescence was monitor for
another 35 min.

2.4.9 Outer membrane permeabilization assay
Mid-log phase A. baumannii R674 cells were harvested, washed with 1:1 solution of 5 mM
HEPES and 5 mM glucose and resuspended in the same to obtain 108 CFU/mL bacterial
suspension. To this solution N-phenylnaphthylamine dye was added to a final concentration
of 5 µM and 200 μL of the mixture was put into flat clear bottomed black well plates.
Fluorescence readings were taken for 4 minutes before the addition of compounds. 20 μL of
test compounds (vancomycin, compound 3) were added to the bacterial suspension at the
required concentration. After addition, the fluorescence intensity (excitation wavelength: 350
nm; emission wavelength: 420 nm) was measured for 10 minutes.

2.4.10 Cell wall biosynthesis inhibition assay
Cytoplasmic accumulation of peptidoglycan precursor was examined using VISA cells grown
25 mL MH Broth.64 Cells were grown to an absorbance at 600nm (OD600) of 0.6 and
incubated with 130 µg/mL of chloramphenicol for 15 min. Then, test compounds
vancomycin (5 µM), compound 3 (1 µM, 5 µM) were added and incubated for another 60
min. Cells were collected and washed with sterile water to remove the antimicrobial agents
and then resuspended in boiling water. This was then heat treated for 1 h to lyse the cells. The
cell extract was then centrifuged and the supernatant lyophilized. Then, the lyophilized
product was dissolved in 2 mL of water whose pH was adjusted to 2.0 with 20 % phosphoric
acid. The UDP-linked cell wall precursors in the solution were analysed by RP-HPLC
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monitoring the UV absorbance peak at 260 nm wavelength and confirmed by HR-MS mass
spectrometry.

2.4.11 Resistance study
Vancomycin and colistin were chosen as control antibiotics for MRSA and A. baumannii
respectively. The initial MIC values of VanQAmC10, vancomycin and colistin were
determined against the respective bacteria. After the initial MIC experiment, serial passaging
was initiated by harvesting bacterial cells growing in the sub-MIC concentration of the
compounds (at MIC/2) and was subjected to another MIC assay.64 The bacterial
concentration was adjusted to ~ 105 CFU/mL based on OD600. The process was repeated for
20-22 passages. The fold of MIC increased for test compound and control antibiotics were
plotted against the number of days.
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Chapter 3
Vancomycin analogue disrupts biofilms and kills
intracellular bacteria
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Abstract
Relapse of bacterial infections cause significant problems in healthcare and are usually
attributed to bacterial biofilms and pathogens which reside within mammalian cells
(intracellular pathogens). Most conventional antibiotics are ineffective against in treatment
of such infections due to various factors. Given the membrane active nature of VanQAmC10
which was presented in the previous chapter, we hypothesized that this compound might be
able to show activity against bacterial biofilms and intracellular pathogens. In this chapter,
the potency of the VanQAmC10 to disrupt bacterial biofilms of Gram-negative bacteria and to
treat intracellular infection has been shown. VanQAmC10 effectively disrupted biofilms of
multi-drug resistant strain of A. baumannii. It reduced cell-viability within the biofilm and
also arrested growth of dispersed bacterial cells. The compound was also found to display
rapid bactericidal activity against stationary phase bacteria. In an in-vivo chronic A.
baumannii burn-wound infection model, VanQAmC10 was found to reduce the bacterial
burden after 6 subsequent doses. This compound was also found to reduce the intracellular
bacterial burden of MRSA and Salmonella typhimurium more effectively in comparison to
vancomycin. To ascertain whether this compound induced any cellular process for its
intracellular bactericidal activity, its effect on the autophagy was studied. Thus, appending
lipophilic tails to vancomycin might lead to compounds with diverse therapeutic applications.
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3.1 Introduction
According to the National Institutes of Health (NIH, USA), biofilms account 65-80% of all
bacterial infections. Biofilms mostly consist of extracellular polymeric substances (EPS)
containing extracellular DNA, lipids, polysaccharides and proteins which are held together by
hydrogen bonds, ionic and van der Waals interactions.19 Biofilm formation occurs in a fivestep process. The initial stages involve cell-surface and cell-cell interactions and attachment
to the surface. The adhering cells begin to release components that make up the EPS, forming
the biofilm matrix and colonize the surface. The bacterial cells proliferate within the matrix,
to form a mature biofilm. As the thickness of the biofilm increases, a gradient of the available
nutrients and oxygen develops. This results in limited access of these essential components
for survival in the inner core of the biofilm and their growth is halted. Physiological
adaptations to these conditions such as slow growth, dormancy and genetic mutations
contribute to increased antimicrobial tolerance. The extracellular polymeric substances serve
as a diffusion barrier to antibiotics and also sequester the bacteria from recognition by the
immune system. Upon maturation, the final stage, involves the detachment of cells from the
biofilm colony and consequent dispersal into the surrounding environment; consequently, the
spread of infection is promoted.80 Most conventional antibiotics are ineffective in the
treatment of such chronic infections due to the physiological properties of the biofilm as well
as the dormancy of bacterial cells within.81 Various strategies have been developed to tackle
biofilms to either disrupt the biofilm or inhibit biofilm formation in the first place. We
hypothesized that the lipophilic cationic moiety on vancomycin would interact with the lipid
rich, polyanionic EPS matrix and hence lead to biofilm disruption. Membrane-targeting
molecules are expected to lyse bacteria irrespective of their metabolic state and hence we
expected that these derivatives will target slow or non-dividing stationary phase cells that
form a large population of the biofilm. The anti-biofilm properties and activity against
stationary phase bacteria have been demonstrated in the subsequent sections of this chapter.
Intracellular infections are another form of infection which is responsible relapse of
disease. Certain microorganisms are capable of surviving within phagocytic cells and are thus
protected from killing by antibiotics.27 Most antibiotics are ineffective in the treatment of
such intracellular infections due to the poor accessibility inside the eukaryotic cell membrane.
Some are also susceptible to degradation due to the acidic intracellular pH.82 These
intracellular pathogens remain sequestered within host cells, leading to therapeutic failures
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and disease relapses.32 Lipoglycopeptide antibiotics such as telavancin, oritavancin and
dalbavancin have been shown to possess significant activity against intracellular S. aureus.83
Hence, we hypothesized that the developed lipophilic semisynthetic vancomycin analogue
would also show intracellular bactericidal activity. The compound was found to display a
reduction of bacterial burden against MRSA intracellular infection. To further assess the
intracellular activity, the antibacterial activity against another well-known intracellular
pathogen Salmonella typhimurium was studied. We were interested in finding out whether the
intracellular killing was due to the direct action of compound or through enhancement of any
other cellular process.

