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Abstract

The rising threat of antimicrobial resistance and the failure of the conventional antibiotics to tackle
the crisis has necessitated the need for alternatives to the conventional antibiotics existing in the
markets. Peptide based antimicrobial agents or antimicrobial peptides (AMPs) may be thought of
an alternative to the existing ineffective drugs, as many of these have shown excellent prospects
with superior properties including lesser scope for the microbes to develop resistance against them.
However, these peptides also have certain limitations like salt-sensitivity, protease degradability,
high cytotoxicity, along with high cost of production, that are to be addressed to make them
commercially available in the clinics. Chemical modifications of the naturally occurring AMPs or
de novo design of AMPs can provide us with essential avenues to tackle their limitations and render
them effective in vivo. Our thesis is an attempt to design AMPs countering many of their inherent
limitations discussed in the following chapters:

Chapter 1: Chapter 1 is an extensive literature survey on the antimicrobial peptides. In this
chapter, we have discussed in details the cause of antimicrobial resistance, and the relevance of
antimicrobial peptides in this context. We have provided examples of several AMPs that have been
isolated from the natural sources from the early times of their discovery up till the recent times,
and their limitations. Chemical modification techniques or de novo design methods that have been
utilized to develop AMPs with desired characteristics have also been discussed comprehensively.
We have also discussed the mode/ mechanism of actions of these peptides. Finally, we have
provided examples of some the antimicrobial peptides that have made in their way to the clinics
and are in wide range of use.

Chapter 2: Protease susceptibility is one of the major drawbacks the AMPs composed of L-amino
acids. In this chapter, we modified two of our previously reported peptides P4 and P5 through a
substitution of L-amino acids with D-amino acids. Partially D-substituted peptides
P4A/PAB/P5A/P5B resulted in a loss of their activity tested against different microbial strains
while fully D-substituted peptides, P4C and P5SC were either found to retain their antimicrobial
potencies or were accompanied with a marginal increase in their activity. D-peptides retained their
non-cytotoxic and non-hemolytic nature. L-peptides P4/P5 degraded in the presence of the
proteolytic enzymes and serum, while the D-peptides PAC/P5C were found to be completely
protease and serum stable. The cause of proteolytic stability was addressed through MD

simulations studies. MD simulations showed that the relative distance between the scissile peptide
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carbonyl and that of the hydroxyl group of the seine-195 of the catalytic triad (H57, D102, and
S195) of the proteases increased upon L — D substitution, making it difficult for the catalytic site
to approach and act on the scissile bonds of the D-peptides. Also, binding of trypsin/chymotrypsin
to the L peptides were energetically far more favourable compared to that of the D-peptides.
Several biophysical, spectroscopic and microscopic techniques together established the
membranolytic nature of the developed peptides P4C and P5C.

Chapter 3: In this chapter, we have employed alchemical free energy simulations (AAG) to design
potent AMPs and experimentally validated their anticipated antimicrobial potency against Gram-
negative bacteria 4. baumannii, Gram-positive bacteria Methicillin-resistant S. aureus, and fungus
C. albicans. Taking our previously reported AMP P4 (LKWLKKL-NH:?) as the template, we
designed a series of eight P4-analog peptides by side-chain substitutions [W3— F3(P4W3F)/
Y3(P4W3Y)/ A3(P4V3A); La—W4A(P4MWY)/ F4(P4ME)/ Y4(P4LY)/A4 (P4Y4A);, W3L4 —A3A4
(P4W3ALAAY] at the positions 3 and 4 of the peptide. Using alchemical simulations, we calculated
the difference in binding affinity (AAG) between P4 and its analogs to the simple bacterial
membrane-mimetic bilayer. These simulations revealed the underlying thermodynamics of
peptide-bilayer selectivity and ranked the peptides based on the strength of their computed binding
affinities to the bilayer. In silico ranking of peptides matched perfectly with the experimental
antimicrobial efficacy. Adding a second tryptophan residue in P4 by substituting L4—W4 yielded
P4V significantly improving the bilayer binding affinity and enhancing the antimicrobial
potency against all the strains by 2-5 folds. Substitution of W3—F3/Y3 diminished the
antimicrobial activity, while W3/W3L4—A3/A3A4 severely destabilized the peptide: bilayer
complex, leading to the loss of activity of P4W3A/P4W3AL4A Peptides were unstructured both in the
free state in water as well as in the presence of membrane mimic SDS, and the potent peptides
displayed a membranolytic mode of action against the pathogens. We established that AAG
calculated from alchemical simulations were sufficiently reliable to draw quantitative conclusions
regarding the effect of peptide mutations on the energetics of peptide: bilayer binding and its link
to the structure and antimicrobial activity. Thus, alchemical simulations could be a tool for the
rational design of short broad-spectrum membranolytic AMPs.

Chapter 4: In this chapter, we designed modified analogs of a naturally occurring peptide jelleine
I, with an aim of increasing its antimicrobial potency and protease resistance. Phenylalanine

residue in the sequence of the parent peptide was substituted with tryptophan in all the modified
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analogs J1-J4. The charge of the designed peptides J1-J4 was systematically increased from +2 to
+5, through the incorporation of a non-standard cationic amino acid Dab (analog of Lys) for
inducing the protease resistance to the designed peptides. With the replacement of polar and
hydrophobic amino acid residues with cationic Dab residue along the series of J1-J4 peptides, the
hydrophobic-hydrophilic balance of the peptides was systematically diminished. J3 and J4
emerged to be the most active, among all the designed peptides against both Gram-positive and
Gram-negative bacteria as well as fungus C. albicans. J3 was a better antimicrobial than J4 in the
presence of physiological concentration of salt (150 mM NaCl), and displayed a faster killing
kinetics compared to that of J4, though the latter had a higher charge over the former. J3 and J4
were protease (trypsin) and serum resistant. Both J3 and J4 were non-cytotoxic towards the
mammalian cell lines within the range of their microbicidal concentrations. The antimicrobial
potencies of these small cationic peptides were independent of any secondary structural
requirements, and mostly governed by the electrostatic interaction in between the AMPs and the
negatively charged microbial membranes. The designed peptides J3 and J4 were found to be
membranolytic in nature. J3 with a lower positive charge than J4, was a better AMP compared to
the latter, and hence it may be concluded that the optimum hydrophobic-hydrophilic balance is a
very important parameter to be considered while designing synthetic AMPs.

Chapter 5: In this chapter, we designed two broad-spectrum cationic octapeptides WRL and
LWRE, rich in arginine and tryptophan and both bearing a net charge of +4. The peptide WRL was
found to be more potent compared to that of LWREF, tested against a number of Gram-negative and
Gram-positive bacterial strains as well as fungus C. albicans, both in the absence and in the
presence of the salts. The enhanced efficacy of the WRL was attributed to the presence of two
tryptophan residues in WRL, one of them being at the N-terminus, over the only non-terminal
tryptophan residue in LWRF. CD spectroscopy revealed that both the peptides were unstructured
in their free state in water, but adopted a partial helical conformation in the presence of membrane
mimetics. MD simulations revealed that in the case of WRL, both the tryptophan residues were
found to be properly anchored inside hydrophobic pockets of the membrane bilayer in contrast to
LWREF, where the sole tryptophan was pointing towards the water. This led to better peptide
membrane interaction for WRL compared to LWRF. Both the cationic peptides were
membranolytic in their mechanism of action and were established through several spectroscopic,

microscopic and biophysical experiments. The peptide membrane interaction was primarily driven
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by the electrostatic interactions as seen from the MD simulations. Both the peptides were non-
cytotoxic and non-hemolytic well within the range of their microbicidal concentrations, however
LWREF appeared to be more selective of the two. This study conclusively demonstrated that for
cationic peptides of similar charge, number and the position of the tryptophan residues played a
crucial role in determining the efficacy of the AMPs, owing to the critical role played by tryptophan
in the initial peptide membrane interactions. However, one must also be aware that selectivity
towards membrane binding decreased with the increase in the number of tryptophan residues.
Hence, selecting an optimum number of tryptophan residues is crucial in striking a balance
between high antimicrobial potency and membrane selectivity.

Chapter 6: Secondary structures of the AMPs are found to play an important role in their activity.
In this chapter, we have reported de novo design of two short amphipathic peptides RR-12 (12 aa
res; charge: +5) and FL-13 (13 aa res; charge: +6) based on the helical wheel projections. The
peptides displayed broad-spectrum antimicrobial activity tested against a number of Gram-
negative and Gram-positive bacterial strains, including MRSA as well as fungus Candida albicans,
with low MICoo values ranging in between 2-7.5 uM. Peptides were highly salt-tolerant, as well
as non-cytotoxic and non-hemolytic within the range of their microbicidal concentrations. Peptides
displayed very fast bactericidal/fungicidal activities. Peptide RR-12 lost its activity to some extent
in the presence of serum, while for the peptide FL-13 the extent of loss in its activity in the presence
of serum was less pronounced. Peptides were unstructured in water but adopted alpha helices in
the presence of bacterial membrane mimic SDS as well as LPS, implying that the peptides might
adopt alpha helical structures when interacting with the bacterial cells and this might be the
plausible reason for its excellent potency. Peptides were mebranolytic in nature and established
through several assays like PI assay, NPN assay, DiSC 3(5) assay, FESEM/FETEM imaging of the
peptide treated microbes, live cell NMR experiments, confocal imaging etc. The peptide-
membrane/ membrane mimetic interactions at the atomic levels were understood using MD
simulations. Thus, this work adds two new synthetic a-alpha helical peptides to the library of
membranolytic broad-spectrum antimicrobial peptides that are non-cytotoxic/non-hemolytic. This
work re-establishes the importance of hydrophilic-hydrophobic balance, positive charge, and
primary sequence of the peptides, in designing potent antimicrobial peptides.

Chapter 7: In this chapter, we have discussed about the future directions.
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Chapter 1

1.1. Microorganisms

Microbes or microorganisms are a class of living organisms that are too tiny to be seen with the
naked eyes.! Microbes are found almost everywhere: air, water, soil, and even inside the body of
other living organisms.2 Microbes can be classified as bacteria, fungi, protozoans, protists,
archaea etc.* Viruses are also considered as microorganisms although there is a controversy
whether they are living or not.> Bacteria and archaea are prokaryotic microorganisms whereas
protozoans, protists and fungi are eukaryotic forms of microorganisms. Microbes vary widely in
their shape and though they are mostly unicellular, the existence of multicellular microbes is also
known.%®* Most microbes are neutral to other living organisms. Some microbes are even beneficial
for other living organisms. Many of the microbes are involved in the process of digestion of food,
absorption of nutrients, production of vitamins and minerals, fighting of harmful infections and
microbes throughout the living systems.’!? Microbes are also beneficial in the sense as many of
bacteria and yeasts are used in the production of fermented food and beverages like bread, cheese,
yogurt, curd, pickles, beer and wine.!*'® However, a small percentage of the microbes are harmful

for their hosts which they infect and may lead to some life-threatening diseases.!’

Bacteria

Viruses

Figure 1.1. Pathogenic microorganisms.
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1.2. Disease causing microorganisms

Chapter 1

Most infectious diseases are caused by the three main types of microorganisms: viruses, bacteria,

fungi.

1.2.1 Viruses

These are a class of microbes that are capable of replicating only after infecting the host. These

microbes work by hijacking the cellular machinery of the host. Viruses contain some small nucleic

acid sequences in the form of either DNA or RNA enclosed in a shell of protein. Some viruses may

additionally be enclosed in membrane envelops made of lipids. Viruses may assume different

shapes mostly being spherical or rod-like. Viruses spread and infect humans through various means

like air, fecal-oral contact, sexual contact, insects/ mosquitoes, through animals and in many cases

because of careless treatment procedures.'® The table below enlists various diseases caused by

different viruses spread through different modes of action.

Table 1.1. Diseases caused by different viruses.

18-23

Virus

Symptoms

Mode of transfer

SARS-CoV

Fever, cough, tiredness

Airborne transmission

Influenza virus

Fever, chills, muscle aches,
cough

Airborne transmission

Rhinovirus

Sore throat, runny nose,
coughing, sneezing

Airborne transmission

Measles virus

High fever, cough, runny nose

Airborne transmission

Respiratory syncytial virus

Cough, runny nose,

Airborne transmission

vomiting

(RSV) congestion, sneezing

Adenovirus Sore throat, sneezing, runny Airborne transmission
nose, cough

Poliovirus Fever, fatigue, headache, Fecal-oral
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Hepatitis A Diarrhea, vomiting, gastric Fecal-oral
pain

Dengue Fever with nausea, vomiting, | Mosquito bites
rash

HIV Immunodeficiency, Sexual transmission
Kaposi’s sarcoma

Hepatitis B Abdominal pain, dark urine, Sexual transmission
fever

Ebola Fever, headache, muscle pain | Blood or body fluids
and chills

Nipah Mild to severe symptoms Fruit bats mostly, pigs and
including encephalitis and other animals may also act as
death carriers

1.2.2. Bacteria

Bacteria are prokaryotic, single cellular microorganisms believed to evolve roughly 3 billion years
ago i.e., they are the oldest life forms that evolved on earth.**** Bacteria are found everywhere on
earth starting from air to deep inside earth’s crust and they are majorly present in the bodies of
other living organisms.?® Human body is a host to almost as many bacterial cells as the number of
eukaryotic cells that constitute it.2” Majority of the bacterial species carry their genetic information
in the form of a double stranded circular DNA.?® Bacteria can be classified based on different
aspects but most commonly they are classified based on their staining characteristics into two

categories namely Gram-positive and Gram-negative.?’

Gram-positive and Gram-negative
bacteria differ in their constitution of cell wall.**3! Bacteria adopt different shapes likes spheres or
cocci, rods or bacilli, and spirals or helixes (spirochetes).® Majority of the bacteria are harmless to
their hosts, some of them even beneficial like the bacteria present in the gut of humans are
associated with process of digestion, absorption of nutrients, synthesis of vitamins and are
therefore important factors for human health.*? Less than 1% of the total bacteria are found to be

harmful for their host causing illness. Bacteria is responsible for several diseases in humans, some

of them being fatal. The table below lists diseases caused by different bacteria.
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Table 1.2. Diseases caused by different bacteria.>*-°
Bacteria Name of the Site of Symptoms Type Mode of
disease infection transfer
Mycobacterium | Tuberculosis Lungs Fever, night sweats, | Gram- Airborne
tuberculosis weight loss positive | transmission
Streptococcus Pneumonia Lungs Fever, chest pain, Gram- Airborne
pneumonia cough positive | transmission
Staphylococcus | Staphylococcus | Skin and soft | Skin with blisters, | Gram- Physical
aureus aureus infection | tissue, lungs abscesses; positive | contact with
sometimes infected
pneumoniae person
Pseudomonas Pseudomonas Chest, urinary | Coughing and Gram- Food,
aeruginosa infection tract, wound | difficulty breathing, | negative | surgical
and blood urinary tract equipment,
infections, pain, physical
wound contact
Neisseria Gonorrhea Genitals, Burning sensation | Gram- Sexual
gonorrhoeae rectum, throat | while urinating negative | intercourse
Klebsiella Klebsiella Bloodstream, | Fever, cough, chest | Gram- Physical
pneumoniae pneumoniae urinary tract, | pain, pain while negative | contact with
infections meningitis, urinating infected
wound person
Acinetobacter Acinetobacter Pneumonia, Fever and chills, Gram- Contact with
baumannii baumannii bloodstream, | rash for negative | an infected
infection meningitis, bloodstream person or
wound and infections, pain or environment
surgical site, | burning sensation that has the
urinary tract for UTIs, flu-like bacteria
symptoms for
meningitis
Escherichia coli | Escherichia coli | Mainly gut, Diarrhea, stomach | Gram- Contaminated
infection urinary tract cramping negative | food/ water

1.2.3. Fungi

Fungi are a class of eukaryotic organisms constituting a separate kingdom in the classification of

living organisms. Fungi have a distinct nucleus containing genetic material, a rigid cell wall

composed of chitin that surrounds their plasma membrane and usually are much bigger in size

TH-3644_186122042
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when compared to that of the bacterial cells. Single-celled fungi are called yeasts while those

having long threads like filamentous structures are called hyphae. Unlike bacteria, in most cases

fungi cannot invade a healthy host. They are called opportunist pathogens as they are found to

infect immunocompromised patients with relative ease.*! Most fungi like bacteria are harmless to

humans, only a few selective number of species being responsible for diseases. The table below

enlists different fungal species and diseases caused by them.

