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ABSTRACT

Conventional peptide design only guarantees functional group constitution by opting
specific amino acid sequence, and not their spatial orientation, because peptide
molecules are very fluxional and its conformation is subjected to external flux. This is
principally due to the isotactic stereochemistry of the peptide chain. Stereo-chemical
engineering of peptide main chain offers expansion of design space of a typical
sequence, possibly offering greater conformational rigidity by avoiding the ‘roughness’
of the folding funnel. In this thesis, we experiment with this conceptual possibility by
designing amphipathic peptide systems of diversified stereochemistry, which can
potentially act as bactericidal agents. We have designed three series of peptides, step-
wise investigating the possibilities of such an enquiry, eventually resulting in at least
halfa dozen peptide molecules, qualified for future development as therapeutic agents.
The principal objective of our first series of peptides was to verify, whether we can use
the gramicidin helix as a template for AMP design. Gramicidin is a class of penta-deca-
peptides isolated from soil bacteria Bacillus brevis, but their utility as an antibiotic was
limited to topical use due to high levels of hemo-toxicity. Activity profiles of the four
de novo designed peptide variants designed in the first phase, show better efficiency in
treating Gram-positive bacteria than Gram-negative variants. Significantly, our
hemolytic assay confirms very low levels of hemo-toxicity for the re-designed peptides,
unlike gramicidin. In the next series of peptides in the second phase, we put to test,
this conceptual possibility already established in theoretical models, by designing
amphipathic peptide systems and experimenting them on Gram-positive, Gram-
negative and antibiotic-resistant bacteria. The unusual conformational rigidity and
stability of syndiotactic peptides enable them to retain the designed electrostatic
environment, while they encounter membrane surface. All the six designed systems
exhibited bactericidal activity, pointing to the utility and specificity of stereo-
engineered peptide systems for therapeutic applications. This phase of the work
provided us important insights and useful directives in designing novel peptide

systems with antimicrobial activity, by expanding the design space, incorporating D-
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amino acid as an additional design variable. We employed this knowledge-base in the
design of next series of eight peptides, with varied electrostatic fingerprints. The
phenomenal levels of anti-bacterial potency exhibited by half a dozen peptides in this
series, high on specificity and less on toxicity, qualify them for next level of

development as an effective therapeutic agent.

Tuberculosis is one of the leading causes of death, with an annual mortality rate of
2 million. The present treatment regimen for Mycobacterium species is strenuous,
extending up to 12 months. Even then, rise of antibiotic resistance has limited the
prognosis, with increased instances of multidrug resistant (MDR-TB) and extremely
drug resistant (XDR-TB) cases reported. We demonstrated the bactericidal potency of
cationic amphipathic peptides designed in phase two and three, as effective agents
against Mycobacterium smegmatis. Potency of stereo-engineered LDLD or DLDL
peptides have retained their potency, while their poly L variants rapidly lost their
activity, when the experiment was repeated in human serum. Stability against
enzymatic degradation was one of the main reasons for the underutilization of
peptides, which could otherwise be a good therapeutic option with minimal side
effects. Our assessment with alternating LDLD (or DLDL) stereo-chemical sequence of
antimicrobial peptides, suggest that stereo-chemical engineering of designed peptide
can address the most significant associated limitation of peptide based treatment

regimen against bacterial infections.
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Chapter1 | 4
Introduction

History of Peptide chemistry started with the synthesis of glycylglycine in 1901, by
Emil Fischer and Ernest Fourneau '. Peptides are involved in wide variety of
functions in a living system, such as antimicrobials, ligands, hormones, signaling
molecules, growth factors etc. 2. Gramicidin, oxytocin, vasopressin and angiotensin
were few molecules used in the early years of peptide based therapeutic agents .
Discovery of Solid Phase Peptide Synthesis (SPPS) by R. B. Merrifield in 1963,
revolutionized this field of science and were once looked upon as a pertinent
solution for many diseases. In SPPS, N-terminus protected amino acids are
selectively added upon a solid support in a stepwise manner, with step-wise removal
of reagents and by-product, resulting in the desired sequence with high yield and
purity 3. However, the progression of peptides as a clinical agent has receded due
to the repeated failures in the later phases of clinical trials. Factors like enzymatic
degradation, ion susceptibility and low bio-availability were among the principal
reasons of such failures 4. Last few years, we are witnessing a renaissance in peptide
drug discovery and usage, with 60 FDA approved peptide drugs and 140 peptide
candidates in various phases of clinical trials and over 500 drug candidates in
preclinical trials * 4. Globally, peptide drug market is projected to reach US$ 25
billion mark by the end of 2018. Drugs against cancer and metabolic disorders are

the most employed therapeutic molecules in this class 2.

Peptides have some interesting features like minimal side effect, high tolerability
and selectivity towards specific targets etc. which would help them successfully
comply with the stringent safety standards set for clinical trials. Properties like low
cell membrane permeability, low oral bio-availability and ion sensitivity are some
of the major drawbacks that limits their utility. Low permeability of peptides is a
result of extensive hydrogen bonding capacity and imbalanced amphipathicity. A
relative hydrophobicity of around 50 percent has been reported to be optimal for
antibiotic peptides, resulting in effective peptide-membrane interaction. The
reduced bioavailability of the peptide molecule can be attributed to the limited
absorption and metabolic factors like pH and enzyme mediated degradation 5.

Nonetheless, the activity of peptide drugs has been retained with multiple
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Introduction

approaches employed by researchers > 5. Modification of N and C terminus by
acetylation and amidation have reported to increase the peptide stability. Altering
peptide chirality by insertion of D-amino acid, has also resisted degradation of
peptides with increased half life. Cyclization through sulfide bridging,
lactamization, lactonization, macromolecular conjugation and PEGylation have
also increased the stability of peptide drugs. Recently, few groups implanted drug
delivery pumps that have proved effective in increasing the bio-availability of

peptide drugs 5.

Tacticity is a relative term in stereochemistry, which deals with the arrangement of
adjacent chiral centers within a given molecule. Based on the spatial arrangement,
a polymer can be isotactic, syndiotactic or heterotactic in nature. An isotactic
polypeptide sequence is characterized by amino acids having L- or D-
stereochemistry, whereas, a syndiotactic sequence is having a stereo-regular
arrangement with alternate L- and D- amino acid or vice versa in succession, and a
heterotactic polymer is a random distribution of L and D- amino acids in a sequence
68, The preferential selection of L- over D- enantiomer remains one of the un-
answered questions in science, reported in the 125th anniversary edition of the
science magazine 8. The conformational availability of any isotactic (poly-L or poly-
D) polymers are restricted to 21 % of a typical Ramachandran plot due to excluded
volume effect. Incorporating D amino-acids in the sequence can facilitate the
representation of other-wise non-accessible regions in Ramachandran Map 8. This
may result in generating novel architectures, for tailor made applications in protein

science (Figure 1.1).

Topology is a key element in structure-activity relationship estimation while
designing physiologically-active molecular constructs 9'2. Peptide design only
guarantees functional group constitution by opting specific amino acid sequence,
and not their spatial orientation to bind and incite physiological response on chosen
targets. This is principally because peptide conformation is subject to external flux,

due to the isotactic stereochemistry of the peptide chain. Stereo-chemical
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engineering of peptide main chain offers the possibility of multiplying the structural

space of a typical sequence to many orders of magnitude, and limiting the otherwise

Figure 1.1. Schematic illustration of comparative serum life of syndiotactic (LDLD) and
isotactic polypeptides (LLLL). LDLD peptides can retain the bactericidal potency in

biological fluid, unlike their isotactic poly-L variants.

fluxional non-specific functional group dispensation in space by offering greater
conformational rigidity 7 > 4. We put to test, this conceptual possibility already
established in theoretical models, by designing amphipathic peptide systems and
experimenting them on Gram-positive, Gram-negative and antibiotic-resistant
bacteria. The unusual conformational rigidity and stability of syndiotactic peptides
enable them to retain the designed electrostatic environment, while they encounter
membrane surface. Our work presented in the later sections of this thesis, provides
important insights and useful directives in designing novel peptide systems with
antimicrobial activity, by expanding the design space, incorporating D-amino acid

as an additional design variable 7.

Tuberculosis (TB) is one of the top ten causes of death worldwide, with more than
10 million cases reported every year and among them, approximately 2 million
patients succumb to the disease '>°. Increase in drug resistance is a major challenge
to the disease control mechanisms presently in place 7. Even for the drug
susceptible TB, the present treatment regimen is onerous, and hence there is an
urgent clinical need for the discovery of new chemical entities effective for both
drug susceptible and resistant TB *® 9, Mechanistic investigations on TB suggests

6
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that, Mycobacterium bacilli are ingested by macrophages in response to bacterial
invasion, subsequently resulting in the formation of attenuated phagosomes,
creating a friendly intra-phagosomal environment for bacterial proliferation 2°.
Even though there is available treatment regimen, the rise of multidrug-resistant
superbugs has limited the prognosis *. Therefore, we investigated the anti-
mycobacterial potential of our reported bactericidal peptides, both in-vitro and in-
serum with Mycobacterium smegmatis, as a representative model for
mycobacterium, due to its non-virulence and comparative fastidious nature.
Antibacterial potency of isotactic and syndiotactic peptides was evaluated in both
conditions (in vitro and in serum). Our results suggest that stereochemically
diversified syndiotactic sequences effectively resist enzymatic degradation, while

isotactic antibacterial peptides degrade losing their potency '8(Figure 1).