Fig. 3.1: Structure of VanQAmC10

3.2 Results and discussion
3.2.1 In-vitro disruption of bacterial biofilms and killing in biofilms
The extracellular polymeric matrix of Gram-negative bacterial biofilms is rich in polyanionic
polymers, polysaccharides and proteins. Hence we hypothesized that these cationic lipophilic
molecules could favourably interact with the exopolymeric substances and disrupt bacterial
biofilms. Mature A. baumannii R674 (carbapenem-resistant clinical isolate) biofilms were
grown on glass coverslips for 48 h and subsequently treated with test compound VanQAmC10
and antibiotics vancomycin and tobramycin at concentrations of 50 μM each for 24h. At the
end of 24h, the treated coverslips were washed to remove planktonic cells and residual
biofilms were stained with 0.1% crystal violet before being dissolved in 95% ethanol. The
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absorbance (optical density, O.D.) of this solution was measured at 520 nm to give a readout
of the mass of biofilm remaining. The percentage of biomass reduction with respect to the
control was calculated from the O.D. values. Tobramycin showed about 17% increase in
biomass as compared to the untreated control. This is in agreement with literature reports
describing promotion of biofilm formation by aminoglycosides.84 Vancomycin and colistin
displayed a 35% and 75% reduction in biomass respectively. VanQAmC10 was found to
exhibit a 65% reduction in biomass (Fig. 3.1C).