Table 1.3. Diseases caused by different fungi.*#
Fungi Name of the disease Symptoms Mode of
transfer
Candida spp. Candidiasis Vaginal candidiasis: itching, Contact with
C. albicans burning and discharge infected
C. glabrata Candidiasis in the mouth and people or
C. tropicalis throat: white patches, burning or contaminated
C. parapsilosis itchy sensation surfaces
C. krusei Candidiasis in the esophagus:
difficulty in swallowing
Invasive candidiasis: fever and
chills
Aspergillus spp. Aspergillosis Allergic bronchopulmonary Inhalation of
A. fumigatus aspergillosis (ABPA): infection in airborne mold
A. flavus lungs causing inflammation spores
A. terreus Allergic Aspergillus aspergillosis:
A. brasiliensis infections in sinuses
Chronic pulmonary aspergillosis:
severe infections in lungs
Cutaneous (skin) aspergillosis:
aspergillus entering body through
cuts or burns
Invasive aspergillosis: Starts from
lungs, goes on infecting brain, heart,
kidneys.
Cryptococcus spp. | Cryptococcosis Lung infection: Cough, pain on Inhalation of
C. neoformans chest, difficulties in breathing spores
C. gattii Meningitis: Headache, blurred
vision, depression, agitation, and
confusion
Skin infection: Rash, bumps filled
with pus on skin or open sores
Histoplasma Histoplasmosis Acute: mild flu, fever, headache, Inhalation of
capsulatum chills, cough, muscle ache, fatigue spores
6
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Chronic: severe infections in
mouth, liver, central nervous system,
skin and adrenal glands

Coccidioides Coccidioidomycosis | Acute: fever, cough, tiredness, Inhalation of
immitis headache, difficulties in breathing, spores
rashes on legs and arms

Chronic: weight-loss, cough, pain
in chest, sputum with blood, nodules
in the lungs

Disseminated: nodules, ulcers and
skin lesions; lesions in different
bones; swollen joints; meningitis

Blastomyces Blastomycosis Fever, cough, breathing troubles, Inhalation of
dermatitidis chest pain, pain in muscles, weight spores

loss, tiredness, skin infections on
hands and feet, severe forms of
infections may hit brain, spinal cord,
stomach, intestines and kidneys

1.3. Antibiotics

The usage of antimicrobial compounds to treat infections has been in practice for millennia by
humans. Usage of mouldy breads, beverages like beer or medicinal soils to treat wounds were
quite common in the ancient times. The microbes present in them could produce a variety of
antimicrobial compounds capable of treating infections. The usages of herbs which are a source of
a wide variety of antimicrobial compounds to treat infections is quite common in Indian and
Chinese culture. Presence of tetracyclines in the traces of human skeleton discovered in the
modern-day Nubia also speculates the usage of antibiotics in the ancient era. Antibiotics are a
class of antimicrobial drugs known for their ability to kill or inhibit the growth of bacteria.
Salvarsan, discovered by Paul Ehrlich, was the first antibiotic used clinically followed by the
discovery of Prontosil (a sulfanilamide-based drug) by Gerhard Domagk having broad-spectrum
antimicrobial clinical usage. Alexender Fleming was credited with the discovery of the first
antibiotic obtained from the natural source Penicillin. Norman Heatley, Howard Florey, and Ernst
Chain later were involved in its isolation, purification and mass production for usage as a drug.
Selman Waksman in another important name in the field of antibiotics who first introduced the
word ‘antibiotic’ and is credited with the discovery of several antibiotics like actinomycin,

streptomycin, and neomycin in the 1940s.5%>!
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Antibiotics may be classed into different categories based on their mechanism of action:

(1) Antibiotics targeting cell wall:

p-lactams interact with the penicillin binding proteins present in the bacterial cell walls thereby
inhibiting the synthesis of new peptidoglycans leading to disruption of peptidoglycan layers and
hence resulting in cell death. Examples: penicillins, cephalosporins, monobactams,
carbapenems.’?>* Glycopeptides on the other hands prevent binding of D-alanyl D-alanine portion
of peptide present in the peptidoglycan subunits to the penicillin binding proteins inhibiting cell
wall synthesis, for example vancomycin.>"’

(2) Antibiotics targeting bacterial membranes:

Polymyxins are a class of antibiotics that target the lipopolysaccharide present on the outer
membranes of Gram-negative bacteria leading to membrane damage and cell death. Examples:
Polymyxin B and Polymyxin E. Daptomycin, a lipopeptide is another example of this category
of antibiotics that inserts itself in the bacterial membrane leading to membrane rupture and hence
cell death.-%

(3) Antibiotics inhibiting biosynthesis of proteins:

Aminoglycosides are a class of antibiotics that binds to the 30s subunits of bacterial ribosomal
leading to faulty protein synthesis responsible for membrane disruption. Streptomycin,
gentamycin, neomycin and kanamycin represent this class of antibiotics. Tetracyclines are another
class of antibiotics that also binds to the 30s subunits, blocks their association with the tRNAs,
inhibits protein synthesis and induces cell death. Tetracycline, doxycycline and tigecycline are
some examples belonging to the tetracyclines class of antibiotics. Macrolides (erythromycin,
azithromycin etc.), lincosamides (lincomycin, clindamycin) and chloramphenicol represent
different class of antibiotics that bind to the 50s ribosomal subunits blocking peptide bond
formation between the amino acids. Oxazolidinones (linezolid) also represent a class of 50s
ribosomal subunit binding antibiotics that inhibits complex formation between the 50s and 30s
subunits.%1-63

(4) Antibiotics inhibiting nucleic acid synthesis:

Fluoroquinolones (ciprofloxacin, levofloxacin, ofloxacin etc.) are a class of antibiotics capable
of blocking DNA replication by inhibiting the activity of DNA gyrase. Rifamycin (rifampin) is a

drug that blocks transcription by inhibiting RNA polymerase activity.5¢’
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(5) Antibiotics inhibiting metabolic pathways:

Sulphonamides (sulfamethoxazole, dapsone) are a class of antibiotics that function as
antimetabolites acting as competitive inhibitors for metabolic enzymes. Sulphonamides block the
production of dihydrofolic acid by inhibiting the enzyme involved in its production. This process
leads to an inhibition of folic acid synthesis required for the biosynthesis of pyrimidines and
purines which in turn is necessary for nucleic acid synthesis. Trimethoprim is another antibiotic
belonging to this category that blocks the production of tetrahydrofolic acid and consequently the

synthesis of folic acid and hence nucleic acids.®s%

Plasma Membrane

Polymyxins
Cell Wall Synthesis o oumng
p- Lactams Lipopeptides
* Penicillins Daptomycin

+ Cephalosporins
+ Carbapenems
* Monobactams
Glycopeptides
Vancomycin
Bacitracin

Ribosomes

305 subunit

+  Tetracyclines
» Aminoglycosides
50S subunit -

Metabolic Pathways

Folic acid synthesis
+ Sulfonamides

« Macrolidss Nucleic Acid Synthesis + Trimethoprim
+ Lincosamides DNA Synthesis
+ Chloramphenicol *  Fluoroguinolones
+ Oxazolidinones RNA Synthesis
+ Rifamycin

Figure 1.2. Targets within a bacterial cell for different classes of antibiotics.

1.4. Antifungal drugs

Antifungal drugs mostly operate by targeting the cell membranes of fungi. Fungi differ slightly in
their membrane composition from that of the mammals. Ergosterol is the key sterol that constitutes
the fungal membrane, unlike the cholesterol in mammals. Hence targeting ergosterol may serve as
a route to eliminate fungi selectively without damaging the host’s cells. Azoles are a class of

antifungal medicines that kill fungi blocking the biosynthetic pathway for the synthesis of

9
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ergosterol. Imidazoles (miconazole, ketoconazole, clotrimazole etc.), triazoles (fluconazole,
itraconazole) and allylamines (terbinafine) are some subcategories of this azole class of
antifungals. Polyenes are another class of antifungal drugs known to create pores in the plasma
membrane by binding to the ergosterol. Amphotericin B (AmpB), natamycin, and nystatin are three
major examples of polyenes. Thiocarbamates (tolnaftate) and morpholines (amorolfine,
fenpropimorph) are also two other classes of antifungal drug that inhibit ergosterol synthesis.
Echinocandins are a relatively new class of antifungal drugs that inhibit fungal cell wall synthesis
by acting as inhibitors of 1,3-B-D-glucan synthase, the enzyme necessary for the synthesis of an

important constituent of the fungal cell walls, namely B -glucan.”®7!

1.5. Antimicrobial drug resistance

In nature evolution is a natural process. Microbes are in a continuous mode of evolution in order
to combat the antimicrobial compounds produced by other microorganisms. Usage of
antimicrobial drugs have furthered fueled up this process of evolution. Factors like excessive usage
of antimicrobial compounds, their injudicious usage, incomplete dosages etc., have led to a
situation known as antimicrobial resistance in which the conventional drugs known to treat certain
infections are no longer effective. Repeated use of an antimicrobial compound against a species of
microbe over time may lead to mutations in their chromosomes eventually making them resistant
to that specific drug. These mutated chromosomes passed on to the subsequent generations will
eventually give rise to a population of microbes having resistant genes. Horizontal gene transfers
between microbes through plasmids or transposons may also be a reason for the development of
antimicrobial resistance in some microbes.”> A microbe may resist a drug in several mechanistic
ways.T>75

(1) Prevention of cellular uptake of antimicrobial drugs into the cells or efflux of antimicrobial
drugs from the cells

Prevention of cellular uptake may involve a change in the lipid composition of the microbial
membrane, decrease in the number of porin channels or porin channel selectivity.”® Small
hydrophobic molecules like B-lactams or quinolines that are capable of invading the bacterial cells
through the porins suffer resistance because of this mechanism.”” Carbapenem resistance acquired
in Pseudomonas aeruginosa is because of decrease in the number of porin channels.”® Efflux

pumps on the other hand are a class of membrane proteins in both Gram-negative and Gram-
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positive bacteria involved in pumping the antibiotics out of the cytoplasm before they can reach
their targets.”” Resistance to many of the antibiotics like B-lactams, macrolides, tetracyclines,
fluoroquinolones etc., are acquired through efflux pumps.°

(2) Enzymes inactivation

Resistance may also be acquired against different antibiotics through the resistant genes that
encode enzymes that bring about chemical modification or hydrolysis of antibiotics.®! B-
lactamases are enzymes that are known to hydrolyze B-lactams having ester and amide bonds.*?
Aminoglycoside-modifying enzymes (AMEs) are enzymes that reduce affinity of a modified
molecule to the ribosomal subunits providing resistance. Aminoglycosides and fluoroquinolones
are examples of drugs that become ineffective because of AMEs.*® Chloramphenicol
transacetylase is an enzyme responsible for acetylation of the hydroxyl groups of chloramphenicol
hence making it unavailable to bind with the ribosomal units.**

(3) Target modifications

Different group of antibiotics have a different set of targets in a bacterial cell and hence any
structural changes or modifications of the target prevents binding of the antibiotics at their targeted
sites making them ineffective. Changes in the structure of ribosomal subunits provides resistance
to tetracyclines and aminoglycoside,® changes in the structure of LPS provides resistance to
polymyxins,* mutations in DNA gyrase leads to fluoroquinolones resistance,®’ changes in the cell
wall precursor leads to glycopeptide resistance,®® mutations in RNA polymerase provides
resistance to rifampicin.®’

(4) Target overproduction or Enzymatic bypass

In many cases, resistance against a particular antimicrobial is acquired by a microbe through the
expression of an excessive amount of the target enzyme so that there are sufficient free enzymes
for the microbes to carry out their enzymatic functions even after antimicrobial binding.”®
Microbes may also develop resistance through the process of enzymatic bypass in which the
microbe avoids the target enzyme for its functioning. Resistance to sulfonamide is known to take
place by both these mechanisms.”!

(5) Target mimicry

This is a strategy in which the microbes produce proteins that prevent antimicrobials from binding
to their targets. MfpA protein produced by Mycobacterium tuberculosis binds DNA gyrase,

preventing binding of fluoroquinolones to DNA gyrase.”>**
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Figure 1.3. Different strategies adopted by microbes to develop resistance against antimicrobial

drugs.

1.6. Antimicrobial Resistance (AMR) and its consequences

Antimicrobial Resistance (AMR) is a phenomenon in which the existing drugs available to treat
the infections caused by microbes become ineffective. The most common form of antimicrobial
resistance is antibiotic resistance in bacteria, where bacteria develop resistance to the antibiotics
to which they are exposed. Resistance to antimicrobials is also reported in fungi, viruses and even
in the parasites.”® Repeated exposure of a drug to a microbe may lead to mutations making way
for the newer generations of microbes with better adaptability to the exposed drug, making it
ineffective. Microbes may also further transfer their genes to other microbes fueling the speed of
antimicrobial resistance. Excessive, inappropriate or incomplete dosages of antimicrobials in
health and non-health sectors (farming and animal husbandry), poor hygiene and sanitation
facilities and overall lack of newer drugs to tackle the crisis are some of the leading causes

responsible for the rapid spread of antimicrobial resistance.”*’
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Causes of Antimicrobial Resistance Consequences of Antimicrobial Resistance
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+ Infections in hospitals/clinics + Global health crisis

Figure 1.4. Causes of antimicrobial resistance and its consequences.