This thesis work has explored the utility of D-amino acid in terms of its stability,
and comparative antimicrobial potency as compared to existing AMPs. There has
been a clear advantage in employing D-amino acids, that has restored the
bactericidal potency in biological fluid, unlike isotactic poly-L peptide variants. All
the peptide candidates have shown negligible cytotoxicity towards mammalian Red
Blood Cells (RBCs), confirming optimal amphipathicity with selectivity towards
microbial cells. Potential activity in the presence of serum reveals negligible
reduction of therapeutic potential in presence of biotic factors like enzymatic
degradation and ionic interruption 7 *'. This study may help in enriching the
formulation of a comprehensive design algorithm in designing peptide based

antimicrobials, which can be potential candidates for clinical evaluation.
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Antibiotics can be defined as chemical agents that kills or inhibits the growth of
microorganisms 22. Ever since the serendipitous discovery of penicillin by
Alexander Fleming in 1929 23, antibiotics, as a potent therapeutic option was
established. But this finding was incomplete until 1940, when Howard Florey and
Ernest Chain reported the purification procedure, that could be employed for
isolation and clinical testing of penicillin 4. Much before the utilization of penicillin
as a potent antibiotic, Ehrlich started the idea of synthesizing chemical compounds
with an antimicrobial property. In 1909, an experiment by Ehrlich, Berthem and
Hata led to the discovery of a potent antimicrobial compound against syphilis 2.
Similarly, Domagk introduced the utility of sulfa drugs in 1936 2° which was
employed in the treatment of various diseases. The term “Antibiotic” was coined by
Dr. Selman A Waksman in 1941 ?7. He was awarded noble prize in Physiology and
Medicine in the year 1952, for the discovery of “streptomycin” 28. The two decades
between 1950 to 1970 can be termed as the golden era of antibiotics 2. Drugs like
Chloramphenicols, Macrolides, Tetracyclines, Rifamycins, Glycopeptides and
Quinolones were introduced in fifties and sixties 3°. Few more classes were added
in the later years, but the chemotherapeutic agents discovered between 1950 - 1970,

were the most effective and predominant till date 3°.

Based on mechanism of the action, traditional antibiotics can be classified as Cell
wall synthesis inhibitors 334, DNA synthesis inhibitors 3> 3¢, RNA synthesis
inhibitors 37 and protein synthesis inhibitors 3%4°. Apart from these, DNA
replication intercalators #4 and anerobic DNA inhibitors 44 45 are some other
classes of molecules in this class. The use of antibiotics in modern therapy is highly
significant. In spite of their utility, a clear reduction of new drug molecules in the
market has developed a notable gap between existing pathogens and treatment
options. But the scenario is even more alarming with the rise of multidrug-resistant
species, reported globally. Contrastingly, there has been a notable 2 to 3-fold
decrease of FDA approved antibiotics in recent times 46 (Figure 2.1). Many bacterial
species have been causing substantial clinical damage to the population and CDC

(Centers for Disease Control and Prevention) has notified them under “concerning
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threat” 47. As per World Health Organization (WHO) a list of “priority pathogens”
containing 12 bacterial species have been notified as multi drug resistant bacterial
species, causing severe infections with little or no effective treatment regimen
available. Among them, carbapenam-resistant Acinetobacter baumannii is
considered to be the most dreadful bacterial species, with almost no drug based

therapy available 4%,

30

Number of approved antibiotics
- _ N N w
o (9] o [$] o

)]
!

7 6
0- I l

1980-89  1990-99  2000-09  2010-14

Time in years

Figure 2.1. Number of antibiotics approved in last few decades (up to 2014), suggesting
the steady decrease in the discovery and approval of new chemical entities that can

potentially be used as antibiotics.

Therefore, the concern shared by the clinical practitioners regarding a steady
decrease in the effectiveness of existing antibiotics is noteworthy, and we are in
need of newer drug molecules, with potential antimicrobial activity 49. The fore-
sighted Sir Alexander Fleming predicted that the rise of resistant species can
happen due to the overuse of antibiotics. The co-existence of resistant bacteria
cannot be denied, as they occur in due course of evolution due to the presence of
natural antibiotics. Persistent and improper use of antibiotics caused by drug abuse
has spared resistant species, which has triggered their multiplication, resulting in
increased number of drug resistant species 5°. Apart from drug abuse, over
prescription has played an important role in generating microbial superbugs.
Incorrect and over prescribed drugs have compromised the beneficial potential,

causing the rise of hospital acquired infections, as one of its dreadful outcomes. The
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presence of this category of microbes can result in antibiotics induced mutation 5'.
Antibiotics also have been overused as an important additive for the safety
precaution of the livestock against intimidating infections 52. Even though this
trigger growth with higher yields, ingestion of these drugs will occur while
consuming the antibiotic treated food stuff, resulting in the development of drug
resistant bacterial species 5 5> 54. A brief time line of antibiotics resistance has been

summarized below, showing bacterial resistance, against antibiotics 46 (Figure 2.2).

ANTIBIOTICS

TIME LINE IN YEAR

INTRODUCED RESISTANCE DEVELOPED
T e
T e
T E——
T
T e

Vancomycin

T
I ——
T ——
I e T—
T
m Ceftaroline (Staphylococciis)

Figure 2.2. A brief timeline of the development and introduction of antibiotics, along with
the progress of antibiotic resistant bacterial species. (XDR means Extremely Drug
Resistant and PDR is Pan Drug Resistant). Penicillin was clinically introduced in 1943,

whereas its resistance to Staphylococcus was reported much earlier (in 1940) 2°,
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The presence of alternative 5 (Table 2.1) has been considered over due course of
time, but their limitations have halted their progress as an alternative to existing
antibiotics. Despite multiple options available, AMPs are considered as the

potential alternatives of current antibiotics, largely owing to their mendable

drawbacks.
Table 2.1. Probable alternatives for conventional antibiotics
S No Alternatives Activity spectrum

1 Antibodies Prevent broad spectrum infection.

2 Lysins Gram positive infection treatment.

3 Probiotics C.dafficile and antibiotic associated diarrhea.
4 Bacteriophages Treatment against broad spectrum infection.
5 Immune stimulation Broad spectrum infection.

6 Vaccines Broad spectrum infection.

7 Antimicrobial peptides (AMPs) Broad spectrum infection.

8 Host and Innate defense peptides Broad spectrum infection.

9 Anti-biofilm peptides Broad spectrum infection.

2.1 Antimicrobial peptides

Antimicrobial peptides (AMPs) molecules have been strategically used as a first line
of defense 5° against invading pathogens throughout the evolutionary spectrum 57

(Figure 2.3).

[ ANIMALS (75.65 %)
I PROTOZOA (0.23 %)
[ JSYNTHETIC (1.58 %)
[ IBACTERIA (8.53 %)
I FUNGI (0.47 %)

[ PLANTS (13.55 %)

Figure 2.3. Source of antimicrobial peptides found in different levels of organisms, in

terms of their relative occurrence.
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The utilization of these molecules, dates back to early centuries of human evolution
and their primary mechanism of activity is based on electrostatic interaction
between AMPs and bacterial membranes, followed by membrane disruption. The
primary construct of a bacterial membrane is considerably similar to eukaryotic

membrane, composing of phospholipid bilayer with imbedded proteins in it.

Even though, membrane similarities are notable, there are differences too, and
some of them are very significant while we design novel therapeutic solutions. In
general, bacterial membranes are composed of both neutral and anionic
phospholipids with higher content of anionic lipids in the outer layer 5% 59 (Table

2.2).

Table 2.2. Membrane phospholipids of bacterial membrane with chemical structure

° 0
X
Name X Characteristic
ethanolamine (PE) /\/NHz zwitterionic
o
choline (PC) /\/Iﬁ+'CH3 zwitterionic
CH,
NH
serine (PS) {COE)’ anionic
glycerol (PG) /\OC\OH anionic
OH
cardiolipin (CL) OH anionic
HON {5 ~OH
1
0—-P-0 0
inositol (PI) /\o;\ & /n anionic
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Bacterial species can be broadly classified as Gram - positive and Gram - negative,
based on their membrane morphology (Figure 2.4). The former possess higher
mucopolysaccharide content and teichoic acid, whereas the Ilatter has
lipopolysaccharide (LPS) in their respective membrane construct . The presence
of net negative charge in bacterial membrane is one of the root cause of

antimicrobial property of cationic antimicrobial peptides ©

A B e
9 Jd J : -
3 3 3 H g i % . Phospholipid
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'). o J J ‘ | -~ Protein
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CH,OH X = DAP (Gram-negative)
o OH L-lysine (Gram-positive) )
Cuﬂo” 1L NAM = N-acetyl muramic acid . - Porin
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Figure 2.4. Morphology of Gram-negative bacteria (A) Gram positive bacteria (B) and
chemical structure of bacterial peptidoglycan unit (C). The (X) diaminopimelic acid
(DAP) in Gram-negative bacteria, is replaced by L-lysine in the Gram-positive cell
envelope. NAM and NAG stands for N-acetylmuramic acid and N-acetylglucosamine

respectively.

AMPs are reported to possess various mechanism of actions 59 which also reflects in
their bactericidal potency. Even though the membranolytic activity of AMPs seems
to be predominant and widely studied, the various pathway mediated bactericidal
activities and their long standing side-effects have to be periodically investigated %>
66, Till date, majority of the AMPs have been identified 5% 67 %8 or designed % 7° on

the basis of their membranolytic property, but a molecule
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designed to perform similar activity by modulating biochemical pathways can be

more fruitful, compared to membrane active candidates.

In general, AMPs possess characteristics like net positive charge and amphipathicity
as their principle design element 2, but negatively charged AMPs also have been
reported in literature 7774, There are approximately 5000 reported antimicrobial
peptides 57 75 76 which varies in length, charge and structure. Mostly, AMPs are
found to be 20 - 50 amino acid in length, with a net charge ranging from + 1 to +9
5777, Amphipathicity of an AMP is an important property, which plays a significant
role in peptide membrane interaction. In other words, a relative hydrophobicity of
50 percent 57 %> 77 in a molecule is desirable in terms of AMP design perspectives.
These molecules predominantly acquire o-helical and B-sheet structures in general,
which also exists with both or none of these secondary structure in their peptide
chain. Apart from these well-defined structures, majority of AMPs acquire
uncharacterized 3-dimensional folds upon interaction with membrane 57. A set of
dedicated databases providing wealth of information is available for future AMP

designers as a possible starting point (Table 2.3) 57.

Table 2.3. List of Antimicrobial peptide databases.