A

B

C
D

Fig. 3.1: Disruption of A. baumannii biofilms. (A) Decrease in viability of bacterial cells in
A. baumannii biofilms post-treatment with test compounds. (B) Absorbance (O.D.600) of
planktonic bacteria growing from dispersed cells of the biofilm. (C) Percentage of biomass
reduction obtained from crystal violet (CV) staining of the bio-films in presence of Colistin,
VanQAmC10, vancomycin, and tobramycin all taken at 50 μM. (D) Images of biofilms
stained with crystal violet.
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In order to obtain a visual understanding of the extent of disruption of bacterial
biofilms, confocal laser scanning microscopy (CLSM) of biofilms from A. baumannii was
performed (Fig. 3.2).The antibiotic treated or untreated biofilms were stained with SYTO 9
dye for observation. SYTO 9 stains the bacteria within the biofilms as well as the matrix.
Thus, an understanding of the thickness of the biofilms and the number bacteria embedded
within can be visualized. The thickness of the untreated control and vancomycin (50 μM) was
found to be 11 μm and 8.2 μm respectively. Whereas, the thickness of the VanQAmC 10
treated biofilms was found to be reduced to 2.2μm, while Colistin showed almost complete
reduction of biofilms. The results from CLSM affirm our findings from CV staining.

A

B
8.8 µm

11 µm

C

2.2µm

D

1.3 µm

Fig 3.2 : Confocal laser scanning images of biofilms of multi-drug resistant strain of A.
baumannii when mature biofilms were left untreated (A), treated with vancomycin (50 μM)
(B), VanQAmC10 (50 μM) (C) and Colistin (50 μM) (D). Scale bar, 5 μm.
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Post-treatment, the viability of bacteria in biofilms was tested and the reduction in
bacterial burden is represented in log CFU/mL (Fig. 3.1A). The biofilms were treated with
varying concentrations of VanQAmC10 which is, 50 μM, 25 μM, 10 μM and other antibiotics
were taken at 50 μM. At 50 μM, tobramycin was ineffective, causing no reduction of cell
viability. Vancomycin caused a 1 log cfu/mL reduction as compared to the untreated, while,
colistin caused almost complete reduction of cell viability. At 10 μM, VanQAmc10 reduced
cell viability by 1 log CFU/mL. At a higher concentration of 25 μM, ~3 log CFU/mL
reduction was obtained. At 50 μM, VanQAmc10 displayed a ~4 log CFU/mL reduction in cell
viability.
Biofilms release and disperse cells into the surroundings to colonize new sites. This
plays an important role in the transmission of bacteria from a diseased site to a healthy site
leading to exacerbation and spread of infection within a host. These dispersed cells have a
distinct physiology compared with both planktonic and biofilm cells and are known to be
more virulent.85 Thus dispersal of biofilms is not enough to cure diseases associate with
biofilms. We therefore checked the capability of the VanQAmC10 to kill dispersed planktonic
cells from biofilms. This was measured as the O.D600 of the dispersed cells from the biofilm
for treated and untreated biofilms (Fig. 3.1B). Interestingly, although colistin was found to
disrupt the bacterial biofilms and reduce cell viability, it did not completely prevent the
growth of planktonic bacteria dispersed from the biofilms. Also, vancomycin showed a slight
inhibition in planktonic dispersed cells although it did not reduce viability of cells in the
biofilms. VanQAmC10, on the other hand, significantly reduced the growth of dispersed
planktonic cells. These findings together corroborate that these cationic lipophilic membrane
targeting semi-synthetic vancomycin derivative disrupted the biofilms, reduced the cell
viability and also arrested growth of dispersed cells.

3.2.2 Antibacterial activity against stationary phase bacteria
The stationary phase bacteria are slow-growing or non-dividing populations which are
tolerant to antibiotic treatment. The developed semi-synthetic compound, VanQAmC10 was
found to act on the bacterial cell membrane of planktonic bacteria by disbalancing the
membrane potential. The integrity of the cell membrane is crucial for bacterial survival
irrespective of its metabolic state. Hence, we hypothesized that this compound would be
active against stationary phase cells.
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5 μM 10 μM
VanQAmC10
Fig 3.3: Antibacterial activity of control antibiotics vancomycin and tobramycin at 10 μM
along with varying concentration of VanQAmC10 against stationary phase A. baumannii.
In order to confirm our hypothesis, the antibacterial efficacy of VanQAmC 10 was
investigated against the stationary phase cells of A. baumannii (Fig. 3.3). The antibacterial
activity was studied by the reduction of bacterial count on incubation with compounds for 2 h
in chemically defined media BM2. The test compound, VanQAmC10taken at varying
concentrations along with control antibiotics, vancomycin and tobramycin (taken at 10 μM
each) were incubated with 6 log (CFU/mL) of stationary phase A. baumannii. Two hours post
incubation with the test compounds, the cell viability was determined by serially diluting the
treated samples followed by plating. VanQAmC10 showed a concentration dependant killing.
Tobramycin showed a 3 log (CFU/mL) while vancomycin did not show any significant
reduction in viability (0.6 log CFU/mL). At 5 μM and 10 μM concentrations, VanQAmC10
reduced cell viability by 3 and 5.5 log (CFU/mL) respectively. The rapid bactericidal activity
of the cationic lipophilic vancomycin derivatives intrigued us to further probe the mechanism
of action against stationary phase cells.