Antimicrobial resistance has given birth to some of the fatal drug resistant bacteria like
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus (VRE),
multidrug-resistant Mycobacterium tuberculosis (MDR-TB) and carbapenemase-producing
Enterobacterales (CPE).”®1% Several species of Aspergillus and Candida have also shown to
develop resistance against certain classes of antifungal drugs.'°! A study carried out by the Lancet
reveals as many as five million deaths took place in 2019 alone, as a result of infections caused by
resistant microbes. This figure is expected to increase many folds in the coming decades, if this

situation is not dealt with seriousness.'>1%

1.7. Antimicrobial peptides

104105 are a class of small protein

Antimicrobial peptides, also known as host defense peptides
molecules found in almost all classes of living organisms including animals, plants and
microorganisms.'%1%” These peptides serve as the first line of defense in a host’s intrinsic
immunity system by resisting the invasion of pathogenic microbes like bacteria, viruses, fungi and
sometimes even parasites.'?® These peptides, primarily synthesized as the secondary metabolites
have also been found to have anti- inflammatory, anti-tumor/ anti-cancer properties in many of the
cases in addition to their antimicrobial properties.'” These peptides have lengths varying up to

100 residues and may adopt different secondary structures like alpha-helices, beta-sheets, random

coils or a combination of these.!'*!!! Most antimicrobial peptides carry a net positive charge,

13
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although they may also be neutral or negatively charged.!'?!!3 Most of these peptides are also
found to be considerably rich in hydrophobic amino acids other than the positively charged amino
acids.!'*!15 Peptide length, sequence, secondary structures, net positive charge and hydrophobic-
hydrophilic balance are important parameters that are crucial for these peptides to display their
antimicrobial activity. Antimicrobial peptides are known to realize their activity through various

7 and modulation of immune

modes of action like membrane lysis,''® intracellular targeting'!
response.'!® Cationic AMPs mostly kill via membranolytic modes of action i.e., by targeting the
microbial membrane leading to membrane rupture followed by cell death. Intracellular modes of
action of AMPs involve inhibition of regular cellular processes by binding the bacterial DNA,
RNA or membrane proteins.!%® 1122 Antimicrobial peptides may also exert their activity indirectly
through immunomodulatory responses via recruitment and activation of immune cells, enhanced
pathogen clearance and controlled inflammation.'?! The multiple mechanisms of action of AMPs

are distinctly different from that of fixed intracellular targets of the conventional antibiotics,

making them less prone to generate antimicrobial resistance in microbes, and hence better

candidates to combat drug-resistant microbes.!'?*12?
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Figure 1.5. An introduction to antimicrobial peptides: length, source, secondary structures,

activity and modes of action.
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1.8. Antimicrobial peptides from natural sources

Antimicrobial peptides or AMPs have been isolated from almost all classes of living organisms
including bacteria, archaea, protists, fungi, plants and animals. 3146 antimicrobial peptides from
different natural sources have been identified or isolated till date as enlisted in the Antimicrobial

Peptide Database (https://aps.unmc.edu/).!**

Nisin (1928) was the first peptide based antimicrobial compound to be discovered, although its
structure was established much later.!?>"'?7 This was followed by the discovery of Gramicidin
(1939), isolated from Brevibacillus brevis and effective against pneumococci infection.'?8130
Purothionins (1942) present in endosperms of wheat and other cereals species are a class of
disulfide-rich basic antimicrobial peptides.'*! Purothionins exist in three isomeric forms namely:

132-135

al-purothionin, a2-purothionin and B-purothionin and have considerable antimicrobial

activity against different species of Pseudomonas, Xanthomonas and Corynebacterium.'*¢
Decapeptide Gramicidin S (1944) discovered by G.F. Gause was the first cyclic antimicrobial

peptide to be discovered (antibiotics) and used clinically.!"-13

Polymyxins (1947) are a class of another cationic antimicrobial compounds consisting of five
different compounds (Polymyxin A-E). Polymyxin B and polymyxin E (also known as colistin)
are only two from the group that are in clinical usage.'*"'*° Polymyxin B and colistin are more
selective in their activity against Gram-negative bacteria and are known to act by interacting with
the negatively charged lipopolysaccharides present on the outer membrane of Gram-negative
bacteria.'*!"1** Colistin is considered as one the last resort antibiotics for its high cytotoxicity and

lethal antimicrobial activity.'*

Melittin (1967) is a peptide of insect origin that constitutes the primary bioactive component (40-
60% of the dry weight) of the venom of European honey bee (Apis mellifera)'*-'46 It is a linear
cationic peptide with a chain length comprising of 26 amino acid residues, having significant
hydrophobic characteristics as well as the ability to adopt a-helical conformation.'*’'% Melittin

151

also has anti-cancer'®® and anti-diabetic'>! properties in addition to its excellent antimicrobial

properties.'>>153

Cecropins (1980) are class of insect-derived antimicrobial peptides, first isolated from the

hemolymph of Hyalophora cecropia or giant silk moths. Cecropin A, cecropin B were the first two
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peptides in the category to be isolated from Hyalophora cecropia and hence were named after the
species.* 137 Peptides with structural similarities to cecropins obtained from other species of

insects like papiliocin,'>® sarcotoxin'>® and stomoxyn'®’

etc., were subsequently discovered and
added to the cecropins group of peptides.'®! Cecropins in general have length varying from 31-39
amino acids, generally adopt alpha helical secondary structures having broad spectrum
antimicrobial activity against Gram-positive, Gram-negative bacteria, as well as fungi.'®*"'%* Some

of the cecropins have also been identified to have considerable anti-cancer potentials.'®®

Daptomycin (1986) is a cyclic lipopeptide and among only a few of the antimicrobial peptides till
date approved by the FDA for usage as a clinical drug.'%-1%” Daptomycin is highly active against
Gram-positive bacteria and is widely used to treat skin infections caused by Staphylococcus
aureus.'®81% Daptomycin has a mechanism different from most of the other antimicrobial peptides

as it damages bacterial membrane by membrane depolarization inducing leakage of ions.!7%-17!

Magainins (1987), are a family of antimicrobial peptides, that were isolated from the skin of frog
Xenopus laevis. Magainins, in general represents two peptides magainin 1 and magainin 2, both of
which are composed of 23 amino residues and have broad-spectrum antimicrobial activity against
Gram-positive, Gram-negative bacteria as well as fungi.!”>!”® These peptides are unstructured in
water, however, adopt a-helices in the presence of bacterial membranes.!’*!”” PGLa and peptides

with structural similarities are also included in the magainins family of peptides.'”

Tachyplesin (1988) is an antimicrobial peptide originally isolated from horseshoe crab (Tachypleus
tridentatus) having a length of 17 amino acid residues and containing two disulfide bridges.!”
Tachyplesin has a B-hairpin structure and has potential antimicrobial activity against a wide range

of microbes.'%°

Histatins (1988) are a class of histidine rich antimicrobial peptides secreted into the human saliva
by salivary glands.'®' These are a group of 12 proteins: histatin-1-12. Histatin-1, histatin 3 and
histatin 5 are three of the most common histatins and present as original sequences in the human
saliva, while histatin 2 is a proteolytic fragment of histatin 1 and remaining histatins are proteolytic
fragments of histatin 3.'82 Histatins are associated with several functions in the oral cavity and also

have been found to have considerable antimicrobial potencies. 8318
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Bactenecin (1988), an antimicrobial peptide containing 12 amino acid residues isolated from
bovine neutrophils is the first peptide to be discovered and classified under cathelicidins. Two of
the cysteine residues present in the peptide form a disulfide bond giving a folded structure to the
peptide.'®’. Bactenecin is known to display excellent antimicrobial activity against Gram-negative

bacteria, however it is also known to display considerable cytotoxicity.'88-19

Apidaecins (1989) are a class of antimicrobial peptides isolated from the lymph fluid of the
honeybee (4pis melifera). These peptides are 18-20 amino acid residues long and are highly rich

in proline, usually unstructured and are known to be active against a wide range of microbes.'!-
192

PR-39 (1991), named after the high content of proline (P) and arginine (R) in its sequence and
having a total of 39 amino acid residues, isolated from the intestine of pig, is another antimicrobial
peptide categorized under the cathelicidin group.!”3'®> This peptide is found to exhibit broad-
spectrum antimicrobial activity against a number of microbes including some multidrug-resistant
variants.!*51%® This peptide has an intracellular mode of action unlike majority of the antimicrobial

peptides that kill via a membranolytic mode of action.'®’

Human a-Defensins are a group of six antimicrobial peptides: HNP 1 (1985), HNP 2 (1985), HNP
3 (1985), HNP4, HD 5 (1992) and HD 6 (1993).2°2% HNP 1-4 are expressed in the human
neutrophils and hence are named as named as human neutrophil peptides, while the other two
peptides HD5 and HD6 are expressed in the human intestine by Paneth cells.?*>2° Human o-
Defensins were found to be highly active against a wide range of microbes.?’’ B-defensin are
another class of antimicrobial peptides abundantly found in bovine sources, humans and also in
birds.2%2!' hBD 1 (1995),2!2 hBD 2 (1997),>'3 hBD 3 (2001)*'* and hBD 4 (2001)?' are some of
the widely studied human beta defensins peptides.

Indolicidin (1992) is an antimicrobial peptide with a length of 13 amino acid residues, present in
the bovine neutrophils.?!® This is a peptide with high arginine content and is known to display
antimicrobial activity against a wide range of Gram-negative and Gram-positive bacteria as well

as fungi, having a membranolytic mode of action.?!”22

Protegrins (1993) are a class of antimicrobial peptides isolated from the porcine leukocytes,
containing 16-18 residues of amino acids, having double disulfide bridges and hence B-sheet
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structures.??! These peptides have broad-spectrum antimicrobial activities against a variety of

microbes.??>?%3

Esculentins (1994) are a class of AMPs that represent a large number of peptides isolated from the
skin secretions of a wide variety of frog species. Esculentins are active against Gram-positive,

Gram-negative bacteria as well as fungi.??+22

Temporins are a group of antimicrobial peptides first isolated in 1996 from the skin of frog Rana

2

temporaria,”*’ with numbers exceeding more than 130 till date.??® Temporins have been isolated

from different genera of frogs like Lithobates, Pelophylax, Hylarana, Odorrana, Amolops etc.?*
Temporins have a sequence length ranging from 8-17 amino acid residues, most being of 13
residues.??23° These peptides contain arginine mostly as the basic amino acid imparting positive
charge, although lysine residues are also present as the basic amino acid in many of the sequences.
Overall, they bear a charge of 0 to +3 and are in general are amidated at the C- terminus.?3%-23!
Temporins, generally unstructured in water, are known to adopt a-helices in the presence of
microbial membranes or membrane mimics.?3>?** Temporins kill bacteria via a membranolytic
mode of action. Initially they interact with the lipopolysaccharide of the outer membrane of Gram-
negative bacteria or lipoteichoic acid of the Gram-positive bacteria, followed by inner membrane

permeation and finally cellular rupture.??%-234-23

Thanatin (1996) is a 21 amino acid containing antimicrobial peptide first isolated from the spined
soldier bug or Podisus maculiventris.*® This AMPs has a disulfide linkage due the presence of
two cysteine residues in it and hence has a B-hairpin structure in both solution as well as in the
presence of microbial membrane mimics.??®?*° Thanatin is known to exhibit excellent
antimicrobial potency against a wide range of Gram-negative, Gram-positive bacteria and fungi,
both in vivo and in vitro, and having both membranolytic as well as intracellular modes of

action.240-241

Buforins (1996) are antimicrobial peptides first isolated from the stomach tissue of the Asian toad
Bufo bufo gargarizans.>** Buforin I is an antimicrobial peptide, 39 amino acid residues long, while
buforin II, a derivative of buforin I, is an antimicrobial peptide with 21 amino acid residues. Both
the peptides are highly active against a wide range of Gram-negative, Gram-positive bacteria as

well as fungi, buforin II being superior in its activity than buforin .24
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Cyclotides are a class of antimicrobial peptides obtained from the plant sources, that are typically
28-37 amino acid residues long and having a cyclic cystine knot (cck). These peptides are head to
tail cyclized and interconnected through three disulfide bridges linking the six cysteine residues in
the sequences.?**24 Kalata B1 (1999) belonging to the M&bius family of cyclotides is one the

most studied antimicrobial peptides from the group.247-243

Ponericins (2001), isolated from ant species Pachycondyla goeldii are a group of fifteen peptides,
grouped into three classes G, L and W, having significant antimicrobial activities against Gram-
positive and Gram-negative bacteria.>** Dermcidin (2001) is an antimicrobial peptide of human
origin that is secreted into the sweat, by sweat glands, having broad-spectrum antimicrobial

activity retained over a broad pH range as well as in high salt concentrations.>>

Halocidin (2002) is a 33 amino acid containing peptide containing two sub-units having lengths
of 18 and 15 amino acid residues, linked together by a disulfide bridge. Halocidin was isolated
was from Halocynthia aurantium and showed considerable activity against both the Gram-

negative as well as the Gram-positive bacteria.?!

Plectasin (2005) categorised as a defensin is an antimicrobial peptide from the fungus source

Pseudoplectania nigrella that could cure mice of pneumonia while displaying no cytotoxicity.?>

Lasioglossins (2009) are a group of three fifteen amino acid residues peptides lasioglossin I,
lasioglossin II and lasioglossin III, having antimicrobial activity against Gram-negative/ Gram-

positive bacteria, anti-cancer potencies while displaying low hemolysis.?>

Lucifensin (2010), is an antimicrobial peptide composed of 40 amino acid residues, with three
disulfide bridges and are secreted in to the wounds as a disinfectant by blowfly (Lucilia sericata)
larvae during a medical process call maggot therapy.>>* Lucifensin is categorized as an insect
defensin I and has better activity against Gram-positive bacteria compared to that of Gram-

negative bacteria.?>

Temporin-SHf (2010), isolated from the skin of the frog Pelophylax saharica is an eight-residue
antimicrobial peptide with high phenylalanine content displaying broad spectrum antimicrobial
activity against a wide range of Gram-positive/Gram-negative bacteria and yeasts while adopting

o helices seen in the presence of membrane mimics.?*®
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Figure 1.6. Some examples of antimicrobial peptides (AMPs) isolated from nature: (A)

Gramicidin S, (B) Colistin or Polymyxin E, (C) Daptomycin and (D) Protegrin 1.
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Gageotetrins A-C (2014) are three lipopeptides isolated from a marine Bacillus subtilis, that
showed potent antimicrobial activity with no cytotoxicity.”>’ Copsin (2014) is an antimicrobial
peptide isolated from the fungus Coprinopsis cinerea, capable of killing bacteria by inhibiting their

cell wall synthesis.>*®

Teixobactin (2015), isolated from the soil bacteria Eleftheria terrae, is a macrocyclic depsipeptide.
It contains some unusual amino acids like 1-allo-enduracididine and methylated phenylalanine, and
is found to be very potent against Gram-positive bacteria with absence of resistance development

in microbes against itself.>> Teixobactin kill microbes by inhibiting cell wall synthesis.>*

cPcAMPI and its derivative cPcAMP1/26 (2016) isolated from the unicellular protist Paramecium
caudatum displayed considerable antibacterial activity interacting with the LTA/LPS present in the

outer membranes of the microbes.?!