Names Links
APD 678,79 http://aps.unmc.edu/AP/

ANTISTAPHYBASE 8° https://www.antistaphybase.com/
BACTIBASE 882 http://bactibase.hammamilab.org/main.php
BaAMPs 8 http://www.baamps.it/
Cybase 84 http://www.cybase.org.au/
CAMP 3 http://www.camp.bicnirrh.res.in/
DAMPD 8 http://apps.sanbi.ac.za/dampd/

Defensins 8¢ http://defensins.bii.a-star.edu.sg/
DADP & http://split4.pmfst.hr/dadp/

DBAASP 88

https://dbaasp.org/home.xhtml

DRAMP &

http://dramp.cpu-bioinfor.org/

EnzyBase 9°

http://biotechlab.fudan.edu.cn/database/EnzyBase/home.php.

InverPep & http://ciencias.medellin.unal.edu.co/gruposdeinvestigacion/prospecciony
disenobiomoleculas/InverPep/public/home_en
LAMP 76 http://biotechlab.fudan.edu.cn/database/lamp.
MilkAMP 9> http://milkampdb.org/home.php
PhytAMP 93 http://www.camp.bicnirrh.res.in/
Peptaibols 94 http://peptaibol.cryst.bbk.ac.uk/home.shtml
THIOBASE 9 http://dbmml.sjtu.edu.cn/THIOBASE/
YADAMP 96 http://yadamp.unisa.it/
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Molecules like lysozyme 97, Gramicidin 9% 99 etc. were the first few antimicrobial
agents discovered and characterized. Gramicidin was used to treat wounds and
ulcers, as it was the first of its kind to be clinically tested '°°. Since then, there has
been a remarkable increase in the number of isolated or designed AMPs 57. Some of
the most widely studied class of AMPs are cathelicidins ', cecropins '°2, defensins
193 garcotoxins '°4, protegrins °5, and dermaseptins °¢. Clinical studies have also
started, ever since the consideration of AMPs as potential alternatives for existing
antibiotics became popular. Molecules like Gramicidin ™7, Daptomycin,
Vancomycin 8, Telavancin 9, and Nisin “° etc. are stablished clinical agents and

few of them are in different stages of clinical trials 75 (Table 2.4).

2.2 Characteristics of antimicrobial peptides:

Antimicrobial peptides are considered as a potent alternative for conventional
antibiotics. These molecules are broad spectrum, biocompatible possessing low
toxicity. They are active against bacterial biofilms, Multi Drug Resistant (MDR)

species and they can act synergistically with conventional antibiotics.

Broad spectrum and bactericidal: A broad spectrum antibiotic molecules are
potentially active against Gram-positive and Gram-negative bacterial species, and
this ability can be observed in the peptide molecules with antibacterial potency ™
12 Even though these primitive molecules are employed by our defense mechanism
since ages, their utility in therapeutics came into existence as an alternative for the
conventional antibiotics ™. The broad spectrum activity of AMP's can be
attributed to its mode of operation, which is largely bactericidal ®° rather than
bacteriostatic (e.g. Gramicidin® , Alamethicin*). The ‘cidal’ activity is the result
of its membrane activity initialized by electrostatic interactions between

cationic AMPs and anionic bacterial membrane "+ 5.

Biocompatibility: A therapeutic molecule has to be biocompatible, for its approval
as adrug entity. Biocompatibility issue arises when a foreign substance is
introduced in a living system resulting in immune response. One of the main

advantages ofAMPs in is they are much more ‘natural’ than any organic molecule,
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Table 2.4. Antimicrobial peptides in clinical trials

Medical use

Name Description
Phase I
Histatin Natural histatin from saliva P.aeruginosa
hLF1-1 Human lactoferrin peptide Antifungal property.
Plectasin Defensin (fungus) Gram-positive (systemic), streptococcal
Opebacan Peptidomimetic Anti-infective
VIP Host defense peptide ARS, sepsis
IDR-1 Peptidomimetics (bovine ) Immune compromised anti-infective
Phase II
Pu3 Histatin fragment HIV
MX-594AN Analogue of indolicidin Acne (catheter related)
PACu3 Histatin fragment Oral candidiasis
CZEN-o002 a-MSH (synthetic analogue) Infection caused by Vulvovaginal
candidiasis
EA-230 Tetramer peptide portion from b- Sepsis
hcg
IMX942 IDR-1 and indolicidin derivatives Neutropenia, febrile and nosocomial
infections.
XOMA-629 AMP derivative Impetigo
HLA derivative IBD disease

RDP58 (Delmitide)
Novexatin (NP213)

AMP (cyclic)

Fungal infection due to dermatophyte

non-peptide defensin analogue

Staphylococcus cutaneous infection

17

PMX-30063
Omiganan (CLSoor) Indolicidin derivative Inflammatory papules, pustules (rosacea).
OP-145 LL-37 derivative Ear infection (bacterial)
Ghrelin Synthetic derivative (HDP) Cystic fibrosis respiratory infection.
AP-214 Alpha MSH derivative Post-surgical organ failure, sepsis
CD-NP Peptidomimetic (natriuretic Organ failure, ADHF
peptide)
Sifuvirtide (SFT) Based onHIV-1 gp 41 fusogenic AIDS, HIV fusion inhibitor
core

Phase III

Peptide from human

Acne

XMP 629
Mycoprex Peptide from insects Fungal infections
Talactoferrin hLF mimetic Diabetic neuropathic ulcers, chemotherapy
(NSCLC)

Glutoxim (NOV-

Glutathione derivative

Tuberculosis, NSCLC

002)
BL2060 Copolymer (lysine and fatty acid) Lead optimization as anti-infective
DP178 C-terminal ectodomain of gp41 FDA approved (AIDS)
PG-1 Protegrin Peritoneal infection (P.aeruginosa,
Pneumonia)
PusD Histatin 5 fragment P. aeruginosa infections(cystic fibrosis)

usually administered as antibiotics. Even though proper clinical trial has to be

conducted, but their natural origin can be an advantage over natural products and

newly designed chemical entities.

Synergism: Synergism is termed as increased combinatorial activity while different
molecules act together. This property has been identified, when AMPs are

employed with classical antibiotics showing additive activity *® 7. Some of the well-
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known classes of antibiotics like B-lactams, nalidixic acid derivatives and penams
etc. have been reported to possess synergistic activity when combined with AMPs
18 Chimeric peptides along with conventional antibiotics were highly effective

against drug resistant A.baumanii ™.

Activity against MDR species: The utility of AMPs as a potential alternative to
conventional antibiotics was predicted due to its prominent bactericidal activity
against MDR and biofilm forming resistant bacterial species™. These superbugs are
one of the major reasons of ever increasing mortality rate of infected patients. In
this regard, some of the AMPs have shown their potential activity against multi drug
resistant microbial species. Peptide molecules like SMAP-29 have been effective

against MDR, VREF and mutated P.aeruginosa species 2.

High selectivity, Low level or mendable toxicity and limited resistance: An ideal AMP
preferentially interacts with anionic microbial membrane ', unlike neutral
mammalian counterpart 22. The presence of teichoic acid (Gram-positive),
lipopolysaccharide (Gram-negative), phosphatidylglycerol, cardiolipin and
phosphatidylserine in the prokaryotic membrane imparts relatively larger negative
charge at physiological conditions. On the contrary, human cell membrane is
composed of phosphatidylcholine and other zwitterionic counterparts resulting in
the formation of neutral biological membrane 3. The selectivity towards anionic
membrane is one of the most prominent feature of natural AMPs and the design

mainstay of synthetic AMP molecules 3.

Anti-biofilm activity: Peptides isolated from Enterococcus have been effective
against S. aureus biofilms at lower concentrations and there are reports of LL-37
inhibiting the biofilm formation of S.epedermis 4. Some of the peptides like
citropin 1.1, melimin, lactoferrin and its conjugated form (with hexapeptidic
Titanium-binding peptides) have shown potential broad spectrum anti-biofilm
activity when co-administered with classical antibiotics like rifampicin and
minocycline in case of medical device infections 24. The anti-biofilm property of a

peptide is a much needed feature because; bactericidal options against biofilm
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infections are limited. Even though, antibiotics can easily neutralize planktonic
cells during biofilm infections, their inability to penetrate the bacterial biofilms
restrict their activity upon sessile bacterial cells. Apart from this, sessile cells in
biofilms are metabolically depressed with limited nutrient use, which are least
susceptible to many antibiotics. Aggregated microbial colonies can be termed as
biofilms. In other words, biofilms are organized microbial clumps which can be
functionally compared to tissues of higher organisms. The cells are enclosed with a
self-processed matrix, with distributed channels for nutrient supply. The microbial
candidates are sessile in the film, whereas dispersed planktonic cells are active and
non-sessile in nature. The biofilm matrix is a mixture of polysaccharide, anionic

exopolymer and abiotic substances enclosing bacterial cells as a functional unit 5

128

AMPs can be the potential alternatives of antibiotics due their broad spectrum
activity, biocompatibility and minimal cytotoxicity. However, the noted drawbacks
such as cost and reduced in vivo activity associated with peptides have delayed their

progression as a clinical agent.

Manufacturing cost: The high cost of production is the prime concern, for the
establishment of peptide based entities as a drug molecule 9. Peptides with longer
sequences of amino acid residues correspondingly increase the cost of production,
which may be minimized by the design of shorter molecules with conventional
synthesis protocol. Industry scale production in cellular expression can be another
strategy to reduce production cost of peptide drugs. Haught et al. have
demonstrated the use of bacterial expression systems for high yield production of
therapeutic peptides 3°. Similarly, Pierce et al. have reported high yield production
of polyphemusin in recombinant bacterial expression system 3'. Some of the
reported instances where bacterial and other expression systems have shown high
scale production of antimicrobial peptides may be found in the associated

references’3>'34,
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Reduced activity in in-vivo environment: Even though there are numerous reports
showing the in-vitro potential of AMPs, their inferior in-vivo activity is a matter of
concern 5% 35 36 The reduced bioavailability of the peptide molecules can be
attributed to their respective pharmacokinetic properties [absorption, distribution,
metabolism and excretion (ADME)] 5 (Figure 2.5). Most of these molecules have low
permeability through biological membrane, due to excess hydrogen bonding and

inadequate lipophilicity >.