3.2.3 Mechanism of action against stationary phase bacteria
Various membrane disruption studies performed in stationary phase bacteria to verify the
mode of action of VanQAmC10 against these cells. It was found to permeabilize both the
outer and inner cell membrane of bacteria as well as depolarise the inner membrane.
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B

C

Fig. 3.4: Investigation of membrane disruption properties of VanQAmC10 at varying
concentrations against stationary phase bacterial cells of A. baumannii. (A) Outer membrane
permeabilization. (B) Inner membrane permeabilization, (C) Inner membrane depolarization
The compound was found to dissipate the membrane potential even at 2.5 μM, which
is lower than the concentration at which bactericidal activity was observed. VanQAmC 10 was
found to permeabilize both the outer membrane as well as the inner membrane at subbactericidal concentrations. Within two minutes of incubation with 2.5 μM compounds, the
fluorescence due to NPN, PI, Disc3(5) was found to increase as described in chapter 2.The
membrane disruption properties showed a concentration dependent effect; the perturbation
increased with increased with increase in concentration. In contrast to the membrane
disruption properties against planktonic bacteria, the compound showed a gradual increase in
membrane perturbation over time. This indicated that the cationic lipophilic molecules
rapidly compromised the bacterial cell membrane, which is crucial for maintenance of cell
integrity. These observations corroborate the antibacterial activity of against the stationary
phase bacteria.

65

3.2.4 In-vivo in A. baumannii chronic burn wound infection model
In general, acute infections are caused by planktonic cells, which can be successfully treated
with antibiotics.86 However, chronic infections are believed to involve bacteria in biofilms.
Conventional antibiotics and the host immune system often fail to eradicate such infections.23
VanQAmC10 was found to display significant reduction of bacterial cell viability in in-vitro
biofilms. Hence, we wanted to assess the in-vivo efficacy of the compound in a chronic burnwound infection model.

A

106 CFU

B

Fig 3.5: In-vivo activity of VanQAmC10 in an A. baumannii burn-wound infection model. (A)
Experimental model; (B) Bacterial load determined after 5 day treatment with 30 mg/kg of
VanQAmC10 and colistin.
Burn-wounds were created on the back of mice with heated brass bars and infected
(~106CFU) the burn wounds with A. baumannii and the wound was left untreated for 24 h to
mimic a chronic wound infection. After 2 days, the bacterial load was found to increase to 7.5
log CFU/g. Colistin, which is currently used to treat A. baumannii infections was taken as the
positive control in this experiment.

The infected mice were treated with 30 mg/kg of
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VanQAmC10 and colistin individually. After 6 days of infection, the bacterial load in the
untreated group increased to 8 log CFU/g. VanQAmC10 displayed a 2 log CFU/g reduction in
bacterial load; Colistin was found to clear the infection completely.

3.2.5 Antibacterial activity against intracellular MRSA
Staphylococcus aureus is a facultative pathogen that is known to survive within
macrophages.VanQAmC10 displayed rapid in-vitro bactericidal activity against MRSA and
thus, we chose MRSA as a model for studying the intracellular activity of this compound. 2X
105 RAW 264.7 cells were incubated with 5× 106 CFU of MRSA. The multiplicity of
infection (MOI) was 50. After phagocytosis of the bacterial cells, the infected cells were
treated with 100X MIC of vancomycin (60 μM) and VanQAmC10 (40μM) for 6h after which
the bacterial load was determined (Fig. 3.6).