Lugdunin (2016) is a cyclic non-ribosomal peptide, isolated from the nasal bacteria
Staphylococcus lugdunensis present in the humans and found to be bactericidal against

Staphylococcus aureus.*s

Urumin (2017) isolated from the skin of frog Hydrophylax bahuvistara is a 27 amino acid residue
antimicrobial peptide discovered in the recent times and was found to display antiviral activity

against influenza viruses.?*

Turl A and TurlB (2018) are two proline rich antimicrobial peptides, isolated from the sea dolphin
Tursiops truncates that displayed bacterial killing. Tur1 A had a non-membranolytic mode of action

of killing microbes. It inhibited protein synthesis by binding to the ribosomes.?**

Very recently a 30 mer peptide Nv-CATH (2022) discovered from skin of the frog Nanorana
ventripunctata, displayed broad-spectrum antibacterial activity against both Gram-negative and
Gram-positive bacteria. It was additionally found to display immunomodulatory properties by
repressing the production of NO, IL-6, TNF-o, and IL-1p.2% The AMPs from the natural sources

as discussed above are summarized in the table 1.4 below.
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Figure 1.7. Chemical structure of of some antimicrobial peptides (AMPs) isolated from nature:
(A) Temporin L, (B) Lasioglossin III, (C) Temporin SHf, (D) Lugdunin, (E) Teixobactin and (F)
Gageotetrin A.
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Table 1.4. Antimicrobial peptides (AMPs) from natural sources.'2>263
AMP Source Physiological Properties Targets/ Modes of
action
Nisin Lactococcus 34 aa res; polycyclic peptide; Gram-positive bacteria;
lactis contains uncommon amino pore formation and cell
acids wall synthesis inhibition
Gramicidin Brevibacillus Mixture Gramicidin A, B and C | Gram-positive bacteria;
brevis each having 2 isomers and 15 act as a channel forming
aares ionophores inducing
pore formation
Gramicidin S Brevibacillus Cyclodecapeptide; contains Gram-negative/Gram-
brevis uncommon amino acids; - positive bacteria;

sheet structure

disruption of membrane
through formation of

ionophores
Purothionins Endosperm of | Contains 8 cysteines forming 4 | Different species of
wheat disulfide bridges Pseudomonas,
Xanthomonas and
Corynebacterium
Polymyxin B Bacillus Cyclic lipodecapeptide Gram-negative bacteria,
polymyxa binds to the LPS of
Gram-negative bacteria
Polymyxin E Bacillus Cyclic lipodecapeptide Gram-negative bacteria;
(Colistin) polymyxa binds to the LPS of
Gram-negative bacteria
Melittin Honeybee 26 aa res; consists of two a- Gram-negative/Gram-
(Apis helical segments joined in a positive bacteria;
mellifera) “bent rod” configuration antitumor activity;
membrane lysis
Cecropins Insects; first 31-39 aa res; adopt a-helices in | Gram-negative/Gram-
isolated from the presence of membrane/ positive bacteria and
Hyalophora membrane mimics fungi; anticancer
cecropia activity; membrane
binding driven by
electrostatic interactions
and pore formation
Daptomycin Streptomyces Cyclic lipopeptide Gram-positive bacteria;
rOSeosporus binds to the cell
membranes
Magainin Skin of frog Two types: Magainin A & B, Gram-negative/Gram-

Xenopus laevis

both 23 aa res; adopt a-helices

positive bacteria and
fungi; membrane lysis

TH-3644_186122042
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Tachyplesin Horseshoe crab | 17 aa res; B-hairpin structure Gram-negative/Gram-
(Tachypleus positive bacteria and
tridentatus) fungi; membrane lysis

driven by electrostatics

Histatin Human saliva | Histidine rich; Histatin 1: 38 aa | Antifungal; disruption

res; Histatin 3: 32 aa res; of plasma membrane
Histatin 5: 24 aa res

Apidaecins honeybee (4pis | Proline rich; 18-20 aa res; Gram-negative bacteria;
mellifera) unstructured binding with outer

membrane

PR-39 Porcine Proline & arginine rich; 39 aa | Gram-negative/Gram-

res positive bacteria;
inhibits protein & DNA
synthesis;
immunomodulatory
activities

Human Human HNP1: 30 res; HNP 2: 29 res; Gram-negative/Gram-

Neutrophil neutrophils HNP 3: 30 res; HNP 3: 33 res positive bacteria, fungi

Peptides 1-4 and enveloped viruses;

(HNP 1-4) membranolytic

interactions;
immunomodulatory
activities

Human a- Paneth cells of | 32 aa res; 3 disulfide bridges Gram-negative/Gram-

Defensins 5

human small

positive bacteria;

intestine membrane lysis
Protegrins Porcine 16-18 aa res; 2 disulfide Antibacterial,
leukocytes bridges; antifungal; membrane
anti-parallel B-strand structure | disruption
Esculentins Skins of Esculatin 1a: 46 aa res; Gram-negative/Gram-
different Esculatin 2a: 46 aa res; positive bacteria and
species of a- helical structure fungi; membrane
frogs e.g., binding interactions
Rana
esculenta,
Rana palustris
Temporins Skin of 8-17 aa res; adopts a- helical Gram-negative/Gram-
different structure in the presence of positive bacteria;
genres of frogs | membranes interaction with LPS or
including LTA present on the outer
Rana, membrane of bacteria
Lithobates,
Pelophylax,
Hylarana,
Odorrana,
Amolops
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Thanatin Podisus 21 aares; 1 disulfide linkage; Gram-negative/Gram-
maculiventris | B-hairpin structure positive bacteria and
fungi; membranolytic as
well as intracellular
mode of action
Buforin Asian toad Buforin 1: 39 aa res; Gram-negative/Gram-
Bufo bufo Buforin 2: 21 aa res; positive bacteria and
gargarizans adopt a- helices fungi;  inhibits  the
cellular functions by
binding to DNA and
RNA
Kalata B1 Oldenlandia Belongs to Mobius family of Gram-negative bacteria;
affinis cyclotides; 29 aa res; head to membrane lysis
tail cyclized with three
disulfide bridges
Ponericins Ant 24-31 aares; 3 sub-categories: | Gram-negative/Gram-
Pachycondyla | Ponericin G, W and L; adopts | positive bacteria;
goeldii a- helical structure in the membrane lysis
presence of membranes
Dermcidin Human sweat | 47 aa res; hexameric linear o- Gram-negative/Gram-
glands helical bundle structure positive bacteria and
fungi; binds to the
microbial envelops and
signals inhibition of
RNA/protein synthesis
Halocidin Halocynthia Total 33 aa res: two linear Gram-negative/Gram-
aurantium peptides one of 15 aa res and positive bacteria and
another of 18 aa res linked by a | fungi; membrane lysis
disulfide bond
Lasioglossin III | Lasioglossum | 15 aa res; a-helical in the | Gram-negative/Gram-
laticeps presence of membranes positive bacteria;
membranolytic as well
as intracellular targets
Lucifensins Blowfly 40 aa res; three disulfide Gram-negative/Gram-
Lucilia bridges positive bacteria;
sericata membrane lysis
Temporin-SHf | Skin of frog 8 aa res; high phenylalanine Gram-negative/Gram-
Pelophylax content; adopts a- helix in the | positive bacteria and
saharica presence of membranes fungi; disrupts the acyl
chain packing of anionic
lipid bilayer
Gageotetrins Marine Gageotetrin A: lipo-dipeptide; | Fungi; membrane lysis
Bacillus Gageotetrin B & C: lipo-
subtilis tetrapeptide
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Copsin Inky cap 57 aares; contains one a-helix | Gram-positive; inhibits
mushroom followed by two B-strands and | the cell wall synthesis
Coprinopsis is stabilized by six disulfide
cinerea bonds
Teixobactin Gram-negative | 11 aa res; macrocyclic; contains | Gram-positive bacteria
bacteria unusual and D-amino acids including drug-resistant
Eleftheria strains; inhibition of cell
terrae wall synthesis
CPcAMP1/26 | Protist CPcAMPI: 91 res; Gram-negative/Gram-
Paramecium CPcAMP1/26: 26 res; adopt a- | positive bacteria; bind
caudatum helical structure in the presence | to LPS/LTS, induce
of membrane mimics membrane
permeabilization,
depolarization and
increase in intracellular
ROS levels
Lugdunin Staphylococcus | Cyclic; consists of 6 aa res and | Gram-positive bacteria
lugdunensis a thiazolidine moiety including drug-resistant
present in strains; inhibits target
human nose bacteria by dissipating
their membrane
potential
Urumin Skin of frog 27 aares Influenza A virus;
Hydrophylax targets glycoprotein
bahuvistara hemagglutinin and
destroys influenza
virions
Turl A Bottlenose 32 aa res; Proline-rich Gram-negative bacteria;
Dolphin inhibits protein
Tursiops synthesis by binding
truncates with the ribosomal
tunnel
Nv-CATH Skin of the 30 aares Gram-negative/Gram-
frog Nanorana positive bacteria;
ventripunctata immunomodulatory
activities

1.9. Classification of Antimicrobial peptides (AMPs)

Antimicrobial peptides can be classified based on different aspects like (a) source, (b) secondary

structures, (c) activity and (d) amino acid conten

t.106

1.9.1. Classification based on source
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Antimicrobial peptides have been isolated from different sources like mammals, insects,
amphibians, marine organisms, plants and microorganisms. Defensins, cathelicidins, histatins,
lactoferricin, dermcidin, protegrins etc., are examples some of the AMPs studied widely that have
been isolated from different mammalian sources including humans, bovine, cattle etc.?6¢2% Insects
are a source of innumerous antimicrobial peptides like insect defensins, cecropins, attacins,
lebocins, drosocin, diptericins, metchnikowin, ponericins, jelleines, apisimin, pyrrhocoricin,
persulcatusin, melittin etc.?’® Almost one fourth of the total number of AMPs enlisted in the

Antimicrobial Peptide Database or APD3 (https://aps.unmc.edu/) are from the amphibian sources

and have been isolated mostly from the skins of frogs or toads.?’! Temporins, bombinins, aureins,
maximin, brevinins, gaegurins, esculentins, magainins, dermaseptins, tigerinins, nigrocins,
japanicins, palustrins, ranatuerins etc., are some of the AMPs that have been isolated from the
amphibians.?’>?"*A large number of AMPs with varying lengths, secondary structures,
amphiphilicity have also been isolated from a wide variety marine organisms till date like
clavanins, styelins, piscidins, halocyntin, hedistin, myxinidin, pleurocidin, arasins, astacidins,
chrysophsins, crustins, hepcidins, myticins, aurelin, damicornin, penaeidins, strongylocins,
tachyplesins, poliphemusins, discodermin A etc.?’*2"7 Plants too produce a large number of AMPs
that are broadly classified into different categories like thionins, plant defensins, hevein-like
peptides, knottins, stable-like peptides, lipid transfer proteins, snakins, cyclotides, a-hairpinin
family etc.?’®-2%? Several antimicrobial peptides have been isolated from the microorganisms like
bacteria, fungi and protozoans.?®® Nisin, mersacidin, pediocins, lactococcins, acidocins are some

285

AMPs produced by lactic acid bacteria.?®* Enterocins are produced by E. faecium,*® iturins are

produced by Bacillus sp.,”*® viscosins, amphisin, tolaasin and syringomycins are produced by

128-129, 137

Pseudomonas sp.,**” gramicidins are produced by B. brevis , subtilosin A is produced by

289

B. subtilis,®® lacticin 3147 is produced by Lactococcus lactis®® etc. Plectasin produced by

Pseudoplectania nigrella is an AMP of fungal origin.>>

1.9.2. Classification based on secondary structures
Antimicrobial peptides can be classified into different categories based on their secondary
structures: a-helical peptides, B-sheet peptides, B hairpin peptides, afy mixed structure peptides,

extended peptides, looped peptides and cyclic peptides.>*-2%*

a-helical peptides are typically
amphipathic peptides that may have a-helical secondary structure (in water) or may adopt a-helical

conformation in the presence of membranes or membrane mimetics. Melittin, magainin 2,
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cecropins, LL-37, clavanin etc., are some peptides with a-helical structures.?*>2% B-sheet peptides
have B-strands linked through disulfide bridges that form sheet-like structures. Defensins from
humans, animals and plants, bovine lactoferrin, protegrins are some of the AMPs having -sheet
structures.?®*%! B-hairpin peptides are peptides having hairpin-like structure stabilized by
disulfide bridges or hydrogen-bonding interactions. Tachyplesin I from horseshoe crab and
thanatin from spined soldier bug are examples of AMPs with B-hairpin structures.’**3% Mixed
peptides are AMPs having a combination of both a-helices and B-sheets. Peptides belonging to the
cis-defensins superfamily are a class of peptides having both a-helical as well as B-sheet structure
within the same molecule e.g., plant C8 defensin NaD1, human beta-defensins 1 (hBD1) etc.3%43%
Extended peptides are AMPs that adopt no specific regular conformations like a-helices or B-sheets
and are generally rich in certain amino acid residues like proline, arginine, tryptophan glycine etc.,
like indolicidin and histatins etc.>%-3%718! [ ooped peptides are peptides forming loops or cycles
through disulfide linkages e.g., cyclotides from plants.>® Cyclic peptides are peptides that are head
to tail cyclized (i.e. bond between the N- and C-termini). Gramicidin S, tyrocidine, polymyxins,

daptomycin, echinomycin, cyclosporin A, aureobasidin A are typical cyclic AMPs, 37309314
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Figure 1.8. Secondary structures of some representative antimicrobial peptides collected from

PDB. (A) Magainin 2 (a-helical, PDB id: 2MAG), (B) Clavanin (a-helical, PDB id: 6C41), (C)
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HNP (B-sheet, PDB id: 3HJD), (D) Human alpha-defensin 1 (B-sheet, PDB id: 3LVX), (E)
Tachyplesin I (B-hairpin, PDB id: 2RTV), (F) NaD1 (aff mixed, PDB id: 4AAZ), (G) Indolicidin
(extended/ random coil, PDB id: 1G89), (H) Kalata B1 (looped, PDB id: 1K48).

1.9.3. Classification based on activity

Antimicrobial peptides can also be classified based on their activity: antibacterial peptides,
antifungal peptides, antiviral peptides, antiparasitic peptides, anti-inflammatory peptides, anti-
cancer peptides etc.’!® Antibacterial peptides constitute the majority of the antimicrobial peptides
isolated from natural sources. Some AMPs have broad spectrum antimicrobial activities against
both Gram-positive and Gram-negative bacteria, while others may be selective against either of
the Gram-positive or Gram-negative bacteria.>'® Most antibacterial peptides have a membranolytic
mode of action, however some may have intracellular targets (modes of action in details have been

discussed later).>!”

a and B-defensins from different sources, cathelicidins, magainins, cecropins,
protegrins, melittin etc., are some major classes of the antibacterial peptides.’!®3!° Antifungal
peptides constitute the second most abundant peptides in the library of AMPs after the antibacterial
peptides. Antifungal AMPs like antibacterial peptides may target the fungal membranes or may
have intracellular targets.>?*3??> Several peptides belonging to o and B-defensins, protegrins,
cathelicidins, histatins, dermaseptins, magainins, cecropins group of AMPs have antifungal
activities.*?*324 Certain peptides have also been found to have antiviral properties. Peptides may
target viruses in different mechanistic ways: (a) it can directly disrupt the viral envelops thereby
damaging the virions and hence their ability to infect; (b) it can prevent the interactions between
the viral surface proteins and the host cell receptors by binding to them; (c) it may even inhibit the
replication of viral genomes by binding to viral nucleic acids or interfering with the viral

polymerase enzyme,?63:325-328

Several peptides belonging to revinins, caerins, circulins,
cycloviolacins, dermaseptins, esculatins, human beta defensins (1, 2 & 3), human neutrophil
peptides (5 & 6), LL-37 are typical AMPs with antiviral properties.’?° Antiparasitic peptides are
peptides with activity against protozoa (such as Plasmodium spp., Trypanosoma spp., and
Leishmania spp.) or helminths (parasitic worms). Membrane disruption, prevention of parasites
from invading host cells by binding to and neutralizing surface molecules essential for host-cell
recognition and entry, disruption of intracellular processes are some of the mechanistic steps by

which these peptides function. Bombinins, temporins, dermaseptins, melittin, apidaecins,

cecropins, tachyplesin, clavanins, cecropins, thionins, tyrocidines, histatins and indolicidin are
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some of the examples of the antiparasitic peptides.>****! Some of the antimicrobial peptides in
addition to their antimicrobial activities may exert anti-inflammatory responses by suppressing the
pro-inflammatory cytokines or promoting the anti-inflammatory cytokines, neutralizing toxins like
LPS (inducers of inflammation) produced by the Gram-negative bacteria or by recruitment of
immune cells to the site of infection or inflammation. LL-37, human beta defensin 3, papiliocin,
dCATH are some representatives of anti-inflammatory AMPs.332-333 Anticancer properties of many
AMPs have also been detected. AMPs utilizes different methods to eliminate cancer cells including
direct disruption of membranes, binding with different intracellular targets to induce apoptosis or
through immune response modulation by generations of cytokines. Melittin, mastoparan,
cecropins, aureins, dermaseptins, lactoferricin B, magainins, buforins, human neutrophils peptides
1, 2 & 3, citropins, tachyplesin, polyphemusins, piscidins are some examples of antimicrobial
peptides with anti-cancer activities.**3*’A few of the AMPs belonging to brevinins, esculatins,
temporins, ranatuerins, magainins, pseudhymenochirins etc., were found to have anti-diabetic

properties.>*

1.9.4. Classification based on specific amino acids rich sequences

AMPs may also be classified based on the abundance of specific amino acids in their sequences
like proline rich AMPs, tryptophan-arginine rich AMPs, histidine rich AMPs, glycine rich AMPs
etc.!9633% Proline rich AMPs are AMPs with high proline contents in their sequences and are mostly
abundant in a wide variety of insects, crustaceans and mammals. Apidaecins, abaecin from
honeybee apis mellifera, drosocin from fruit fly Drosophila melanogaster are some proline rich
AMPs derived from insects. Arasinl from spider crab Hyas Araneus, penaeidins isolated from
shrimps belong to proline rich AMPs derived from crustaceans. Bac 5 and Bac 7 derived from
cows, PR-39 derived from porcine source are examples of mammalian derived proline rich
AMPs >34 Proline rich AMPs in general has a non-membranolytic mode of action e.g., binding
with the 70s subunit of the ribosomes and thereby inhibiting protein synthesis, binding and
inhibition of heat shock protein DnaK or protein-folding protein GroEL.>**%> AMPs with high
content of tryptophan and arginine in their sequences are quite common in different sources in the
nature.**6-**7 The reason for the co-occurrence of arginine and tryptophan in many of the AMPs is
the parallel or stacked arrangement between them that is energetically favourable.’*® Tryptophan
has a high affinity for the membrane bilayers because of the unique hydrophobicity-hydrophilicity