ADME
Peptide
ingestion
Absorption
Peptide in
plasma
Amination Ntribution
, Metabolism
Metabolites ;
— h Metabolites
Elimination in body

Figure 2.5. Pharmacokinetics of peptides in human body

On the other hand, factors associated with metabolism and rapid renal clearance
also reduces the bioavailability of peptide-based drug molecules. However, there
have been various strategic implants that have improved the pharmacokinetic
profile of therapeutic peptides. N-methylation and intramolecular hydrogen
bonding have markedly reduced the intermolecular hydrogen bonding potential
whereas increased rigidity has been witnessed due to cyclization 5. Stapled peptides

created by bonding two amino acids have shown augmented stability. Peptide
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prenylation, reversible lipidation and permeability enhancers> 37 have shown to
increase permeability resulting in higher bioavailability. The most prominent
barrier of peptide stability is enzymatic degradation caused by proteolytic enzymes
with in the biological systems. But approaches like C- and N- terminal capping,
insertion of D-amino acid, amino acid modification and cyclization have markedly
reduced enzymatic degradation of peptide molecules > 38, Rapid renal clearance of
peptide molecules has been countered by strategies like peptide conjugation with
plasma proteins, covalent linkage to albumin-binding small molecules, conjugation
with large polymers, fusion with long half-life proteins etc. All these tactics have
increased the pharmacokinetic profile of peptide molecules regarding its

bioavailability and stability within an in-vivo environment 5.

Resistance against AMPs: Resistance towards AMPs are a defense strategy of
microbes intended for their survival. Peptide membrane interaction in accordance
with antimicrobial activity is mostly mediated through electrostatic attraction due
to their opposite charge. Microbial interaction towards AMPs progress through a
cascade of pathways. Modification of lipid A (amino arabinose 39, glycosylation 4°),
LPS (myrstylation 4') and lysyl PG 4> formation are some of the profound reasons.
Apart from these, the reduction of anionic lipids from their membrane construct is
another approach to reduce the potency of antimicrobial peptides. Capsule
formation with anionic moieties like glycocalyx 3 and sodium alginate 4
sequesters the AMPs. The antimicrobial potency of peptides may be also affected
by protease activity of body fluids. Other defensive measures like RosA and RosB,
TrkA and SapG and AacrAB efflux pumps to drain out AMPs have been reported to
be another form of defense mechanism 4>. Adaptation of microbes to survive in
higher ionic conditions also reduces AMP potency 4° as many peptides are salt
sensitive in nature. Even though, bacteria possess multiple pathways for AMP
resistance, it's reassuring to know that the basic construct of bacterial bilayer
membrane does not allow it to acquire complete resistance against antimicrobial

peptides 7.
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2.3 Antibiotic peptides with diversified tacticity

Tacticity is a relative term in stereochemistry, which deals with the arrangement of
adjacent chiral centers within a given molecule. Based on the arrangement, a
polymer can be isotactic, syndiotactic or heterotactic in nature 7% 48, An isotactic
polypeptide sequence is characterized by having all amino acids in L- and D-
stereochemistry, whereas a syndiotactic sequence is a stereoregular arrangement
with alternate L- and D- amino acid or vice versa in succession and a heterotactic

polymer is a random distribution of L- and D- stereo-isomeric monomers (Figure

2.6).
R I R H R H R H
A) [ ) . [ [ ]
@ | CONH | _ CONH | CoNH @
R H g B R H R
B) [ ) . . . ]
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Figure 2.6. Arrangement of stereo-centres in a typical polymer chain as A) isotactic, B)

syndiotactic and C) heterotactic peptide polymers.

A natural protein or peptide polymer is a polymer of L-amino acids alone and hence,
isotactic in nature, with few exceptions. The preferential selection of L- over D-
enantiomer remains an enigma, reported in the 125" anniversary edition of science
magazine 8. The conformational availability of any isotactic (poly-L or poly-D)
polymers are restricted to 21 % of Ramachandran map due to excluded volume effect
8 or by steric collision, among side-chains®°. A typical Ramachandran plot is a

graphical representation of phi (¢) and psi () dihedral angles showing preferential
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conformation of any amino acid (Figure 2.7). Naturally scripted isotactic
polypeptide sequence disparity in a Ramachandran plot can be modified and

expanded to many folds by insertion of unnatural amino acids (Figure 2.7), as a

A D 180

.amino acid

-180 0 180

1 = Right handed a - helix
> 3 - sheet, 3 =% PP-II
4 = Left handed a - helix

Figure 2.7. A) Ramachandran plot showing ¢,y combinations of a given isotactic poly
peptide chain. B) Syndiotactic peptides have approximately two times net access in ¢,y
space.

result of minimized side-chain repulsion. Hence, unusual conformational approach
by informed walk across Ramachandran map minimizing local restriction, may
result in novel architectures with diversified stereo-chemical conformations

suitable for wider range of applications 48 149151152,
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2.3.1 Mechanism of action

It is generally considered that the bacterial membrane is one of the main targets of
AMPs ¢, The main models by which antimicrobial peptides are proposed to work
against microbes are Barrel stave, Carpet (detergent), Toroidal and Disordered

toroidal pore (Figure 2.8) model 3.

Untreated Peptide treated Ruptured

O‘@_’
e N

e N

Figure 2.8. A schematic representation of commonly cited mechanism of action of
anti-microbial peptides.[A)Barrel stave B)Carpet C)Toroidal pore andD)Disordered

toroidal]

Barrel stave Model: In this model, AMPs first attach to the lipid membrane surface
with their axis parallel to it. Because of that arrangement, permanent trans-
membrane pores are formed due to alignment of the hydrophobic region of the
peptides with the hydrophobic core of the lipid bilayer, and hydrophilic region of

the peptide constitute the interior of the trans-membrane pore. So, the formation
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of barrel-stave pores requires exact alignment of facial amphipathicity and

hydrophobic matching of the AMPs with the bilayer.

Carpet Model (Detergent): Carpet model proposes AMPs getting spread all over the
lipid membrane or the peptide molecules align parallel to the membrane. This
alignment infuse a disorientation of the stacked lipid molecules followed by
disorientation and degeneration into small aggregates. Carpet does not suggest any

pore formation during antimicrobial activity.

Toroidal Model: This pore formation architecture can be compared to barrel-stave
formation, but there is a formation of toroid near the attached peptide. In this case,
the lipid molecules fold inwards giving rise to the toroidal pattern. The inner core

of the pore is partly aligned by peptide and lipid head.

Disordered toroidal pore Model: This mechanism is mostly related to peptide
molecules having lesser rigid conformations. Unlike toroidal pore, the inner lumen
of the pore is lined by head groups of phospholipids. In other words, the inner core
in this model is hydrophilic due to the presence of polar head groups. Apart from
these, Hancock and his group reported “aggregate model” for antimicrobial activity
of peptides 4. AMP-lipid interaction with this mechanistic approach can change
lateral lipid packing, increased permeability of membrane as well as membrane

deformation.

Nature has scripted unusual combination of enantiomers (L/D - amino acids) in
achieving very special functions'>759. One such prominent example is Gramicidin;
an antibacterial (gram positive) peptide discovered by Rene Dubos in the year 1939
from Bacillus brevis 9 '%°, It was the first antibiotic agent tested clinically, which
was used as an antiseptic in World War II. Gramicidin is a 15-mer syndiotactic
antimicrobial peptide with alternate L- and D-enantiomers in its structure. This
molecule exists as isoforms with a variation of valine/isoleucine in the first position.
Naturally occurring Gramicidin or Gramicidin D is a mixture of Gramicidin A, B and
C with a variation at n*! position containing tryptophan, phenylalanine and tyrosine

respectively. A Gramicidin helix has syndiotactic arrangement of L- and D- amino
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acids. The prime disparity of this molecule is the insertion of D-chiral amino acid,

which is unusual in naturally occurring protein sequences % ',

Most of the isotactic (poly-L) sequences that have shown good activity under in
vitro conditions have failed to repeat the same efficiency in body fluids 5. Enzymatic

degradation of poly-L. AMPs are a common phenomenon, which results in reduced

1 162

activity of peptides. Hammamoto et a performed a comparative analysis of

human granulysis peptide and its D-enantiomeric analogues. The antimicrobial
potency was comparable in all the cases, but poly-L variants were susceptible to
enzymatic degradation. Similarly, Tugyi et al have also reported differential
response of poly-L and hetero-chiral sequences against proteases'®s. Similar
findings were reported by various other groups 4% as well, pointing to the utility
of unnatural amino acids in the design of novel therapeutic agents with bactericidal

potential.

A ‘peptido-mimetic’ approach was attempted by our group based on gramicidin
structure, for the design of antimicrobial peptides with diversified tacticity 7. A
pair of syndiotactic, dodecamer antimicrobial peptide and their respective
acetylated versions were designed for the assessment of their bactericidal potency.
All the designed peptides have shown preferential bactericidal activity against
Gram-positive species compared to Gram-negative ones, much like gramicidin.
Importantly, our peptides displayed negligible cytotoxicity against mammalian
RBC, unlike Gramicidin. Toxicity was the principal limiting factor of gramicidin for

their use as antibiotics; consequently, their utility was largely limited to topical use.

In another study, we intended to test the effect of interplay between tacticity and
chemistry and their consequence in modulating antimicrobial potency 4. The
peptides were systematically constructed, keeping syndiotactic stereochemistry
(LDLD or DLDL) variants as the backbone, along with their homo-chiral (poly-L)
sequences. The study could successfully demonstrate that stereo-chemical
diversification can produce different electrostatic environments while they
approach bacterial membrane, by exhibiting differential bactericidal activity. In a

follow up study, we have tested the potency of these peptides against
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Mycobacterium smegmatis both in presence and absence of serum. All the designed
peptides were significantly bactericidal in media, but poly-L sequences were

substantially less active compared to LDLD and DLDL variants.