Fig. 3.6: Antibacterial activity against intracellular MRSA, vancomycin and VanQAmC10
taken at 100× MIC.
The pre-treatment bacterial count was found to be 8 log (CFU/mL). In 6 h the
bacterial count increased to 10 log (CFU/mL) in the growth control. The bacterial load in
VanQAmC10 treated cells was 4log (CFU/mL) lower than that compared to the growth
control; displaying a 1 log CFU/mL reduction with respect to the pre-treatment count. The
bacterial load in vancomycin-treated cells was 3 log(CFU/mL) that was lower than the
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control. It maintained a static effect with respect to the pre-treatment. The results indicate the
intracellular bactericidal activity of the vancomycin derivatives and hence its potential to
tackle intracellular infections.

3.2.6 Antibacterial activity against intracellular Salmonella typhimurium
The intracellular activity against a well-known intracellular Gram-negative bacterium
Salmonella typhimurium was tested. Although the MIC of this compound was found to be
greater than 200 μM, this compound interestingly displayed a two-fold reduction of cell
viability in intracellular infection while vancomycin did not show any significant reduction.
This observation implied that this compound might kill intracellular bacteria through
induction of some cellular process which could lead to this decrease in bacterial load.
Autophagy has been associated with clearance of intracellular pathogens and hence, the
results intrigued us to explore the effect of this VanQAmC10 on autophagy.

Fig. 3.7: Antibacterial activity of vancomycin and VanQAmC10 both taken at 100 μM against
intracellular pathogens Salmonella typhimurium.

3.2.7 Induction of Autophagy
As mentioned in the previous section, although the MIC of VanQAmC10 is greater than
200μM against Salmonella typhimurium, it exhibited a two-fold decrease in intracellular
bacterial load. Therefore, we were interested in understanding whether the bacteria reduction
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in bacterial load was due to direct killing or indirectly, through induction of autophagy in the
host cell. We performed a traffic light assay to study the effect of the compound on
autophagy. LC3 is a protein biomarker for autophagy; a tandem Red fluorescence proteingreen fluorescence protein-LC3 expressing plasmid (mRFP-GFP-LC3) was transfected into
HeLa cells. GFP signal is sensitive to the acidic and proteolytic conditions of the lysosome
lumen and hence, its fluorescence is quenched, while that of RFP is stable.87
Lysosome

Fusion

Autophagosome
Autolysosome

mRFP - GFP - LC3
Yellow fluorescence

Red fluorescence

Fig 3.8: Schematic of the tandem mRFP-GFP-LC3 assay
The combination of an acid-sensitive GFP with an acid-insensitive RFP allows the
visualization of change from autophagosomes (neutral pH) to autolysosomes (with an acidic
pH). Upon induction of autophagy, the GFP-RFP labelled LC3 proteins are employed in the
formation of autophagosomes. These are positive for both GFP and RFP and hence, appear
yellow. On fusion with the lysosome, the pH drops leading to quenching of GFP
fluorescence, making the autophagolysosomes appear red (Fig. 3.8).88 HeLa cells were
treated with 100 μM vancomycin and VanQAmC10 individually and their fluorescence image
were taken in the green and red channels (Fig. 3.9A). The numbers of red and yellow
coloured puncta were counted. Both vancomycin and VanQAmC10 induced the formation of a
higher number of autophagosomes as compared to the control. The number of autolysosomes
in untreated control and vancomycin were similar. This finding is in accordance with
literature reports that vancomycin blocks autophagy. However, interestingly, VanQAmC10
promoted the fusion of autophagosomes with lysosomes which is implied by the increase in
the number of red puncta. There was a two-fold increase in the number of puncta (Fig.
3.9B).Thus,VanQAmC10 was found to be an autophagy inducer, and this property might have

69

contributed to the intracellular killing of pathogens. However, further studies need to be done
to corroborate this.
RFP