349-350

character associated with it, enabling its easy insertion into the membrane bilayers, while
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arginine because of its positively charged guanidine group can strongly interact with the
components of the negatively charged surfaces of microbial membranes such as

lipopolysaccharide, teichoic acid, or phosphatidyl glycerol phospholipid headgroups.>#¢

Hence,
tryptophan-arginine rich peptides generally operate via a membranolytic mode of action.
Indolicidin and lactoferricin from the bovine source, tritrpticin from the porcine source are some
of the eminent examples from this group.?!”3%033! Peptides with high histidine percentages in their

181,352

sequences like histatins in humans, sherpins from shepherd’s purse (Capsella bursa-

355 clavanins,>® Gad-1

pastoris),>? histidine-rich glycoprotein,*** AMPs derived from hard ticks,
and Gad-2 from Atlantic cod®"’ etc., constitute another classification. Primarily these peptides
inhibit microbes through a membrane disruption mechanism and have effect of pH on their
activities.**®3% Many AMPs also have a significant percentage of glycine residues present in them

and they are classified as glycine rich AMPs like attacins,**® gloverins,*®' diptericins,>®?

3 365 366

armadillidins,*®® acanthoscurrin,*®* hyastatin®®> serrulin®® sherpins®>® etc. Smaller size of the
glycine side chain provides AMPs with the flexibility and conformational adaptability crucial for
the peptide's ability to adopt various structures that are necessary for interacting with and

disrupting microbial membranes.*¢’

1.10. Limitations of the Antimicrobial peptides isolated from natural sources

Although more than 3000 antimicrobial peptides from different sources have been isolated till date,
not even a dozen of them are in use clinically or have been commercialized.**® There are several
factors responsible that limit the usage of antimicrobial peptides as commercial antibiotics.**® Most
of the AMPs discovered till date have failed the clinical trials, many of these have shown excellent
in vitro activities but have diminished in vivo activities. The first reason that limits the usage of
AMPs is their salt-sensitivity i.e. reduction of antimicrobial activity in the presence of
physiological concentrations of different salts.’’**7® Secondly, even if the peptides are less
sensitive in the presence of salts, proteases or peptidases (protein cleaving enzymes) present in the
biological systems degrade the peptides into smaller fragments thus reducing their
effectiveness.’’*37>Short half-lives of many of the peptides due to their degradation in the presence
of proteases/peptidases restrain their therapeutic potentials. Thirdly, serum present in humans (or
other mammals) containing different proteins may interact with the AMPs to reduce their

efficacies.’®377 Apart from these many of these peptides display cytotoxicity and induce
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hemolysis at concentrations close to their antimicrobial therapeutic dosages.?’837 And finally,
unfavorable economic viability for large scale commercial production is another factor that restrict
their mass scale production.®®® Other factors like protein folding responsible for antimicrobial
activities of many of the naturally occurring AMPs may not be induced in synthetically
manufactured sequences. Thus, all these factors possess some serious challenges in the path of

antimicrobial peptides or AMPs from the natural sources to be commercialized and used clinically.

* Proteolytic fragmentations
« Interactions with serum

: o AMPs from natural
e s sources

* Hemolytic + High manufacturing costs
Cytotoxic + Folding issues

Figure 1.9. Limitations of AMPs obtained from nature restraining them for clinical usages.

1.11. Synthetic antimicrobial peptides

The limitations of the naturally antimicrobial peptides have been discussed in the previous section.
AMPs can be tailored to generate synthetic AMPs based on their chain lengths, secondary
structures, net charge, hydrophobicity and amphiphilicity, to circumvent their shortcomings and
make them therapeutically superior. Design strategies of AMPs mainly include template-assisted
design, de novo design, and computer aided design. Modifications of AMPs may also involve
sequence truncations, deletions or substitutions of specific amino acids, modifications based on
physicochemical properties (hydrophobicity, charge), secondary structures, termini alterations (N-
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terminal acetylation, C-terminal amidation), incorporation/substitution of unnatural amino acids,
substitution with D-amino acids, lipidation, cyclisation etc.!°31-33 Various strategies adopted to
enhance the potency of natural AMPs and to overcome their inherent shortcomings are

systematically discussed here in details.

Stability Economic viability

» Sequence truncation
» De novo design

D-amino acids incorporation
Unnatural amino acids incorporation
Acetylation, amidation

Cyclization

Strategies to improve
Activity limitations of AMPs Toxicity

+ Sequence optimization
- Template based design Hydrophobicity modulation

* Charge modulation * iGhavgemrdularion
+ Secondary structure

modulation
+ Lipidation, amidation,

cyclization

Figure 1.10. Strategies to improve the limitations of antimicrobial peptides.

1.11.1. Template based design of AMPs

This method involves the design of new antimicrobial peptides by modification of the existing
antimicrobial peptide sequences as the templates. This method leverages known structures,
sequences and characteristics of effective AMPs to guide the design process, aiming to produce
new peptides that are both potent and selective against target microorganisms. AMP sequences
with known characteristics like secondary structures, net charge, hydrophobicity, activity are
chosen as templates. Modifications of the sequences may involve replacement of certain amino
acids with more hydrophobic or charged residues to enhance interactions with the bacterial
membranes and/or to reduce cytotoxicity. An increase in the antimicrobial activity of the peptide
magainin 2 was observed upon extension of its length through the addition of basic amino acids
1.e. either lysine or arginine both at the N-terminus as well as the C-terminus. Extension of the

peptide length led to an increase in the helical content of modified peptides and hence an overall
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improvement in the antimicrobial activity of the peptides were observed both against Gram-
negative and Gram-positive bacteria.’®* Magainin 2 amide modified by increasing the net charge
from +3 to +7 showed an increasing antimicrobial activity with increasing charge, however the
peptide with +5 charge was found to be the most selective among all having optimum
characteristics such as enhanced antimicrobial activity and minimal increase in the hemolytic
activity. Peptides with higher charge showed a simultaneous increase in their hemolytic activity,
the selectivity of such peptides could be increased by reduction of the hydrophobicity of the

hydrophobic helix surface.’®®

MSI-78, designed with magainin 2 as template through the
incorporation of several additional lysine substituents, increased its ability to form helix in the
presence of the membranes.’®® Another work revealed that stapling of a truncated magainin 2
derivative (17 amino acid residue fragment responsible for the antimicrobial activity of magainin
2) between its first and fifth position led to an enhanced antimicrobial activity with the retention
of insignificant hemolytic activity.®” CP-11 is a modified analogue of indolicidin modified by
increase of net positive charge through incorporation of additional lysine residues to the peptide
sequence keeping the chain length fixed. CP-11 showed an enhanced antimicrobial activity against
a number of Gram-negative, Gram-positive and fungal strains, compared to that of the parent
sequence indolicidin. CP-11C, the carboxymethylated analogue of CP-11, showed higher activity
compared to that of CP-11.%%¢ A disulfide-bonded cyclic analogue of the peptide CP-11, cycloCP-
11 displayed an overall reduced antimicrobial activity compared to that of the linear analogue.
However, the cyclic analogue displayed longer stability and better retention of antimicrobial ability
in the presence of trypsin compared to that of the linear analogue.>®” An increase in the net positive
charge added at the C and the N termini of the peptide bactenecin and its linear analogue led to an
overall increase in antimicrobial activities of the modified peptides.>*® TP1[F4A], TP1[I11A], and
TP1[C3A,C16A], designed by a systematic amino acid replacement of template tachyplesin-1, led
to an improvement of the therapeutic indexes with enhanced broad spectrum activity and low
hemolytic activity.>*! Modified analogues of FK-13 (residues 17-29 of LL-37 ), FK-13-al and FK-
13-a7, modified through incorporation of additional arginine and tryptophan residues as the
substituents, showed enhanced therapeutic indexes compared to that of the parent sequence.**?
Several other LL-37 template based truncated and modified peptides with enhanced antimicrobial
properties include GF-17, 17BIPHE2,*%* 17tF-W.3* 1G-13-1 and 1G-13-2 are two modified
analogues of truncated LL-37 engineered through varying charge and hydrophobicity that could
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inhibit the formation of Streptococcus mutans at low concentrations, along with display of anti-
inflammatory properties.**> Modulation of the core antimicrobial motif of bovine lactoferrin
(LfcinB6) through the increase of net positive charge and balance of hydrophobicity led to a
peptide SL with high antimicrobial activity against Enterococcus faecium compared to the parent
peptide accompanied by low mammalian cell cytotoxicity.”*® OMNG6, a 40 amino acid residue
disulfide bridged cyclic analogue of the peptide cecropin A, displayed good activity against several
Gram-negative bacteria including some multidrug-resistant strains, enhanced proteolytic stability
and no cytotoxicity.**” Truncation and modification of a peptide Cecropin 4 into a 18 amino acid
residue peptide C18 obtained through variation of the charge and hydrophobicity balance,
demonstrated high antibacterial activity against Gram-negative, Gram-positive bacteria and
yeasts.>*® Pap12-1, a truncated derivative of the papiliocin, modified into different sequences by
increase of the cationicity and amphipathicity, showed enhanced antimicrobial potencies compared
to that of their parent analogue. Pap12-6, having tryptophan at the C-terminus was found to be
most potent amongst all the designed peptides. It also displayed anti-inflammatory activity and
low cytotoxicity.>*® N-15 Cath-2, the 15-residue long N-terminal fragment of the antimicrobial
peptide CATH-2, was modified into several analogues based on a balance of charge, aliphatic
character and amphipathicity. Of all the designed peptides, peptide DP1 (LLK) appeared to be the
most potent of all having an overall increase in the antimicrobial activity with the simultaneous
decrease in the toxicity and hence a superior therapeutic index.*?® Template assisted modification
of temporin B through alanine scanning at different position of the sequence led to peptide
TB_ G6A with enhanced antimicrobial ability. TB G6A further modified through addition of two
lysine residues at the N-terminus produced a peptide TB_ KKG6A. The modified peptide
TB_KKG6A was more potent than TB G6A and displayed broad-spectrum antimicrobial
activity.*”! Another study on temporin B showed that its hydrophobic enhancement at the N-
terminus and cationic enhancement at the C-terminus enhanced its membrane interactions and
hence antimicrobial activity.*”> Template based modification of the antimicrobial peptide
temporin-WY2, into a perfect amphipathic analogue QUB-142 and two lysine-clustered analogues
6K-WY2 and 6K-1426 showed an overall increased antimicrobial activity as well as enhanced

therapeutic index compared to that of the parent peptides.**
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(A) ILPWKWPWWPWRR-OH (B)
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Tachyplesin-1 (TP1) TP1[I11A]
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Cecropin A

M-(Iﬁ.‘-KWKLFKKl EKVGQNIRDGIIKA-GP-AVAVVGQATQIA K-(IT-NHZ
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Figure 1.11. Template assisted design of antimicrobial peptides. (A) Template assisted
modification of CP-11C**® from indolicidin; (B) Design of TP1[I11A] based on tachyplesin-1
(TP1)*! and (C) OMN6*7 modified from cecropin A. All the modified analogues displayed

superior activity compared to that of their parent sequence.

1.11.2. De novo design of AMPs

AMP design strategies often rely on the consideration of empirical factors like length, charge,
hydrophobicity, amphipathicity, secondary structures etc. De novo design of antimicrobial
peptides refers to design of peptides not by modification of any existing sequences, but design of
novel peptides sequences based on theoretical models and principles of amphipathicity, charge,
helical structure, length etc. This design strategy generally utilizes selected amino acid residues
which are highly abundant in the natural AMP sequences. For example, WLBU2 is a synthetic
peptide designed based on a helical wheel model, derived through optimization of cationic and
hydrophobic properties for superior antimicrobial activity. WLBU2 showed excellent activity
against Gram-negative Pseudomonas aeruginosa as well as Gram-positive Staphylococcus aureus
both in the presence as well as in the absence of salts, together with high selectivity.*** De novo
design of peptides with sequences (KLAKKLA)3, (KLAKLAK)3;, (KALKALK)3, (KLGKKLG)3
and (KAAKKAA)3 showed good antimicrobial activity against Gram-negative and Gram-positive
bacteria, with the first three being cytotoxic, while the latter two being non-cytotoxic against 3T3
mouse fibroblast.*?> Peptides with designed sequences G(IIKK)nI-NH2 (n = 1, 2, 3 or 4) were

screened against several Gram-positive and Gram-negative bacteria as well as cancer cells and
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normal mammalian cells. Peptide with the sequence G(IIKK)3I-NH2 appeared to be the most
selective among all, having potent antibacterial and antitumor activity in addition to minimum
cytotoxicity against healthy mammalian cells.**S A series of 11 undecapeptide isomers having the
general formula LSK5W were designed and synthesized. The position of the tryptophan in the
sequence was varied from residue 1 to residue 11 in the sequences. Although the peptides displayed
similar antimicrobial activities but there were significant differences in their hemolytic activity
based on the position of tryptophan in the sequences. Peptide W7 (LSK5W7) displayed highest
therapeutic potential amongst all the peptides.*’’ Series of peptides designed with repeating units
of (WRX)n, where X represents I, L, F, W or K and n = 2, 3, 4, or 5 and were screened against a
number of Gram-positive and Gram-negative bacteria including some multidrug-resistant bacteria.
(WRK)4 and (WRK)s appeared to have the most optimum selectivity for bacterial membranes over
the mammalian cell membranes.*®® Triblock amphiphilic peptides (KnFmKn): K2F6K2, K3FsKs,
K4F6K4, K4FsK4 were synthesized and screened against Gram-negative E. coli and Gram-positive
S. aureus. All the peptides displayed some extent of antimicrobial activity against both the strains,
K3FeK3 being the most potent of all with activity comparable to many of the naturally occurring