2.3.2 Modeling Peptide - Membrane Interaction

The interaction of peptide molecules largely varies upon its structure as well as the
chemistry of the membrane. The mechanistic study by Garcia and his group '8 has
shed some light in to the translocation mechanism of TAT peptide, initiated by its
interaction with proximal carbonyl groups and distal phosphate groups. The distal
interaction decreases the membrane thickness, where peptide insertion is
cooperatively assisted by water molecule (hydration)® %9, Peptide-membrane
interaction of an amphiphilic, cationic peptide molecule is initiated by electrostatic
interaction between the peptide and anionic lipid bilayer. Amphiphilicity of
molecules plays an important role by presenting its hydrophobic segment to the
phospholipid chain. The hydrophobic interaction stabilizes the pore formation
leading to bacterial cell death . The simulation studies performed by our group
largely support the theory of bacterial pore formation during peptide-membrane

interaction (Figure 2.9).

Figure 2.9. Snapshots of peptide-membrane interactions from Molecular Dynamics

simulation of antimicrobial peptides in a bacterial model membrane, for 200 ns using
GROMOS force field.

The stability of the pore is however, concentration dependent, which points to the

inability of peptide activity below a threshold level 7:'7*, Usage of unnatural amino-
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acids, within a peptide sequence may probably help to increase proteolytic stability
17275 Shai et al. have reported various instances where attenuated poly-L sequences
with D- enantiomers have reduced cytotoxicity to admissible levels 7679, Even
though cytotoxicity is mainly associated with amphipathicity, increase in percent
hydrophobicity can be correlated with reduced cell selectivity. In other words, a
peptide with high hydrophobic content is more likely to be a membranolytic

peptide 180—182'
2.3.2 Salt sensitivity of Antimicrobial peptides

There have been certain studies based on the role of unnatural amino acids and
their salt-sensitivity profile as well. As per the findings, peptides with D-amino acid
were less prone to the solvent '®3 '84; whereas the antimicrobial activity of
poly-L variants were diminished in such environments. Despite being
innately originated in our physiology and omnipotent against plethora of microbial
organisms, these molecules tend to lose their antimicrobial potency in
presence of physiological salts. As per the suggested mechanisms, the decrease in
antimicrobial potential of AMPs can be attributed to the hindrance caused by ions
in terms of the electrostatic interaction between AMP's and microbial membranes.
However, retaining conformational rigidity has also been related to the restoration
of antimicrobial activity of peptides under high salt concentration. Therefore, we
are lack of any conclusion regarding the selective salt sensitivity of AMP in

physiological conditions 5.

Through the experiments elaborated in the following chapters in this thesis,
we are hopeful ofgiving critical inputs to enrichthe efforts in framing
a successful design strategy in the generation of stereochemically diversified
peptide antibiotics with negligible proteolytic enzyme sensitivity, minimal cytotox-

icity and salt sensitivity.
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Short synthetic peptides with amphiphilicity have recently been explored as
possible building blocks for the design of effective nano-bio materials, in a variety

186

of applications ranging from antibiotics ®¢, nanofabrication 7, tissue engineering

188 controlled gene ®9 and drug release '9°, bio-mineralization %, and energy
generation/storage '92. Such a range of applications is a consequence of their heavy

cross-linking capability coupled with remarkable simplicity and biocompatibility

193

Amino acids are the fundamental building block of a protein or a peptide. The 20
natural amino acids are diversified in terms of their structure and chemistry. Amino
acids may be divided into polar, non-polar, aliphatic, aromatic, negatively or
positively charged etc. 4. In this ‘equation’ that governs the sequence to structure
to function of a polypeptide sequence, the ‘variable’ is only the side chain, with the
main-chain remains ‘constant’ for all amino acids. In fact, the performance of
biological functions by proteins has its roots in this side-chain diversity and their
various length-wise and sequence-wise combinations 7. Formation of secondary
and tertiary structures is a result of local interactions and structure
complementarity . In a typical protein fold, hydrophobic side chains are buried
inside the core with hydrophilic side chains exposed offering favorable interactions
with water. The presence of such charged side-chain groups can invoke selective
responses in other charged groups and surfaces. Interestingly, such interactions can
be tuned by ionic strength or solution pH. This indicates that while designing
peptide self-assembly, we need to take into account of four things; hydrogen
bonding, electrostatic interactions, hydrophobic interactions and finally the
directive nature of the peptide backbone. The first three aspects have been
extensively used in the design and fabrication of peptide assemblies 9798 but the
directive nature of peptide backbone and its effect on structure is yet to be explored
to its potential. This thesis work is thus, designed on the concept of stereo-chemical
engineering of peptide amphiphilic structural constructs as future antimicrobials.

The role of main-chain structure in selection and stabilization of polypeptide

conformation remains a much less explored area in protein science. The chiral
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amino acids of a typical protein structure are always L configurational. The origin
of this apparent stereo-chemical filtration in protein biogenesis remains unclear;
however, its consequence on peptide assemblies can be investigated and explored
for future design. Our primary interest is to use the backbone stereo-chemistry as
an additional variable for design of novel peptide based structural constructs and

design of novel antimicrobial agents.

Principal aim of this thesis work is the design synthesis and characterization of a
new genre of anti-microbial peptides incorporating amino acids with L and D

stereochemistry. Key objectives may be summarized as follows:

1. Examine the effects of conformational rigidity of peptides in directing anti-

microbial activity.

2. Examine the specific effects of structural amphipathicity in peptide membrane

interaction.

3. To design a series of peptide molecule those sustains a pore and examine their

utility as model template for peptide antibiotics.
4. Synthesis of the designed peptide by Solid Phase Peptide Synthesis.

5. Purification by reverse phase HPLC and primary characterization by mass

spectrometry.

6. Estimate the relationship of topology dependent electrostatic profiles of the
sequences and their respective membranolytic activity on artificial membranes

using Langmuir-Blodgett apparatus.

7. Perform antimicrobial assay against a gram positive and negative bacteria, to
verify the individual roles of design element employed and its translational

efficacy.

8. Electron microscopic analysis to get a topographical view of peptide-membrane

interaction.

9. Estimate the level of toxicity in mammalian cells by performing hemolytic assay.

31
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10. Extend the study to evaluate the designed molecules as a therapeutic agent

against Mycobacterium Species.

Enhancement of secondary structure stability can improve the utility of peptides as
antimicrobial agents upon interacting with bacterial membranes. According to the
currently accepted mechanism of this anti-microbial activity, such peptides should
have a very stable fold with amphipathic structure. Stereo-chemically controlled
peptide design can significantly improve secondary structure stability, specifically
required for membrane binding and lytic activity. The following chapters explain

various aspects of this basic paradigm.
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4.1 Introduction

Higher organisms use peptides as a defense mechanism against invading pathogens
200203 Defensins 2°4, cecropins 2°5, magainins 2°® and cathelicidins 2°7 constitute
major classes of “host defense peptide”. There is a remarkable increase in peptide
based antibiotics, with nearly two dozen molecules are either completed or under
clinical trials as antimicrobial or immunomodulatory agents 2°%. However, cost,
uncertain toxicology profiles and lability to proteolytic susceptibility hampers the
otherwise promising approach, especially in the light of the phenomenal increase
in antibiotic resistance against conventional therapeutics > 2°9. Decreasing the size
of peptides and machine learning approach have more or less addressed the first
two issues, while the problem of proteolytic degradation may be sorted out by the
use of D-stereoisomers and unnatural amino acids in the sequence '%2. Designed
antimicrobial peptides, in general, are cationic amphipathic peptide sequences with
distinct membrane permeabilizing ability 7 ©. Though various mechanisms have
been proposed like carpet 2, detergent 2", barrel stave *2, toroidal pore 23 etc., a

consensus picture is yet to emerge.

We designed two amphipathic peptide sequences and their N-terminal acetylated
variants mimicking the stereochemical sequence of Gramicidin, a penta-deca-
peptide isolated from soil bacterial species Bacillus brevis '®. Antibiotic profile of
Gramicidin reports that they are particularly effective against Gram-positive
bacteria. However, their utility is rather limited to topical use as a lotion or
ointment in the treatment of infected surface wounds and throat infections 24 2,
Reported mechanism of action for Gramicidin suggests that it inserts itself into
bacterial membranes resulting in membrane disruption and permeabilization,
leading to a sequence of events such as the loss of intracellular solutes, dissipation
of trans-membrane potential, inhibition of respiration and reduction in ATP pools,
culminating in cell death »6. Naturally-occurring Gramicidin or Gramicidin D exists
in isoforms with a variation of valine or isoleucine at first position. Gramicidin

34
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molecule is a mixture of Gramicidin A, B and C with a variation at the 11th position
containing tryptophan, phenylalanine and tyrosine respectively 27. In this work, we
present a design philosophy to synthesize cationic, amphipathic peptide molecules
incorporating D-amino acids in the design alphabet. To promote the membrane
permeabilizing ability, we designed our sequence around Gramicidin with
gramicidin helix (6.3 helix) as the target structure. Gramicidins form cation
selective trans-membrane ion channel in typical model membranes *%. Even
though, Gramicidin acquires various folding states, two of the major conformations
have been predominant in different environments; first is the channel forming
single stranded helical dimer and the second type is a non-channel forming
intertwined helix ' 29, Even though conformations of gramicidin are solvent
dependent, single stranded B (6.3) dimer is the thermodynamically most stable

structure 922,

Like all natural proteins, most of the therapeutic peptides are sequences of
asymmetric amino acids having L-chiral stereo-chemical structure. In other words,
they are stereo-regular “isotactic” hetero-polymers. The isotactic stereochemistry of
the backbone, coupled with planarity of peptide bond and steric effects limits the
conformational space of a polypeptide. Even then, the predictive ability of a given
amino acid sequence to fix the structure, folding intermediates and pathways are
still weak, despite making enormous advancement in the basic understanding of
this unsolved problem 22> 223, This limits the success of a protein de-novo design

experiment in realizing its translational objectives.