Merge

VanQAmC10

Vancomycin

GM

A

GFP

B

Fig.3.9: (A) Representative fluorescence images of HeLa cells treated with vancomycin and
VanQAmC10 taken at 100 μM and untreated cells that were transfected with GFP–RFP-LC3
plasmid. (B) Comparison of number of puncta per cell of RFP–LC3 (red) and RFP–GFP–
LC3 (yellow) in treated and untreated cells.
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3.3 Conclusion
The ability of VanQAmC10 to disrupt surface established Gram-negative biofilms has been
shown. Its antibacterial activity against dispersed cells from biofilms can further enhance
treatment of biofilm-associated infections. This also eradicated the slow or non-dividing
bacteria through membrane-active mode of action. More importantly, this compound
decreased the bacterial burden in a chronic burn wound infections of Gram-negative bacteria
in mice models. These biofilms often lead to relapse in disease due to the inability of most
antibiotics to clear these adherent colonies. Hence, the biofilm disruption property of this
derivative makes it a promising candidate for the treatment of such infections and prevent
relapse of disease.VanQAmC10 displayed antibacterial activity in intracellular infection
models caused by as MRSA and salmonella. A probe into the possible reason for the
intracellular activity showed that the compound induced autophagy. These results, along with
the biofilm disruption properties of this compound indicates that this class of amphiphilic
molecules could clear bacteria that are otherwise sequestered from antimicrobial agents and
the immune system and thereby prevent relapse of disease.

3.4 Experimental section
3.4.1 Materials and methods
Cell culture media were purchased from Gibco and Himedia. MRSA ATCC33591 was
obtained from American type culture collection. A. baumannii R 674 was collected from
National Institute of Mental Health and Neuro Sciences (NIHANS). The TECAN (Infinite
series, M200 pro) Plate Reader was used to measure absorbance and fluorescence of 96-well
plate. Salmonella typhimirium intracellular antibacterial activity determination and autophagy
study were done in the autophagy lab at JNCASR. Plasmids were obtained from Addgene.
Fluorescence microscope image was done on GE Delta Vision epifluorescnce microscope.

3.4.2 Biofilm disruption assays
3.4.2.1 Crystal violet staining89
Glass cover slips (diameter 13mm) were sterilised and placed individually in 6-well plates.
Mid-log phase A. baumannii was diluted to ~105 CFU/mL in BM2 media which was
supplemented with 0.5% glucose as carbon source, 0.5% casamino acids and 200 μM FeCl3.
Cover slips were then incubated with 2 mL of the above bacterial suspension under stationary
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conditions at 30 °C, for 48 h. After 48 h the cover slips were removed and carefully washed
with 0.9% saline to remove planktonic bacteria. The biofilm containing cover-slips were then
taken into a fresh well and treated with 2 mL complete BM2 media containing the test
compounds the required concentrations. 24 h post- treatment, the cover slips were taken out
and washed in 0.9% saline. The cover slips were then incubated with 1 mL of 0.1% of crystal
violet (CV) for 10 min after which, the excess crystal violet was washed off. The crystal
violet from the biofilm was dissolved in 95% ethanol and the absorbance at 520 nm was
measured. The % biomass reduction was calculated as (Ac - Ai)ˣ100/Ac where Ai refers to the
absorbance of sample treated well and Ac refers to the absorbance of untreated control.

3.4.2.2 Cell viability of bacteria in biofilms
Biofilms of A. baumannii R674 were grown and treated with test compounds as discussed in
section 3.6.2.1. Post-treatment, the biofilm containing cover slips were treated with trypsinEDTA for 20 min at 37 ºC, serially diluted ten-fold and plated on MacConkey agar. The
count of viable bacterial cells was taken 24h after incubation.

3.4.2.3 Dispersed cell
The supernatant from wells containing biofilms 24 h post-treatment were collected. The
optical density at 600 nm was measured and 20 μL of this suspension was also spot plated on
agar plates to see the viable bacteria.

3.4.2.4 Confocal laser scanning microscopy
As described in section 3.6.2.1, the cover slips after 24 h treatment with the test compounds
and the untreated control were carefully removed from the well, washed and placed on glass
slides. The biofilms were then stained with 10 μL of SYTO9 (3 μM) and imaged using a
Zeiss 510 Meta confocal laser-scanning microscope. The orthogonal projections of the
images were processed with LSM 5 Image examiner.

3.4.3 In-vivo chronic biofilm skin infection89-90
Female Balb/c mice (6-8 weeks, 22-25 g) were anesthetized with a cocktail of ketaminexylazine and their dorsal surface shaved and cleansed. 6 mm diameter burn wounds were
created by applying a 120 s heated brass bar for 10 s. Immediately after injury, burn wounds
were infected with a mid-log phase bacterial inoculums of about ~106 CFU (20 μL from
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0.8×108 CFU mL-1) of A. baumannii (R674) prepared in PBS. To mimic the condition for the
biofilms, burn wounds were left untreated for 24 h. Treatment started 24 h post infection by
when the infection has already become established. Burn wounds were treated every 24 h for
5 days. VanQAmC10 and vancomycin were dissolved 0.9% saline. 40 μL of solutions (30 mg
kg) was treated to burn wounds. Mice were euthanized 6 days post-injury; the wounded
muscle tissue was excised, weighed, and homogenized in 10 mL of PBS. Serial dilutions of
homogenate were plated on MacConkey agar (Himedia, India) and the results were stated as
log (CFU.g-1) of tissue.