AMPs, while displaying very low cytotoxicity.**”

NH, NH,

Figure 1.12. De novo design of AMPs. Helical wheel projection for the design of : (A) G(IIKK)sI-
NH2*%; (B) (WRK)4**® and (C) Chemical structure of Triblock amphiphilic peptides with general
formula (KaFmKan).*%

1.11.3. Modification of AMPs by deletions or substitutions of amino acids
AMPs require a minimum number of amino acid residues in their sequences for their antimicrobial
activity. Synthesis of large sequences of AMPs is not commercially viable, and thus sequences can

be shortened by deletion of individual/ stretches amino acid residue(s) from their sequences, that

38
TH-3644_186122042



Chapter 1

may not affect their antimicrobial activity. Substitution of certain amino acids with certain others
in the sequences of many of AMPs are found to result in enhancement of the antimicrobial activity
or reduction of cytotoxicity. Buforin II is a 21 amino acid bearing antimicrobial peptide having a
random coil region at the N-terminus (1-4 aa res), followed by an extended helical region (5-10 aa
res), a hinge (11 aa res) and finally another a-helical region (12-21 aa res) at the C-terminal. An
increase in the antimicrobial activity was observed upon truncation of the random coil region.*!
Similarly, the truncated derivatives of LL-37 like KR-12 (residues 18 to 29 of LL-37) and FK-13-
NH: (residues 17 to 29), retained their antimicrobial activities upon truncation.*!!**!3 Deletion of
the either of 15® or 16™ residue, or both of the 16" and 17" residues simultaneously from the
sequence of a 21 mer peptide thanatin, resulted in an increased antimicrobial activity of the
truncated peptides against Gram-positive bacteria.*!* C-terminal truncated peptide PC-13 (16 mer)
displayed an enhanced activity against Neisseria gonorrhoeae compared to that of its parent
sequence Protegrin 1 (18 mer).*!®> Replacement of glutamic acid with glutamine in the 19 position
in the sequence of the peptide magainin 2 as well as its amidation at the C-terminus yielded a
peptide 19Q-MG2a, while phenylalanine at the 12" position substituted with tryptophan yielded
12W-MG2, both of which were found to have enhanced antimicrobial activity compared to that of
their parent analogue magainin 2.4'® Replacement of E16 and K25 with two L residues and Q22,
D26 and N30 with three K residues in the sequence of an antimicrobial peptide K'>-V*? [part of
human cathelicidin LL-37 (L1-S37)] produced a peptide LLKKK which was far more superior
than its parent analogue.*'” Replacement of all the arginine residues by lysine residues in the
sequences of the peptide tritrpticin and its modified analogue SYM11,*'® to peptides TRK and
SYMI1KK respectively, led to an increased antimicrobial activity and decreased hemolytic

activity.*”
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(A)

Magainin 2
(MG2)

Buforin 11
(BUF 1II)

19Q-MG2a

BUF (5-21)

12W-MG2

Figure 1.13. Modification of AMPs through sequence truncation or amino acid substitution. (A)
Truncation of Buforin II (BUF II) to shorter analogue BUF (5-21) with enhanced antimicrobial
activity.*'? (B) Amino acid substitution in the sequence of Magainin 2 (MG2) to produce 19Q-
MG2a and 12W-MG2a with enhanced activity.*!®

1.11.4. N-terminal acetylation and C-terminal amidation

N-terminal acetylation or C-terminal amidation serves as another effective way to increase the
efficacy of the antimicrobial peptides. N-acetylation of the AMPs may lead to an increase in the
helicity of the peptides or the enzymatic stability of the peptides, while C-terminal amidation is an
effective strategy to strengthen the structural stability and an increase in net positive charge leading
to enhanced antimicrobial ability.*® C-terminal amidation of a short arginine-tryptophan
containing peptide Lfcl led to an increase in the antimicrobial activity of the modified peptide,
while N-terminal acetylation led to a decrease in the antimicrobial activity but increased protease
resistance.*?! N-terminal acetylation of a synthetic octapeptide L1A led to an increased affinity and
improved lytic efficiency against anionic vesicles as well as an increase in its helicity content.**?
A follow up study showed that acetylated form of the peptide L1A was able to penetrate deeper
into the inside regions of the membranes.*** N-terminal acetylation of a peptide L163 to L163-Ac
led to an increase in its antimicrobial ability against certain microbes, along with an increased
tolerance to temperature, pH, plasma and trypsin with the retention of low toxicity.*** Removal of
the C-terminal amidation of the peptide eumenine mastoparan-AF (INLLKIAKGIIKSL-NH>) to
its unmasked form INLLKIAKGIIKSL-COO", showed a reduction in helical content in the
presence of the membrane mimics as established through CD, NMR and MD simulations.**® C-

terminal deamination of a peptide maximim HS5 was found to be accompanied with a reduced
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helical content, lower hemolytic activity and lower penetration ability into the membrane mimics
of erythrocytes.*?® C-terminal amidation of the peptides Aurein 2.6-COOH and aurein 3.1-COOH
revealed an increase in the helical propensity in the presence of lipid bilayers.*?’” Amidation of a
peptide N6 at the C-terminus to generate N6NH2 resulted in an overall enhancement of the
antimicrobial ability in addition to improved trypsin resistance, reduced hemolytic activity and
enhanced inner and outer membrane permeation.*”® C-amidated form the peptide maculatin 1.1
displayed superior antimicrobial activity, better membrane disruptive ability compared to that of

the peptide in its acidic form.**
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Figure 1.14. (A) Amidation of a peptide RRWQWR (Lfc1) produces a peptide with enhanced
activity (Lfc2), while acetylation produces peptide with enhanced stability (Lfc3).**! (B)
Amidation of a peptide LPLIGGLLKGLL-NH2 (L163) produces peptide with increased

antimicrobial potency L163-Ac.***

1.11.5. Incorporation or substitution with D- amino acids
Naturally occurring amino acids in the sequences of proteins or peptides are almost exclusively

composed of L-configuration. Hence, peptides composed of L-amino acids are prone to proteolytic
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degradation if administered in the biological systems rendering them less effective. Inversion in
stereochemistry of the amino acids in the peptide sequences from L to D is characterized with a
significant proteolytic stability. Inclusion of D-amino acids also do not tend to decrease the
antimicrobial potency of the peptides, and sometimes even results in enhanced activity.***432 D-
enantiomers of the peptides cecropin A, magainin 2 amide and melittin as well as two synthetic
chimeric cecropin-melittin hybrid peptides were found to be completely enzyme resistant and were
almost equally as active as the L-isomers.*** D-amino acids substituted at the C-terminus or the N-
terminus or at the both ends of a peptide KKVVFKVKFKK to generate several diastereomers did
not alter their antimicrobial activities, however stability of the modified peptides in serum
improved significantly.*** Diastereomeric isomer of a peptide KsLo, injected intravenously to cure
neutropenic mice from the infections caused by drug resistant Pseudomonas aeruginosa and
Acinetobacter baumannii showed effective results, while the all L-isomer was ineffective.**> M33-
D, the D-isomer analogue of a branched peptide M33, displayed a remarkable improvement in its
antimicrobial activity against Gram-positive microbes compared that of its parent analogue along
with complete resistance against bacterial proteases. Additionally, mice infected with S. aureus
showed a 100% survival upon being treated with M33-D, compared to 0% survival with M33.43
D-CopA3, enantiomeric counterpart of the peptide CopA3 retained its antifungal activity and non-
hemolytic nature. The D-enantiomer however displayed complete trypsin stability and maintained
antifungal activity in the presence of the trypsin, while the L-isomer degraded and lost its activity
in the presence of trypsin.**’ II-D, with the peptide sequence i(llkk)2i, an all D-amino acid
containing peptide exhibited enhanced antimicrobial activity against different strains of M.
tuberculosis compared to that of its all L-amino acid containing counterpart, with a 4 times
improvement in the selectivity index.**® An all D-amino acids containing peptide klkl1111klk-NHa
exhibited superior antimicrobial activity compared to its all L-amino acid containing counterpart,
with complete protease resistance. The enhanced activity of the D-enantiomer was attributed to its
better binding to the peptidoglycan of S. aureus compared to that of the L-isomer.*** All D-amino
acid substitution of a peptide Polybia-CP to its enantiomeric form D-CP, and partial substitution
of one of its lysine with D-lys to the diastereomeric peptide D-lys-CP resulted in an enhanced
proteolytic resistance against trypsin and chymotrypsin for both the modified peptides.**° Partial
or full D-substitution of a peptide W3R6 to D-Arg-W3R6 and D-W3R6 respectively led to an

increased proteolytic stability of the modified peptides.**! Lipidated D-enantiomeric form of
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bactenecin, dBacK-(cap) was far superior in its antimicrobial activity with very low MIC values

compared to that its parent analogue.**

NH, Nty Ny NHy
(A)
i g T mof wo g Tt i " 1 u ||
""'\_J'Lx \\.)Lﬂ N‘/I'Ls \:/LL~ ‘\_)L\ \\_)L\u‘ \)L \J‘ \/lL \)'L \)L ’ﬁr
SR T ANESETEREE S E : TR n
NH. NH; NH NH
KKVVFKVKFKK-NH, (KSLK) i, KKVVFKVKFkk-NH, [Dlastereumt‘r 23
H H H i )\ it L/ i IJ
H, \\)\ ¢\_)‘Li‘, \_)L d: \n \¢I/\rr ft”/\n’ \‘JIL"/\IT ﬁ“ {
\II W\
NH;
LLCIALRKK-NH, (CopA3) lcialrkk-NH, (D-Cop n)
“ ARSI
E || E || i || II/\rr II/\W H/\rr H/\\n’ ?i/\!.l:
\II: '\u, N NH;
I{LLKK),I-NH, (1T} i(llkk),i-NH, (I1-D))

Figure 1.15. Incorporation of D-amino acids in the sequences of antimicrobial peptides. (A)
Substitution of the two C-terminal residues of peptide KSLK with D-amino acids showed
enhanced serum stability.*** (B) All-D enantiomer, D-CopA3 was completely stable compared to
that of its all L-isomer CopA3.#7 (C) All-D enantiomer, II-D displayed enhanced activity

compared to that of its all L-isomer II.%*3

1.11.6. Incorporation or substitution with unnatural amino acids

Proteolytic instability of the naturally occurring AMPs can be overcome by the substitution of
natural amino acid residues with unnatural amino acids in the sequences of the AMPs or by the
design of AMPs containing unnatural amino acids. Unnatural amino acids incorporated in the AMP
sequences are not recognized by the proteolytic enzymes present in the physiological systems, thus
making the peptides stable. Modifications of the backbone or introduction of new functional
groups in the side chains of peptides, through the incorporation of unnatural amino acids may
improve their interactions with the microbial membranes, decrease cytotoxicity or result in better
selectivity. f-amino acids, y-amino acids, a,o-disubstituted amino acids, analogues of lysine or
arginine with elongated/shortened side chains, fluorinated, methylated side chain modified amino

acids etc., have been effectively incorporated or substituted into the AMP sequences.*!***? Lysine
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at the N-terminus of a 11 residue peptide, MP was replaced with three different unnatural amino
acids with increasing positive charge [(+2) to (+4)] to yield three modified peptides MPU1-3. The
modified peptides bearing unnatural amino acids with increased net positive charge and bulkier
size led to an increased stability against the serum protease with an overall retention of
antimicrobial activity.*** Substitution of Aib at different positions in the sequence of a peptide
Temporin-1DRa, resulted in variation of their antimicrobial activities. Aib substituted at positions
4, 8 and 10 increased helicity percentages of the peptides, their antimicrobial activity as well as
cytotoxicity. Substitution of Aib at the position 6 significantly reduced the activity of the peptide,
while substitutions at positions 1, 2, 3, 5 and 7 did not induce any considerable changes in the
activities both in terms of antimicrobial potency or cytotoxicity. Substitution effected at positions
9, 13 and 14 produced to be fruitful amongst all, producing analogues with overall better
selectivity.*** A series of peptides incorporating unnatural amino acids residues like Tic
(tetrahydroisoquinolinecarboxylic acid) and Oic (octahydroindolecarboxylic acid) were designed
based on the sequence of magainin 2 as a template. Some of the designed peptides also
incorporated other unnatural amino acid residues like B-alanine, diaminopropionic acid, 4-
fluorophenylalanine, 4-nitrophenylalanine, GABA, y-aminobutyric acid, D-lysine, D-
phenylalanine in addition to the Tic or Oic units. Antimicrobial screening of the designed peptides
revealed that different peptides had different potency against different microbes based on their
membrane composition. Minute changes in the structure or the position of the constituent amino
acids might lead to significant differences in their potency against a particular strain.*
Substitution of all the arginine residues in the sequence of a peptide Sub3 with an unnatural amino
acid a~-amino-3-guanidino-propionic acid (Agp), led to an enhanced serum stability of the resulting
peptide without any reduction in the antimicrobial activity.**® A peptide Api88, with an unnatural
ornithine residue at the N-terminus linked to N,N,N,N-tetramethylguanidine was designed based
on the template of the peptide apidaecin 1b. The modified peptide Api88 displayed excellent
antimicrobial activity against a wide range of Gram-negative bacteria without inducing in vitro/ in
vivo cytotoxicity even at very high concentrations.**’ The peptide Api88 however showed very
low half-life in the presence of mouse serum. Removal of amidation at the C-terminus with free
acid as well as substitution of the Arg-17 with L-ornithine or L-homoarginine increased the serum
stability of the modified peptides by more than twenty folds. However, only the modified peptide

with free acid at the C-terminus could retain its antimicrobial activity.**® Replacement of the
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histidine residues with unnatural substituents B-naphthylalanine or -(4,4'-biphenyl)alanine led to
an increased salt-tolerance of the modified peptides.’’® Similarly, end tagging of B-naphthylalanine
in the sequence of a short Trp-rich antimicrobial peptide S1 produced analogue with enhanced
antimicrobial activity and higher resistance to salts.>’> Replacement of the lysine with ornithine at
the position 5 and 9 of an antimicrobial peptide Cbf-14 yielded the modified analogue Cbf-14-2
with enhanced antimicrobial activity. Cbf-14-2 also displayed low hemolysis and low cytotoxicity
and a higher percent of alpha-helical content than that of the parent sequence Cbf-14.4*° Natural
amino acids in the sequence of a peptide C18G were substituted with different unnatural amino
acids of varying lengths. All the leucine residues were systematically replaced with norleucine,
norvaline, cyclohexylalanine and aminobutyric acid in the sequence of the parent peptide C18G to
produce peptides C18G-Nle, C18G-Nva, C18G-Cha and C18G-Abu respectively. An overall
enhancement of activity was observed for the peptide C18G-Nle. C18G-Nva somewhat retained
its antimicrobial activity while the other analogues i.e. C18G-Cha and C18G-Abu lost their

antimicrobial activities in comparison to the parent peptide C18G.*°
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Figure 1.16. Peptides containing unnatural amino acids (highlighted in red) in their sequences.