Polymer sequences with alternating L and D-chiral monomers (amino acids) are
referred to as syndiotactic polymers and with random distribution of L and D are
heterotactic or atactic polymer ® 224, Gramicidin is a 15 amino acid long trans
membrane helical molecule with alternating L and D-chiral amino acids in its
sequence and can hence be termed as a syndiotactic peptide 2?. In this study we

tried to develop topologically constrained antimicrobial peptide molecules with
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syndiotactic stereo-chemical arrangements after making an objective assessment
about their relative stability by molecular dynamics simulations. Acetylated
variants of both the designed peptides, were also examined to test their possible
differential efficacy, against Gram-positive and Gram-negative bacterial species.
The activity profiles were considerably similar, indicating limited significance of
acetylation in syndiotactic sequences. The bactericidal potency of the designed
peptides was higher against Gram-positive than in Gram-negative bacteria, though
the design approach may be further modified in future designs in the generation of

broad spectrum antibiotics.

4.2 Materials and methods
4.2.1. Reagents and chemicals

Rink Amide resin, F-moc amino acids, N, N, N, N-Tetramethyl-O-(1H-benzotriazol-
1-yl) uronium hexafluorophosphate (HBTU), N, N-Dimethylformamide (DMF), m-
Cresol, Glutaraldehyde, Dimethylsulphoxide (DMSO), Chloroform and Ethanol
were purchased from Merck. 1-Hydroxybenzotriazole (HOBt), Diethyl ether, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Sodium Phosphate
monobasic anhydrous, Acetonitrile (ACN), Ethylene diamine tetra acetic acid
(EDTA) and Piperidine were obtained from SRL laboratories. POPC (1- pamlitoyl -
2 - oleoyl - sn - glycerol- 3- phosphocholine, POPG (1- pamlitoyl- 2- oleoyl - sn-
glycerol- 3- glycerol), N, N-Diisopropylethylamine (DIPEA), Thioanisole, 1, 2 Ethane
dithiol (EDT), Trifluoroacetic acid (TFA), 3 - (4, 5-dimethylthiazol - 2 - yl) -2, 5-
diphenyltetrazolium bromide (MTT), were purchased from Sigma-Aldrich.
Nutrient Broth and Agar were purchased from Himedia laboratories. All other

reagents used were of the highest purity (= 99%).

4.2.2. Methodology
4.2.2.1. Modelling and simulation

The peptide molecules used in this study were designed by an in-house software

PDB make and a modified version of Ribosome software from G.D. Rose laboratory.
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Apart from these, softwares like PyMol, Swiss PDB viewer were used for
visualization of (Protein Data Base)PDB files 77226, The backbone integrity of test
peptide candidates was examined by Molecular Dynamics (MD) simulation
analysis, using GROMACS program suite 22>, GROMACS was used with GROMOS
96 43az1 force field 229 for carrying out MD simulations. The structural stability of the
designed peptides was studied at 300 K under standard NVT conditions. The
structures were energy minimized by steepest descent algorithm in vacuum in 2000
steps in a simulation box with the size relatively 1.5 nm distant from the peptide in
three dimensions. Solvent molecules (SPC, water) were then added and another
energy minimization procedure was carried out in water prior to the simulation run.
The 10 ns production runs for each peptide were done with an integration step of 2
fs. LINCS algorithm with a geometric accuracy of 1074 was used as the bond length
constraint. Maxwell distribution was used for initial velocity calculations with 0.1 ps
of coupling relaxation step at 300 K. The non-bonded interaction cut off was set at

0.8 nm to 1.1 nm.

4.2.2.2. Electrostatic profiling

Electrostatic potential was calculated at every position by solving Finite Difference
Poisson Boltzmann (FDPB) equation, which was summed up for every residue side-
chain, represented collectively at the chromophoric center of the side-chain. The
hetero atoms of cysteine (S), lysine (K) and methionine (M), C-alpha of glycine and
C-zeta of arginine are taken as respective chromophoric centers for electrostatic
profiling. On the other hand, C-beta of alanine, valine, isoleucine, serine, and
threonine along with C-gamma of asparagine, aspartic acid, leucine, proline,
histidine, tyrosine, phenylalanine, and tryptophan are their respective
chromophoric centers. Electrostatic profiling was next accomplished by frame-wise
comparison of electrostatic potential and structure similarity 7. The profiles were

then plotted in a three dimensional graph using MATLAB
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4.2.2.3. Peptide synthesis and characterization

In our study, the peptides were synthesized using standard solid phase peptides
synthesis procedure (Fmoc chemistry) 7. Overnight soaked resin in DMF was
treated with 20 % piperidine for a period of 20 minutes to remove Fmoc group.
Following that, the resin was washed with DMF to attain neutral pH. An activated
amino acid mixture comprised of amino acid, three-fold excess of HBTU, HOBT
and six-fold excess of DIPEA was added to resin for amino acid coupling. This
process was performed for two cycles of one hour and half hour separately. The
cycle of Fmoc removal and amino acid attachment was carried for the entire
sequence followed by final Fmoc removal. Post synthesis, the peptides were cleaved
from the resin using a cleavage cocktail (m-Cresol: Thioanisole: EDT: TFA :: 2:2:1:20)

for 12 hours in dark followed by precipitation in Diethyl ether (ice cold).

The peptides were purified by means of semi-preparative reverse-phase liquid
chromatography. A chromatographic run of 10% ACN to 100% ACN with 0.1% TFA,
was used for the gradient elution of peptides at a flow rate of 0.5 - 1 mL/min. The
eluents were monitored at 210 nm and verified by electrospray ionization mass
spectrometry (ESI-MS) and Matrix assisted laser desorption ionization (MALDI)

mass spectroscopy 7 >3°.

4.2.2.4. Anti-bacterial assay

In our study, mid logarithmic phase bacterial cells were washed and re-suspended
in sodium phosphate buffer (10 mM, pH 7.4). The resulting suspension was diluted
to a net absorbance value of 0.2 at 600 nm and 50pL of the inoculum was treated
with required concentrations of peptide (Net incubation broth is 100 pL), followed
by 2 hours of incubation. Post incubation, 100 pL of MTT solution (0.5 mg/mL) was
added to the broth and incubated for four hours at 37°C. Subsequently, the reaction
broth was centrifuged and the bacterial pellets were mixed with DMSO. The
difference in the absorbance at 570 nm and 660 nm was calculated and percent
bacterial cell lysis was reported, relative to untreated bacterial cells 227 23" 232, A

relative inhibition of 8o % growth with reference to growth control was considered
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to be as Minimal Inhibitory Concentration, as per relative reported standard

procedure 233,

4.2.2.5. Field Emission-Scanning Electron Microscopy (FE-SEM)

The FE-SEM analysis of bactericidal activity of peptide is a qualitative estimation
providing a topographic interpretation of higher magnification, after peptide
activity upon bacterial species. For this experiment, the microscopic analysis
protocol was similar to antibacterial assay until peptide-bacteria incubation
(section 4.2.5). Post incubation the bacterial suspension was mixed with
glutaraldehyde up to a net concentration of 4%, followed by incubation at 4°C for
30 minutes. After that, the mixture was washed with buffer and mounted upon a
glass slide. The bacterial cells were allowed to attach to the glass surface over a
period of 30 minutes. Later, samples were subjected to gradient wash with 30% to
100% alcohol. The samples were dried at room temperature and coated with gold
prior microscopy. The membrane active property of peptides was concluded after
the comparative study of images obtained from peptide treated and untreated

bacterial samples 7227234,

4.2.6. Hemolytic activity

The hemolytic potential of peptides was examined by studying, peptide interaction
with human Red Blood Cells (RBC). To conduct this experiment, blood from healthy
individual was collected and mixed with 2mg / mL of Ethylene diamine tetra acetic
acid (EDTA) to avoid coagulation. Later the blood was washed twice with 5 mM [(4-
(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl) piperazine-
N’-(2-ethanesulfonic acid)] HEPES buffer saline and 50 % cell suspension was
prepared in the same buffer. 50 pL of the cellular suspensions were mixed with
required concentration of peptides and incubated for 2 hours at 37+2 °C. RBC in

water was considered as 100 % lysis whereas RBC in buffer as 0% lysis, which was
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latter compared with peptide treated RBC’s for estimation of hemolytic potential of

peptides 7 227235 236,

4.3 Results and Discussion

4.3.1 Design philosophy: We designed two pairs of syndiotactic sequences mimicking
Gramicidin 6.3 helix as model systems, with a starting (¢, {) dihedral angle pairs as shown
in Table 4.1 Gramicidin has a right handed helical structure with (i to i+7) and (i to i-5)
hydrogen bonding pattern >, and a pitch 4.7 A %7, with 6.3 residues per turn '®.
Theoretically such helical structures can assume two structural variants depending on their

‘handedness’; either right or left handed (Figure 4.1).

L

’—CC Cg%

KrklaArArLvA (02) Ac-KrklaArArLvA (Ac-02)

Figure 4.1. Backbone structures of the designed hetero-chiral peptides having syndiotactic
stereochemistry. All the peptides can either be in left or right handed orientation, resulting
in a maximum of eight theoretical backbone combinations possible for four peptides. A
(01LH) and B (01RH) are the left handed and right handed back bone of sequence 01,
whereas C (01Ac-LH) and D (01Ac-RH) are the left and right handed backbone of 01Ac.
Likewise, E (02LH) and F (02RH) are left handed and right handed back bone of sequence
02 along with G (02Ac-LH) and H (02Ac-RH) are left and right handed version of 02Ac.
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Therefore, we have designed two variants right handed (RH) and left handed (LH)
for each sequence resulting in eight possible variants, though only four variants are
synthetically possible. The designed molecules are both cationic and amphipathic,
which may play an important role in membrane lysis mediated by electrostatic
interactions. Electrostatic potential maps of the designed peptides were generated
by solving FDPBE using Delphi software. The topology resulting from the side-chain
orientation and the electrostatic potential environment it creates, were visibly
distinct in all four models (Figure 4.2). Precisely, the designed molecules display
distinct topological and electrostatic fingerprint, which may get translated to their

antibacterial potency.