3.4.4 Antibacterial activity against stationary phase cells A. baumannii
5 μL of the -80 °C stock was inoculated in 3 mL of the Nutrient medium and grown for 6 h at
37 °C. The bacterial suspension was diluted 1000 fold in LB media and allowed to reach
stationary phase in 16 h. The bacterial suspension was diluted and spot-plated Mac Conkey
agar to determine the bacterial count. The 16 h growth culture was diluted to ~10 6 CFU/mL
in complete BM2 media.150 μL of this bacterial suspension was then incubated with 50 μL
of test compounds in a 96 well-plate. The plates were then incubated at 37 °C for 2h. After
this, the suspension was serially diluted 10 fold and spot-plated on Mac Conkey agar. The
viable bacteria were then counted after 48 h incubation at 37 °C.

3.4.5 Mechanism of action against stationary phase bacteria
Mid-log phase Stationary phase A. baumannii cells were grown to and the following assays
were performed.

3.4.5.1 Outer membrane permeabilization
The same protocol as mentioned in chapter 2 was followed.

3.4.5.2 Inner membrane permeabilization
The same protocol as mentioned in chapter 2 was followed.

3.4.5.2 Inner membrane depolaristaion
The same protocol as mentioned in chapter 2 was followed.
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3.4.6 Intracellular anti-bacterial activity against MRSA91
RAW 264.7 cells were seeded in 24-well tissue culture plates containing complete growth
medium at 37 °C in humidified air containing 5% CO2 for 12 h to allow cell adherence.
MRSA cells (~107 CFU/mL) were suspended in complete growth medium for 1h to allow
opsonisation. Wells containing RAW 264.7 cells were incubated with 500 μL of the
opsonised bacterial suspension for 1.5 h at 37 °C in humidified air containing 5% CO2 to
allow phagocytosis. Next, the macrophages were washed twice with phosphate-buffered
saline (PBS) at pH =7.2 and treated with 50 μg/mL of gentamicin for 1 h in complete growth
medium in order to remove any extracellular or non-phagocytosed bacteria. RAW 264.7
macrophages were then washed twice with PBS to remove the gentamicin. 500 μL of growth
medium containing test compounds at 100 ˣ MIC (vancomycin at 60 μM and VanQAmC10 at
40 μM) were added and the cells and incubated at 37 °C in humidified air containing 5% CO2
for 6 h. The cells were then lysed by treating with 500 μL of ice cold water for 1 h and the
lysates were then collected, centrifuged and resuspended in 1X PBS. Lysates were serially
diluted 10-fold and plated on nutrient agar. The plates were then incubated at 37 °C for 24 h
and the viable bacterial colonies were counted.

3.4.7 Intracellular anti-bacterial activity against Salmonella typhimurium
HeLa cells were seeded in 24-well tissue culture plates containing complete growth medium
at 37 °C in humidified air containing 5% CO2 for 12 h to allow cell adherence. Late log phase
wild-type bacteria were grown for 16 h at 37 °C with shaking and then subcultured (1:33) in
LB for 3h. Bacterial inoculum was pelleted and diluted 1:100 in PBS, pH 7.2, and added to
the cells for 1h. The cells were then treated with 50 μg/mL gentamycin. Compounds were
then added to the well containing infected cell and incubated for 4h. The cells were lysed
with 1:1 0.1% triton X and 0.1% SDS in PBS. The samples were serially diluted 10-fold and
plated.

3.4.8 Tandem mRFP-GFP-LC3 assay88
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 8%
heat-inactivated fetal bovine serum on cover slips. Transfection was performed using
LipofectAMINE3000 according to the manufacturer’s protocol and the tandem mRFP-GFPLC3 plasmid was allowed to express for 24h.88 The cells were then treated with1mL of
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compounds for 2h. The slides were then mounted with Vecta shield and imaged through GFP
and RFP channels and counting was done with ImgaeJ software.
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