(A) MPU2*? (B) Sub3-Agp™ (C) Cbf-14-2* and (D) C18G-Nle.***
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1.11.7. Lipidation of antimicrobial peptides

Lipidation or introduction of lipids into the sequences of antimicrobial peptides is another effective
strategy to overcome the limitations of the naturally occurring AMPs. Lipidation increases the
hydrophobicity and permeability of antimicrobial peptides through enhanced interactions with the
microbial membranes. It may also help in reduction of toxicity toward mammalian cells, thereby
enhancing selectivity. Proteolytic stability may also get enhanced on introduction of lipid moieties
in the AMP sequences. Lipids may be incorporated at different sites of antimicrobial peptides like
at the N-terminus, at the C-terminus or at the side chain. Effective incorporation of cholesterol and
fatty acids of different lengths into AMPs are shown to have considerable effect on their
properties.**!"*>3 Incorporation of fatty acyl chains C-8, C-10 and C-12 at the N-terminus of an
antimicrobial peptide CG 117-136 resulted in an enhanced activity with increased helical content,
better ability to disrupt lipid membranes compared to the that of parent peptide, while retaining
non-cytotoxicity in vivo.*** Tetrapeptides with sequence KXXK (X =L, A, G, K, or E), amidated
at the C-terminus and having one D-amino acid were conjugated with fatty acids of chain length
12,14 and 16. Fatty acids conjugation rendered the peptides sequences with antimicrobial potency.
Peptides C16-KGGK, C16-KAAK and C16-KKKK were found to be most active amongst all,
while C12-KAA4K and C16-GIGK (Italics word denote D-amino acids) were the least potent.**
Fatty acid conjugation of an 18-residue peptide AKK led to increased antimicrobial activity
parallelly with increase in chain lengths from C-12 to C-18, compared to that of the unconjugated
parent peptide sequence. Conjugation with chain lengths beyond C-18 i.e. C-20 led to a decrease
in the antimicrobial potency owing to increased self-assembling property (low CMC).*° N-
terminus of three peptide scaffolds composed of 3, 4, and 5 ornithine residues were acylated with
myristic acid, palmitic acid, and stearic acid to yield nine lipopeptides. The peptides displayed
very good antimicrobial activity with high selectivity against microbial cells over the mammalian
cells, membranolytic modes of action, stability in human blood plasma and adversity towards
resistance development. The most potent of the series LP-16, also displayed in vivo antimicrobial
activity in infected mice.**’ Peptide dimers conjugated with fatty acid moieties resulted in
enhanced interactions with the lipopolysaccharides with better permeabilization resulting in
improved activity against Gram-negative bacteria. Fatty acids with chain lengths of 8-12 carbon
showed maximum selectivity.**® Side chain of lysine lipidated with a C8 acyl chain and added to

the C-terminus or N-terminus of a peptide sequence RWRWRW-NH2 showed improved

46
TH-3644_186122042



Chapter 1

antimicrobial activity without altering the mechanism of action of the parent peptide.*® A
heptapeptide BA250 was conjugated with fatty acids of length 8-14 carbons both at the C-terminus
and the N-terminus. The lipopeptides displayed potent antimicrobial activity against a number of
clinical isolates of P. aeruginosa, with BA250-C10 (BA250 conjugated with fatty acid of chain
length having 12 carbons linked at the C-terminus) being the most potent of all. BA250-C10 also
displayed potent biofilm inhibition properties and showed enhanced potency in combination with
antibiotics like colistin or tobramycin.*’ Saturated, unsaturated, methoxylated and methyl-
branched fatty acids of different chain lengths (C8-C20) conjugated to the N-terminus of a peptide
A2 (IKQVKKLFKK) resulted in an enhanced activity of the modified peptides against Gram-
positive/ Gram-negative bacteria and fungus. Peptides conjugated with fatty acids of chain length
C8 and C14 exhibited better antibacterial activity, while those conjugated with methoxylated and
enoic fatty acids appeared to be superior antifungal agents.**' Conjugation of a C-14 fatty acid
moiety to the N-terminus of small dipeptides or tripeptides containing lysine or arginine residues
endowed the ultra-short peptide sequences with potent antimicrobial properties. C14-RRR, was
considerably salt, serum and pH tolerant. The designed peptides had a membranolytic modes of
action and could both inhibit or disrupt biofilm formations.*®> 4-methylhexanoic acid conjugated
to the N-terminus of a peptide fragment derived from the human autophagy 16 polypeptide
displayed excellent activity against S. aureus with MIC values in the nano to low micromolar
ranges, and very good activity against Gram-negative pathogenic strains of P. aeruginosa and E.
coli.** Three lipopeptides, with the general formula of CyHan+1CO-D-Phe-Dab-Dab-Leu-NH> (n
=11, 13, or 15) were designed and synthesized. The designed peptides could penetrate the lipid
membranes mimicking bacterial membranes. The peptides were more potent towards Gram-
positive bacteria compared to that of the Gram-negative bacteria while displaying low levels of
hemolysis.*** KR-12 (a fragment of LL-37) was acylated with fatty acids of chain lengths C2-C14.
Peptides with C4-C14 were far superior in their antimicrobial activity compared to that the C2
derivative. The C8 derivative was the most potent of all with lowest MIC values against a wide
range of microbes. C-14 with higher aggregation properties inhibited its antimicrobial abilities
compared to that of the C-8 derivative with lesser aggregation properties.*®> A lipopeptide LP20,
was constructed by incorporation of palmitic acid at the N-terminus of a cathelicidin derived
peptide P-20. LP20 designed to have nanomicelle formulations displayed a higher helical content

in the presence of bacterial membrane mimics, better trypsin stability and an overall increase in its
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antimicrobial activity tested against a number of microbes compared to that of the parent sequence
of LP20.46® Short fatty acids (C2-C10) were attached to the e-amino of Lys8 and Lys13 of a peptide
WL (WLKKLKKKLKKLKKK) to yield five double-site lipidated peptides. Peptides with C2-C8
conjugations displayed an improvement in their antimicrobial activities while that with the C10
conjugation lost its activity compared to that of the parent WL. C6 conjugated WL or WL-Cs
appeared to be the most potent amongst all having lowest overall MIC values. WL-Cs studied
further revealed it to be potent against a number of drug-resistant strains, non-cytotoxic,
considerably salt tolerant and significantly protease resistant displaying membranolytic modes of

action.*¢’
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Figure 1.17. Lipidated peptides. (A) C16-KGGK*> (B) C-Cs*° and (C) WL-Cs.*¢’

1.11.8. Cyclisation of antimicrobial peptides

Cyclisation of peptides or design of cyclic peptides offers another solution to overcome many of
the drawbacks of the existing AMPs. Cyclic peptides in many of the cases have been found to be
antimicrobially more potent, proteolytically more stable and less cytotoxic compared to their liner
analogues. Cyclic peptides might be formed by bond formation in between the amino acids of the
peptide sequences through disulfide bridges, head to tail amide bond formation or through side

chain-side chain linkages.*%®*%” A series of eight or six residue cyclic peptides composed altering
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D and L amino acid residues were designed and synthesized. The cyclic D, L-a-peptides were
found to be effective against both Gram-positive and Gram-negative bacteria with low
cytotoxicity, proteolytic stability and membrane permeation mode of action. Linear analogue
designed for one such cyclic peptide with high antimicrobial activity was found to have
significantly reduced activity.*’® A pronounced improvement in the antimicrobial activity was
observed on head to tail cyclization of a hexapeptide with arginine and tryptophan. Cyclized
analogue with a conformational rigidity provided an amphipathic structure with positive charges
at the one end and aromatic groups at the other, increasing the depths of penetration into lipid
bilayers.*’! Self-assembling cyclic D,L-a-peptides were incorporated with D-glucosamine
(GIcNH2), D-galactose (Gal), or D-mannose (Man) glycosyl side chains. Specific glycosylation of
the peptides reduced cytotoxicity while retaining the antimicrobial potencies of the peptides.*’> A
series of 13 pseudopeptides composed of o-amino and aza-B>-amino acids were designed based on
de novo principles and synthesized. The peptides named as antimicrobial cyclic pseudopeptides or
ACCP 1-13 showed potency against a variety of microbes. Aza-B*-amino acids incorporation
ensured hydrophobicity and rigid backbones necessary for biological activities. The
pseudopeptides were also proteolytically far more stable with enhanced half-lives compared to that
of some naturally occurring AMPs.*" Peptidomimetic lipidated cyclic y-AA peptides were found
to display a broad-spectrum antimicrobial activity against a number of Gram-negative and Gram-
positive strains along with potent anti-inflammatory activity.*’* A number of cyclic cell penetrating
cyclic peptides, and their analogues were synthesized and screened for their antimicrobial activity.
Cyclic peptide [R4W4] was found to be most potent against MRSA, with MIC value few folds
lower compared to that of its linear analogue. Lipidation of the cyclic peptide [KRRRRR] with
octanoyl, dodecanoyl or hexadecanoyl chains led to a significant improvement in antimicrobial
activity of the conjugated analogues against MRSA.*> Antimicrobial bridged bicyclic peptides
(AMBPs) designed the concept of chemical space displayed activity against Pseudomonas
aeruginosa. Two of the AMBPs discovered were also capable of inhibiting biofilms and were
found to increase the activity of polymyxin-B in synergy.*’® A number of peptides cyclized via a
xylene double thioether bridge connecting the terminal cysteines placed at the ends of linear
sequences composed of alternating D and L-amino acids (composed of lysine and tryptophan
residues) were designed and synthesized. The synthesized peptides displayed potent antimicrobial

activity against Gram-negative Pseudomonas aeruginosa and Gram-positive Bacillus subtilis.
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Amongst all the designed peptides, RH11 with sequence [CWwWkKkKkWwC] was found to be
most potent of all and was additionally active against several clinal isolates of Pseudomonas
aeruginosa. RH11 was found to interact with the bacterial membranes to form lipid-peptide
aggregates.*’’ ZY-4, a 17-residue peptide cyclized through disulfide bridge between two cysteines
placed at the position 2 and at position 16 was designed and synthesized. The linear sequence of
ZY-4 was adopted through modification of a previously reported AMP Cathelicidin-BF-15. ZY-4
displayed excellent antimicrobial activity against P. aeruginosa, A. baumannii and some clinical
multidrug-resistant (MDR) strains. ZY-4 also showed improved proteolytic stability in vivo,
stability against the development of resistance and biofilm eradication properties.*’® A cyclic
peptide OIR3 with the sequence Cyclo-(IR)3P(IR)3P was found to have low MIC values against a
number of Gram-positive and Gram-negative bacteria tested. The MIC value of the cyclic peptide
OIR3 was found to be 2-32 times superior compared to that of its linear analogue IR3 with
sequence (IR)sP(IR)3P. OIR3 disrupted cells through a membranolytic mode of action. OR3
additionally displayed anti-inflammatory properties through inhibition of TNF-a, IL-1p and IL-6
mRNA expression.*’” IDR-1018, an antimicrobial peptide was cyclized via three strategies: head-
to-tail cyclization (C1), side-chain-to-tail cyclization (C2), and a disulfide bond cross-linkage
(C3). An improvement in the proteolytic stability was observed for all the three modified analogues
C1, C2 and C3. An overall enhancement in the antimicrobial activity was observed for the peptide
C-2 compared to that of the parent sequence. C-2 also displayed anti-inflammatory activity and
ability to reduce bacterial loads of Staphylococcus aureus in murine skin infection model.*¥° A
total of ten analogues of the peptide tyrocidine A (Tyrc A) was designed through a sequential
replacement of the hydrophobic residues (Asn, Gln and Tyr) and then the hydrophilic residues (Val
and Leu) with ornithine (Orn) residues. The modified peptides assumed a positive charge in
between +2 and +6. Peptide 8 with a sequence cyclo-(°PFPFPFOOOOOL) and having a net charge
of +5 was the peptide with overall best antimicrobial activity and low hemolysis. Peptide 9 and 10
with a net positive charge of +5 and +6 respectively, however showed a diminished activity.

Peptide 8 was found to diffuse membrane in a detergent like manner.*!
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Figure 1.18. Synthetic cyclic peptides. (A) ACCP-7473 (B) [R4W4]*"® and (C) RH11.4”7

1.12. Mechanism of action of antimicrobial peptides

Mechanism of action of antimicrobial peptides can be broadly classified into two categories: direct
killing mechanism and immune modulation. Direct killing may further involve membrane target

mechanism or non-membrane target mechanisms,!06-332.482-484

1.12.1. Membrane target mechanism

Before understanding the membrane target mechanism of the antimicrobial peptides, an insight of
the microbial cell envelopes is important. There is a distinct difference in the membrane
composition of Gram-negative bacterial, Gram-positive bacterial and fungal cell envelopes with
that of mammalian cell membranes.**>***” The envelope of the Gram-negative bacteria is composed
of three layers. The inner membrane is constituted out of a bilayer of phospholipids mainly
composed of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL)
along with some membrane proteins.*® This is followed by a thin layer of peptidoglycan. The
final outer membrane is composed of an unsymmetric bilayer: an inner leaflet majorly constituted
by phospholipid constituents (PE, PG), while the outer leaflet mostly constituted by
lipopolysaccharides (large molecular entities composed of lipids and polysaccharides). Outer
membrane is additionally found to contain porins, a type of channel forming proteins that is
involved in the process of uptake of nutrients, balance of ions etc., and some lipoproteins that helps
in anchoring of the outer membrane to the peptidoglycan and provide structural stability.*-4%
Gram-positive bacteria is composed of two layers and unlike the Gram-negative bacteria is devoid
of the outermost membrane. The inner membrane is similar to that of the Gram-negative bacteria

and is composed of a bilayer of phospholipids (PE, PG, CL) with some proteins embedded in it.
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The peptidoglycan layer, however in the case of Gram-positive bacteria is much thicker compared
to that of Gram-negative bacteria and contains entities like teichoic acids or lipoteichoic acids

embedded in it that are responsible for several functionalities.*"!
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Figure 1.19. Membrane envelope constitution of (A) Gram-negative bacteria, (B) Gram-positive

bacteria, (C) fungus.

Fungal cell envelopes too are composed of two layers: an inner cytoplasmic membrane and an
outer cell wall. The inner plasma membrane is a bilayer mainly composed of phospholipids in the
form of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) and
phosphatidylinositol (PI) along with sterol molecules ergosterol, imparting the membrane with
fluidity and stability, and some integral membrane proteins. Some other units like sphingolipids
and glycoproteins also contribute to the plasma membrane constitution. The cell wall surrounding

the plasma membrane is mainly composed of three units namely chitin, B-glucans and
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mannoproteins. Chitins are long-chain polymers of N-acetylglucosamine constituting the inner
part of the cell wall, B-glucans constitute the fibrous mesh in between, while the mannoproteins
constitute the outer surface of the fungal cell wall.**%*> Mammalian cell membranes are far less
complex with no outer layers and represent a single bilayer of phospholipids embedded with
cholesterol endowing the cells with stability and mobility. The bilayer also contains membrane
proteins involved in transportation, reception and enzymatic functions, and carbohydrate units in
the form of glycolipids and glycoproteins responsible for several functions. The phospholipids that
constitute the membrane bilayer in mammalian cells are mainly phosphatidylcholine (PC),

phosphatidylserine (PS), phosphatidylethanolamine (PE) and sphingomyelin (SM),#87:493-494

Now, having understood the membrane composition of the bacterial, fungal and mammalian cells,
it is worth mentioning that bacterial surfaces carry a negative charge arising from phospholipids
with net negative charge like phosphatidylglycerol (PG) and cardiolipin (CL), a considerable
percentage of what constitutes the membrane bilayers.*>*°® In addition to that a significant
negative charge originates from the lipid A part of the lipopolysaccharides in Gram-negative
bacteria and teichoic acids in case of Gram-positive bacteria.*’-**? This negatively charged surface
provides the cationic antimicrobial peptides, a platform to interact with microbial membranes due
to obvious electrostatic reasons. Outer leaflet of the bilayer constituting the mammalian
membranes are mainly composed of neutral phosphatidylcholine (PC) and sphingolipids (SL),
rendering no electrostatic advantage for the binding of the positively charged AMPs.>-5% AMPs
are also known to interact with the negatively charged fungal surfaces. The surface of the fungal
membranes carries negative charges mainly originating from the phosphate groups of
mannoproteins.’*? Glucuronic acid residues from cell wall constituting polysaccharides and sialic
acids originating from the glycoproteins and glycolipids may also contribute to the negative

charges in the fungal membranes.’®
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Figure 1.20. Chemical structure of different constituents of microbial membranes. Topmost panel:
different types of phospholipids constituting membranes; middle panel: lipopolysaccharide
constituting Gram-negative bacterial membrane; lower panel: Chemical structure of
peptidoglycan, lipoteichoic acid and teichoic acid constituting Gram-positive bacterial

membranes.