Table 4.1. Designed peptides and their sequences. The sequences with N-terminal
acetylation have been denoted with a prefix Ac. The dihedral angles used for the peptide
sequences has been shown in details. Minimum Inhibitory Concentration of the designed
peptides against S.aureus and P.aeruginosa shows preferential activity of syndiotactic
sequences against Gram positive bacteria. The letters in the lower case represents D amino

acid.
. Molecular
Dlheiiral Dihedral mass MIC (uM)
Code Sequence Handedness o 1 angles (D - (Dalton)
(L - amino c K
. amino acid) S. P.
acid) X
aureus  aeruginosa
Right - -
o1 RkRalvKrKvAa 120,140 (¢, §) 120, -110 (¢, ) 1394.76 25 > 100
Left -10, 120 (b, ¥) 110, -150 (D, V)
Ac- Right - o
01 Ac 120,140 (¢, §) 120, -110 (, §) 1436.8 25 > 100
RkRalvKrKvAa Left 110,120 (¢, P) 110, -150 (P, V)
Right R -
02 kRklaArArLvA 120,140 (9, $) 120, -110 (¢, ¥) 1351.69 12.5 >100
Left -110, 120 (¢, P) 110, -150 (P, P)
Ac- Right _ -
02 Ac 120,140 (¢, §) 120, 110 (¢, ) 1393.73 12.5 > 100
kRklaArArLvA Left -110, 120 (b, P) 110, -150 (P, P)

The stereochemistry and sequences of o1 and 01-Ac pair and o2 and 02-Ac pair are
the same, except that 01-Ac and 02-Ac being N-terminal acetylated (Table 4.1). To
verify the stability of the designed peptides in a 6.3 helical conformation, similar to

gramicidin helix, a 10 ns MD run at 298 K under NVT condition using GROMOS 96
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force field, was performed for each structural variant. The cluster analysis of the
theoretical models suggest that the structures are quite stable with the percent
sampling of most populous structure being more than 95 % in all eight models
(Figure 4.3 and Table 4.2). Further, the structural integrity of the molecules was
verified by measuring Root Mean Square Deviation (RMSD) from the starting
structure (Figure 4.4 A). Radius of Gyration has been measured to verify whether
the designed structures remain folded throughout the simulation (Figure 4.4 B).
Radius of Gyration has been measured to verify whether the designed structures

remain folded throughout the simulation (Figure 4.4 B).
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Figure 4.2. Electrostatic potential map of the designed peptides, using Delphi Software
solving Finite Difference Poisson Boltzmann equation. A, B are the potential maps of left
and right handed conformations of the peptide 01. Similarly, C, D are the potential maps
of the left handed and right handed peptide 02 respectively. Though two conformations
are theoretically possible, only one sequence can be experimentally verified. Differential
color coding of amino acid residues, points to their electrostatic potential with reference

to the color bar. The color map shows the potential distribution in KT/e units.
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Detailed examination of average structure forming largest cluster, however shows
that hydrogen bonding pattern has been changed during the course of MD
simulations (Figure 4.5 and 4.6, Table 4.3). In our earlier studies, we have shown
that gramicidin 6.3 helical structures with alternate L and D stereo-chemical
sequence have their short-range and long range backbone electrostatic interactions

complementing each other, while in poly L sequences they are in conflict 238240,

o1-LH o01-LH Ac

o1-RH 01-RH Ac

o2-LH

02-RH 02-RH Ac

Figure 4.3. Starting and end structure structure of designed peptide derived from MD
simulation.

Detailed examination of average structure forming largest cluster, however shows
that hydrogen bonding pattern has been changed during the course of MD
simulations (Figure 4.5 and 4.6, Table 4.3). In our earlier studies, we have shown
that gramicidin 6.3 helical structures with alternate L and D stereo-chemical
sequence have their short-range and long range backbone electrostatic interactions

complementing each other, while in poly L sequences they are in conflict 238240, The
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resultant modification of energy landscape leading to extra stability due to
complimentary local electrostatics is the key for stereo-chemical engineering of
peptide sequences. We have further shown that countervailing short range - long
range interaction holds the key for side-chain sequences dictating the overall

conformation of a given polypeptide sequence.

Table 4.2. Number of clusters and percentage occurrence of all the clusters for peptide 01,
01Ac, 02 and 02Ac, obtained from cluster analysis of MD simulation data using
GROMACS programme suite. The codes LH and RH denote left and right handed helical
structure of all combinatorial possibilities of 4 designed peptide sequences.

Peptide code Number of clusters Size (;::;(t)ztt;ﬁosl::ll:rj:el;smr
o1LH 2 99.4
o1RH 9 95.9

o1Ac-LH 1 100
o1Ac-RH 2 99.9
o2LH 2 98.8
02RH 1 100
02Ac-LH 1 100
02Ac-RH 3 99.8
A B
0.72101-LH 072) o1-RH

0.66 0.66

0.60

0.54

0.48
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Figure 4.4. A) RMSD (Root Mean Square Deviation) as a function of time of all the
designed peptides from MD simulation in a 10 nanosecond (ns) production run, B) Rg
(Radius of Gyration) as a function of time indicating the overall folded nature of the
designed peptides.
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Since local electrostatics of gramicidin helical backbone is complimenting and

stable, the fold is much more adaptable to varied sequence solutions 5.
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Figure 4.5. Matrix of Hydrogen bonding pattern of designed PDB files. The bonding

pattern between N to O has been shown by “Y” in the structures.

Our MD results on all eight variants support earlier observations and this design
strategy. Since amphipathicity and cationicity has been the hallmark of

antibacterial activity of natural and designed peptides, we have designed all
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peptides retaining amphipathicity, at the same time presenting differential

electrostatic potential arising from cationic side-chains.
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Figure 4.6. Matrix of Hydrogen bonding pattern of mean structure of largest cluster from
MD simulations. The bonding pattern between N to O has been shown by “Y” in the

structures.

4.3.2 Antibacterial assay and toxicity studies: The in vitro antimicrobial activity
of the synthesized peptides was tested against Gram-positive (Staphylococcus
aureus) and Gram-negative (Pseudomonas aeruginosa) bacteria. All the peptides
were showing better activity against Gram-positive bacterium, in comparison with

Gram-negative bacteria (Figure 4.7, Table 4.1).
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This observation is consistent with the earlier reports on gramicidin. Gramicidin
has a reported MIC value of 2.2 M 24 against S.aureus and is inactive against Gram-

negative bacteria. Our peptides show similar trend, though the sequence similarity

Table 4.3. Hydrogen bond registry of designed peptide and most populous structure.

Peptid Designed structure (H-bond Mean structure of largest cluster
eptide registry from N atom to O atom ) (H-bond registry)
1(N) to 6(o)
3(N) to 8(o) 3(N) to 9(0)
o1LH 5(N) to 10(0)
7(N) to 12(0)
2(N) to 7(o) 2(N) to 7(o)
4(N) to 9(0) 4(N) to 9(0)
o1LH-Ac 6(N) to 11(0) 6(N) to 12(0)
8(N) to 13(0)
2(N) to 7(o) 3(N) to 1(0)
o1RH 4(N) to 9(0) 3(N) to 7(0)
6(N) to 11(0) 5(N) to 11(0)
3(N) to 8(o) 4(N) to 2(0)
01RH-Ac 5(N) to 10(0) 5(N) to 8(o)
7(N) to 12(0) 13(N) to 11(0)
2(N) to 7(o) 2(N) to 7(o)
o2LH 4(N) to 9(o) 6(N) to 9(o)
6(N) to 11(0)
3(N) to 7(0)
3(N) to 8(o) 5(N) to 3(o)
02LH-AC 5(N) to 10(0) 7(N) to 3(o0)
7(N) to12(0) 9(N) to 7(o)
1(N) to 9(o)
;((I‘IN);S)ZEZ)) 2(N) to 6(0)
o02RH 5(N) to 10(0) 12(N) to 8(o)
7(N) to 12(0)
2(N) to 7(o)
4(N) to 9(0)
02RH-AC 6(N) to 11(0) NA
8(N) to 13(0)

between gramicidin and the designed peptides are minimal. Our designed peptides
primarily rely on cationicity to induce membranolytic activity. Acetylation of
synthesized peptides is aimed at lowering the net positive charge by blocking the
free N-terminus. We, however also could not find any notable difference in

antimicrobial potency between acetylated and non-acetylated peptide variants.

4.3.3 Hemolytic activity: Hemolytic assay against mammalian RBC was performed
to estimate the extent of toxicity. All four peptides exhibited negligible cytotoxicity

against mammalian cells at 100 pM concentration following standard protocols.
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Figure 4.7. Bactericidal potency of the peptides 01 and 02 along with their acetylated

variants against Staphylococcus aureus (Gram-positive) and Pseudomonas aeruginosa

(Gram-negative) bacteria. A and B show bactericidal activity against Gram-positive

bacteria, whereas C and D show activity against Gram-negative bacterial species.

Gramicidin has a reported toxicity estimate of 50 % hemolysis at 5 pM

concentration *4. Unlike gramicidin, toxicity levels of all four reported peptides are

well within the accepted safe threshold of 2% lysis at a very high concentration of

100 pM; and three out of the four peptide variants are showing a value less than 1%

(Table 4.3).

4.3.4 Microscopic analysis: A qualitative evaluation of membrane rupturing

potential of designed antimicrobial peptide against bacteria was performed using

FE-SEM analysis. The cationic peptides caused significant membrane damage

which was inferred after a comparative analysis between peptide treated (ruptured)

and untreated (intact) bacterial cells.

TH-2206_11610627
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Table 4.3. Hemolytic assay of designed peptides against mammalian Red Blood Cells
(RBC) at 100 uM peptide concentration.

SNo Peptide code % RBC lysis Standard Deviation
1 o1 0.5 0.02
2 o1 Ac 2 0.05
3 02 0.7 0.03
4 02 Ac 0.09 0.02

The bacterial cells were treated with 100 pM peptide resulting in deformed bacterial

membrane architecture. (Figure 3.4).

Untreated 01 02

Staphylococcus
aureus

Pseudomonas
aeruginosa

Figure 4.8. FE-SEM images of Gram-positive and Gram-negative bacteria, treated with
individual peptides, after two hours of incubation. Comparison of untreated
Staphylococcus aureus (Gram-positive) and Pseudomonas aeruginosa (Gram-negative)
cells against ruptured bacterial membrane treated with 01, 01 Ac,02 and 02 Ac at 100 uM

concentration. The scale bars correspond to 200 nm.