Driven by electrostatics, once an AMP associates itself with the microbial membranes, disruption
of membranes may take place through various proposed models like barrel-stave model, toroidal
model, carpet model or detergent model.***3% In the barrel-stave model, AMPs in their monomeric
form first aggerate on the membrane surface and then undergo oligomerization. Oligomers having
a-helical AMP units then descends into the hydrophobic cores of the membrane bilayers forming
pores. The hydrophobic face of the peptides interacting with the hydrophobic tails of the

phospholipids helps their insertion into the membranes.

The hydrophobic inner core forms the passage for the ions and water into the cells resulting in
membrane disruption. >*->% Alamethicin is an AMP known to disrupt microbial membrane based
on this model.’® In the toroidal pore model, the hydrophilic part of an AMP associates with the
polar headgroups of the phospholipids and induce curvature in the membranes to form ring-like
pores without being dissociated from the membranes. Magainin, aurein 2.2, melittin etc., are
known to disrupt membranes following the toroidal pore model.’!>!2 In the carpet-like model,
AMPs get attached the microbial membranes parallelly, driven by hydrophilic-anionic interactions.
Peptides adopt helical structure in contact with negatively charged membranes. After a sufficient
number of these AMP units are accumulated (over a threshold number) on the membranes
resembling carpets, the AMPs inserts into the membrane lipids with their hydrophobic surface
facing the lipids, leading to the breakage of the bilayer structure. Dermaseptin, protegrin-1, aurein
1.2 etc., are some AMPs that follow the carpet model of disruption.’'3->!3 The detergent model is
an extension of the carpet model. The membranes follow same method of disruption as in the case

of the carpet model followed by dissolution of the membrane fragments upon disruption.>!'®
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Figure 1.21. Different models of microbial membrane disruption: (A) Barrel-stave model, (B)

Toroidal pore model, (C) Carpet model and (D) Detergent-like model.

1.12.2. Non-membrane target mechanism

Other than direct target on the microbial membranes, AMPs may exercise microbial killing through
several non-membranolytic modes of action.’'” These may involve inhibition of cell wall synthesis
e.g. as exhibited by nisin, vancomycin.’'®>!® AMPs like these tend to bind with the lipid II, an
important precursor responsible for cell wall biosynthesis.’>° AMPs like HNP 1or teixobactin are
also found to display bactericidal abilities by binding to the lipid II precursor of the cell wall and
thereby inhibiting cell wall biosynthesis.**!** Some AMPs are known to act on microbes through
inhibition of protein synthesis. Several proline rich AMPs belong to this category of AMPs that
inhibit protein synthesis via binding to the ribosomes.*** For example, Bac7i-35 is an AMP that
binds to ribosomes to inhibit protein translation.’??> TurlA is another example of an AMP that
inhibits bacterial protein synthesis by binding to the ribosome and blocking the translation.?%*
Oncocin, Apil37 are some other AMPs that inhibit protein synthesis through termination of
translation.’>3>?* Some AMPs are also capable of displaying antimicrobial activities involving
their interactions with the nucleic acids. Buforin II, Tachyplesin I and Indolicidin are known to

display bactericidal action upon binding to the microbial DNA.2!%243:525 Some AMPs like Pse-T2

56

TH-3644_186122042



Chapter 1

are known to display bactericidal action by interacting with the microbial DNAs preventing
replication and transcription.’””® Some AMPs are even capable of inducing cell deaths through
inhibition of cell division, e.g. 20 residue amino acid containing APP, histatin 5 etc.’?’-52® Several
AMPs are also known to be associated with inhibition of enzymatic activities, leading to cell

death 3?9332

Inhibition of cell wall
synthesis

Binding to DNA
Inhibition of protein
synthesis

Inhibition of
enzymatic activity

~ Ribosome

Inhibition of RNA Inhibition of DNA
synthesis replication

Figure 1.22. Different intracellular targets of antimicrobial peptides.

1.12.3. Immune modulation

Other than direct action on the microbes, AMPs are also capable of acting on the microbes through
indirect immune modulation and neutralizing them.!'®>%3, AMPs are known to assist in the
recruitment and activation of immune cells. AMPs may induce migration of immune cells such as
neutrophils, monocytes or dendritic cells to the site of infection contributing to efficient immune
defense mechanism.>** Examples of these type include LL-37,3*> human beta defensins,>*® human
neutrophil defensins (HNP 1-3),%7 C18G>*® etc. AMPs also activate immune cells and enhance
pathogen killing by stimulation of macrophages and neutrophils to produce cytokines and
chemokines resulting in improved inflammatory response that helps to clear infections. LL-37
activates various immune cells through multiple receptors such as FPR2, P2X7 and TLRs.>*

Defensins can activate immune cells such as dendritic cells and macrophages by interacting with
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TLRs inducing secretion of pro-inflammatory cytokines and chemokines.’*® Hepcidin activates

macrophages inducing the production of inflammatory cytokines such as IL-6.%*!

1.13. Antimicrobial peptides in clinical applications

Although a large number of AMPs have been separated from different sources till date but only a
few of them have been approved for clinical usages.>*®342->*3 Gramicidin, bacitracin, colistin
(polymyxin E), daptomycin, vancomycin, oritavancin, dalbavancin, telavancin etc., are some of
the known AMPs that are widely used in clinical applications. Gramicidin (Gramicidin D) is a
mixture of three linear peptides Gramicidin A, B and C. This was first isolated from the bacteria
Bacillus brevis and is used to treat a number of infections alone or in combination with other
antibiotics.>* Gramicidin is mostly used for tropical applications in skin infections and also for
treating infections related to eyes, throat and nose.’* Colistin, also known as polymyxin E is a
cyclic lipopeptide, especially active against Gram-negative bacteria like P aeruginosa, A.
baumannii, K. pneumoniae and many of their drug-resistant varieties. It has a membrane disrupting
mechanism initiated through attack on the lipopolysaccharides present on the outer membranes of
Gram-negative bacterial envelopes. It is considered as a last resort medicines for treating severe
bacterial infections including pneumoniae, urinary tract infections, meningitis, skin infections etc.
Colistin is marketed as its inactive prodrug colistin methanesulfonate (CMS) administered orally
or intravenously.'#>°46-3%% Daptomycin, also marketed as cubicin is a cyclic lipopeptide widely used
in treatment of serious skin and soft tissue infections caused by Gram-positive bacteria.
Daptomycin has been found to be highly effective in treating infections caused by many drug-
resistant bacteria like methicillin-susceptible and methicillin-resistant Staphylococcus aureus
(MSSA/MRSA), vancomycin-resistant S. aureus, vancomycin-resistant Enterococci (VRE) etc. It
has a membrane targeting mechanism initiated through membrane binding followed by membrane
depolarization and rapid lysis.!6719-55° It was approved by the FDA in 2003, and marks one of the
most significant progresses in the history of antimicrobial peptide research.®! Vancomycin, a
tricyclic glycopeptide is another drug that had been approved the FDA for its excellent
antimicrobial activity against Gram-positive bacteria including several drug-resistant strains like
MRSA, MSSA. It is widely used in the treatment of infections related to skins and soft tissues,
lower respiratory tract, enterocolitis, endocarditis etc. It is usually administered as intravenous

injections for majority of the infections because of its poor bioavailability. However, for intestinal

58
TH-3644_186122042



Chapter 1

infections caused by Clostridioides difficile it is taken orally. Vancomycin has a cell wall targeting
mechanism in which it inhibits the cell wall biosynthesis through inhibition of the polymerization
of peptidoglycans.>>?->7 Oritavancin is a semi-synthetic peptide with structural similarities to
vancomycin, intended for treating Gram-positive infections like acute bacterial skin and skin
structure infections. It acts via inhibition of cell wall synthesis through inhibition of
transglycosylation and inhibition of transpeptidation as well as membrane disruption.>*8->62
Dalbavancin is a semisynthetic cyclic lipopeptide, structurally very similar to vancomycin and
oritavancin, approved by FDA in 2014. It is used primarily for the treatment of acute bacterial skin
and skin structure infections (ABSSSI) caused by Gram-positive bacteria, including resistant
strains such as methicillin-resistant Staphylococcus aureus (MRSA). Dalbavancin, like
vancomycin, binds to the D-alanyl-D-alanine terminus of the peptidoglycan precursors inhibiting
cell wall synthesis. Dalbavancin also inhibits transpeptidase, the enzyme responsible for cross-
linking the peptidoglycan layers in the bacterial cell wall. Another important feature of this AMP
is its extended half-life making it once in a week antibiotic without the need for multiple dosages.
Although approved for ABSSSI, clinical trials conducted at different stages have shown its ability
to heal osteomyelitis, an infection that needs long treatments with deeper penetrations in bones,
both of which are satisfied by dalbavancin.’®*¢’ Telavancin like oritavancin and dalbavancin is a
semi-synthetic derivative of vancomycin. It is primarily used in the treatment of complicated skin
and skin structure infections (cSSSI) and hospital-acquired and ventilator-associated bacterial
pneumonia (HABP/VABP), particularly those caused by Staphylococcus aureus, including
methicillin-resistant strains (MRSA). It has a dual mode of action i.e. inhibition of cell wall
synthesis similar to that of vancomycin accompanied by membrane disruption induced by
membrane depolarization.’®>7% Several AMPs are under different phases of clinical trials. D2A21
intended for burn wound infections, SGX942 intended for oral mucositis, PXL01 intended for post-
surgical adhesions, POL7080 intended for P. aeruginosa and K. pneumoniae infections, p2TA
(AB103) intended for soft tissue infections, Omiganan (CLS001) intended for rosacea,
Ramoplanin (NTI-851) intended for VRE, C. difficile infections are in their phase III trials. EA-
230 intended for sepsis and renal failure protection, Delmitide (RDP58) intended for inflammatory
bowel disease, Ghrelin intended for chronic respiratory failure, C16G2 intended for tooth decay
by Streptococcus mutans, DPK-060 intended for acute external otitis, PAC113 intended for oral
candidiasis, LTX-109 (Lytixar) intended for Gram-positive MRSA skin infections, OP-145
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intended for chronic middle ear infection, hLF1-11 intended for MRSA, K. pneumoniae, L.

monocytogenes infections, Wap-8294A2 (Lotilibcin) intended for Gram-positive bacterial

infections etc., are some other AMPs currently under phase II or phase I clinical trials.

571-572

Table 1.5. Antimicrobial peptides in clinical usages.>**-7°
Name Source Treatment Mode of action Mode of
administration
Colistin Soil bacteria | Infections caused by Membrane disruption; | Intravenous
Paenibacillus | Gram-negative bacteria binding of LPS or oral
polymyxa including pneumonia,
bloodstream infections,
urinary tract infections
etc.
Daptomycin | Streptomyces | Infections caused by Membrane disruption | Intravenous
r0Seosporus Gram-positive bacteria initiated through
including MRSA, VRE membrane
depolarization
Vancomycin | Soil bacteria | Severe skin & soft tissue | Inhibition of cell wall | Intravenous
Amycolatopsis | infections, MRSA synthesis; binds to D- | or oral
orientalis infections, endocarditis, | alanyl-D-alanine
pneumonia, meningitis
etc.
Oritavancin | Semi- Acute bacterial skin and | Inhibition of cell wall | Intravenous
synthetic skin structure infections | synthesis; inhibits
derivative of | (ABSSSI) caused by transglycosylation and
vancomycin Gram-positive bacteria transpeptidation
Dalbavancin | Semi- Acute bacterial skin and | Inhibition of cell wall | Intravenous
synthetic skin structure infections | synthesis; binds to D-
derivative of | (ABSSSI) caused by alanyl-D-alanine &
vancomycin Gram-positive bacteria inhibits cross-linking
between
peptidoglycan layers
Telavancin | Semi- Complicated skin and Inhibition of cell wall | Intravenous
synthetic skin structure infections | synthesis; inhibits
derivative of | (cSSSI) & Hospital- cross-linking of
vancomycin acquired and Ventilator- | peptidoglycan layers;
associated bacterial membrane disruption
pneumonia
(HABP/VABP) caused by
Gram-positive bacteria
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Figure 1.23. Chemical structure of some of the antimicrobial peptides commercially available as
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antibiotics. (A) Gramicidin (R2 = Tryptophan: Gramicidin A; R2 = Phenylalanine: Gramicidin B
and R2 = Tyrosine: Gramicidin C; each of the Gramicidin has two variants based on R1: valine
variant and isoleucine variant) (B) Daptomycin (C) Colistin (Polymyxin E) (D) Vancomycin (E)

Oritavancin (F) Dalbavancin (G) Telavancin.

1.14. Aim of the thesis

Driven by the need for the development of alternate antimicrobials in dealing with infections
caused by pathogens, and inspired by the potential of antimicrobial peptides (AMPs) as therapeutic
molecules, this thesis intended to develop AMPs that addressed their present shortcomings. The

aim(s) of our thesis were as follows:
Development of

(1) Membranolytic AMPs: Design and synthesis of membrane active peptides as these provide
greater challenges for the microbes to grow resistance against, compared to antimicrobials that

target the intracellular functions.

(2) Short AMPs: Synthesis of large sequences of peptides incur high cost and long times for
manufacturing, making them expensive and hence commercially inviable. We aimed to address
this issue through the design of short/ ultrashort peptides, that are both cost effective as well as
time convenient. Small peptide sequences also helped circumvent the problems arising from

misfolding and aggregation of longer peptides.

(3) Protease and serum stable AMPs: Proteolytic enzymes present in the physiological systems
as well as in the serum present in the blood are known to cleave peptides/ proteins into smaller
fragments making them less effective/ineffective against the microbes. We aimed to address this
issue through the incorporation of D-amino acids or unnatural amino acids in the peptide sequences

making them proteolytically stable.

(4) Salt sensitive AMPs: As membranolytic peptides involve the electrostatic interactions with
the negatively charged microbial surfaces, presence of ionic salts in the systems are known to
hinder their activity. Our design principles aimed to involve proper hydrophilicity-hydrophobicity

balance to make them completely/partially resistant to the presence of salts.
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(5) Non-Cytotoxic AMPs: Our design principles aimed at proper charge/hydrophobicity

modulation to promote non-cytotoxicy as well as non-hemolytic characteristics to the peptides.

(6) Alternate method for design of broad-spectrum membrane active AMPs: We also proposed
a new approach of designing broad-spectrum AMPs, based on calculation of the relative binding
affinity of peptides (AAG), involved in binding to simple microbial membrane mimetic models (in

collaboration).
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