Qualitative pictures indicate that the membrane rupturing ability of the
amphipathic cationic peptides are responsible for the desired activity profile of the
designed peptides, though detailed mechanism investigation is beyond the scope of

this study.
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4.4 Conclusion

Almost all natural proteins are isotactic with chain stereochemistry (poly L). An
isotactic peptide molecule roughly acquires 21 % allowed conformational space in
Ramachandran plot. If the stereochemical sequence is a variable, it increases the
designable space manifold, resulting in an informed walk across Ramachandran ¢,
U space. We employed a peptido-mimetic approach, modeling around Gramicidin
adopting the simplest stereo-chemical sequence with syndiotactic stereochemistry.
Gramicidin is a natural antibiotic peptide with Syndiotactic backbone (alternating
L and D) having good bactericidal activity against Gram-positive bacteria, but could
only be used topically because of very high levels of toxicity. We attempt to re-
design the amino acid sequence (side-chain sequence) space retaining its stereo-
chemical (main-chain) sequence, with an objective to minimize its toxicity, while
retaining antimicrobial activity. The two designed cationic amphipathic peptides
with alternating L and D chiral amino acid sequences, and their acetylated variants
exhibit negligible levels of toxicity, well within the acceptable limits. Our best
peptide sequence is showing an MIC value of 12.5 M against a reported value of 2.2
pM 24 for Gramicidin D. Importantly, this design strategy offers an effective means
to develop possible sequence variation in future designs. Incorporation of
stereochemistry as an additional design variable significantly expands the design
space of a peptide sequence. In a previous study 7, we have systematically varied
stereo-chemistry of the designed peptides resulting in different structure and
electrostatic interaction profiles while they approach a target. However, our efforts
to directly relate the structure and electrostatic profiles in defining activity and

toxicity of a given peptide, is not yet conclusive.

Role of acetylation in naturally occurring proteins has not been precisely deduced
but studies indicate that it improves the potency of peptides, as it mimics the native
protein itself 24> As indicated in literature, it enhances the overall potency,
metabolic stability and resistance against enzymatic degradation > 243, In our
study, we could not find any significant difference in activity or toxicity profiles of

our designed peptides, which was also an objective of this investigation.
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Apart from increasing the overall design space considerably, incorporation of D
amino acids effectively negates the possibility of proteolytic degradation. This point
to the potential utility of de novo designed peptides with diversified
stereochemistry as a promising new approach in the generation of antibiotic
peptides. Such attempts are important to effectively manage the broad antibiotic
spectrum and pharmacological profile with increased instances of antibiotic

resistance reported in recent times.
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5.1 Introduction

Topology is a key element in structure-activity relationship. Topology, also plays a
key role in the geometrical evolution of a typical protein fold 9*. Topological
variation in a molecule with identical chemical structure can be provided by
differences in their stereochemistry 8. Ever since the historical discovery by Louis
Pasteur in 1847, stereochemical variations and their possibilities are abundantly
utilized while designing molecules at atomistic scale. Despite being the principal
functional molecule in a living system, nature did not adopt stereochemistry as a

variable in protein design .

All proteins are isotactic polymeric molecule, exclusively with L-chiral amino acids,
as monomeric units. Tacticity refers to the relative stereochemistry of successive
stereocenters in a polymeric macromolecule. If any given polymer chain has all
stereocenters of exclusively L-(S) or D-(R) configurational-type, they are referred to
as ‘isotactic’ polymers. Syndiotactic molecules have stereoregular L- and D-
stereocenters in alternate succession, and if the stereocenters are randomly

distributed in a stereoirregular fashion, it is ‘heterotactic’ 4.

Approximately 7000 naturally-occurring peptides with potential physiological
effects have been discovered so far, which include hormones, neurotransmitters,
growth factors, ion channel ligands, etc. High selectivity and attractive
pharmacological profile qualifies them to be identified as potential therapeutic
agents, with 140 different peptide molecules currently being evaluated in clinical
trials 244 245, Almost all therapeutic peptides are made of asymmetric amino acids,
with L-chiral stereochemical structure, thus identified as stereoregular ‘isotactic’
hetero-polymer 246248, This stereo-specificity points to the possibility of diversifying
the basic alphabet of amino acid sequence by including D-enantiomers 56, With
addition of D amino acids at each sequence positions, number of stereoisomeric
diversity increases exponentially from 1N to 2N, where N is the number of amino
acids in the sequence; for a 12 amino acid long peptide, this number would be from

1 (1) to 4096 (212).
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Peptides and protein structures are not only sensitive to mutations in their own
sequences, but also to even minimal perturbations in their environment. Earlier
reports suggest that the stereochemical mutation of polypeptide sequences can
transform the structure from a condition of extreme sensitivity to extreme
insensitivity to its environment '5> 238, A pioneering analysis along this line was done
by Brant and Flory, where they calculated the limiting values of the characteristic
ratio for random copolymers of L-Ala and Gly and L and D-Ala 249. Characteristic
ratio corresponds to the chain stiffness of a polymer chain. For a typical Poly
isotactic peptide chain, this value is between 9.0 and 9.5, whereas for poly (Gly), it
reduces to 2.0, quite similar to typical polymeric chains, owing to the lack of
stereocenter in Glycine *°. In an interesting experiment, Flory further calculated
the characteristic ratios in random L-Alanine, D-Alanine copolymers for different
mole ratios. He found a significant reduction in characteristic ratio to a value of 2

for 50% mole ratio of L- and D- enantiomers.

Characteristic ratio progressively increased upon increased mole ratio of one
enantiomer; with both Poly-L chiral and Poly-D chiral isotactic isomers attain a
value of 9.0. This nearly four and a half times reduction was proposed to be a
consequence of the “harmonious” nature of short and intermediate range
electrostatics, an observation later corroborated by follow up investigations with
chiral engineering of polypeptide sequences 5. Chiral engineering was first utilized
effectively by Ghadiri and coworkers, while designing nano-level molecular
assemblies with D- and L-alpha-amino acids adopting ring-shaped conformations
forming hollow tubular structures 232. This was followed by a series of de novo
designed artificial peptide constructs of diversified tacticity incorporating L- and D-

amino acids resulting in unusually-stable structures.

Peptide based molecular constructs with adaptive modulation for targeted
functions have been identified as a futuristic option while designing antimicrobial
agents, protein transduction domains and tumor homing molecular devices 25325.
Effective interaction with cell membrane is central in all these molecules for its

functional fulfillment. Antimicrobial peptide database (APD) with 2687 molecular
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entries 5°, Tumor homing peptide (TumorHoPe) with 744 257 and cell penetrating
peptide database (CPPSite) with 1700 unique sequences 58 deposited and validated
against various cell, pathogen and tumor types underlines their potential utility.
Despite the above described variations it can potentially generate, option for
steriochemically-diversified peptide sequences remain largely unexplored. Ghadiri
and co-workers have also made use of cyclic D, L-alpha-peptide framework for
designing broad spectrum antibacterial and antiviral agents 25% 26°, Metzler-Nolte
and coworkers have reported 4-8 fold decrease in MIC values by adopting specific

combination of L and D amino acids 2

. Diversity of biological membranes and
adaptation by antibiotic resistant bacterial species, such as gentamicin-methicillin-
resistant Staphylococcus aureus (gentamicin-resistant MRSA) demands a
systematic approach with molecular models resulting in key design directives for
future molecular generation and development. In this work, we investigate the
physiological effects of stereochemical mutation, manifested through the

topological variations it offers, by systematically designing a possible antimicrobial

sequence.

Structure-activity studies of peptide-based antimicrobial agents suggest
incorporation of two key design elements; a cationic charge 2> and an induced
amphipathic conformation 77 293, Chain stereochemistry has not been a design
element in such investigations, with few exceptions 3 4 176,259-261, 264-278 [ this study
we have retained the amino acid content and consequently their hydropathy index,
but experimented with their chain stereochemistry to generate different topology.
Conformational locking or topological fixation have never been a prime concern for
antimicrobial peptide design and probably because of the lack of a consensus
mechanistic model and large number of conformational variations a peptide
sequence can adopt while they encounter a membrane. Imposing a constraint on
peptide conformational flexibility by cyclization of peptide chain was reported to
be a successful strategy to improve broad spectrum activity and also specifically

effective against resistant species >4,
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Through this study, we aim to investigate the following objectives; (i) utility of
peptide molecular systems with diversified tacticity as antimicrobial agents and (ii)
effect of topological variation and subsequent chain stiffness and resultant
restrictions reflected on the antimicrobial activity. We investigate these two
fundamental questions by measuring the relative efficacy of stereochemical cum
topological variants of designed peptides against Gram-positive, Gram-negative and
antibiotic-resistant bacteria, with constant amphipathicity and cationicity as design
elements 2%, We observed that systematic design of heterotactic backbone induce
topological restrictions, addressing the issue of non-specific distribution and

consequent toxicity 2%,

5.2 Materials and methods

Modelling and simulation, Electrostatic profiling, Peptide synthesis and characterization,
Field Emission-Scanning Electron Microscopy (FE-SEM) and Hemolytic activities were

performed as explained in Chapter 4 section 4.2.

5.2.1 Peptide-lipid interaction

Monolayer studies or Langmuir films have been often used to imitate bacterial membranes.
To perform this experiment, test peptide at saturated concentration in buffer (10 mM, pH
7.4) is monitored in terms of its interaction with model phospholipid monolayers. The
magnitude of interaction is measured with respect to the change in surface pressure (mN

m™) of the system.

Estimation of saturated peptide concentration: Surface pressure was monitored by the
Wilhelmy method, using a paper plate and a custom made polytetrafluoroethylene (PTFE)
Langmuir trough (volume approximately 15 cm3) carried out on a Langmuir instrument
(Biolin Scientific, UK). Peptides were injected into 10 mL sub-phase (10 mM phosphate
buffer, pH 7.4) and changes in surface pressure was monitored until saturation was
obtained. The objective of this study was to find the saturated peptide concentration in

bulffer, in order to accomplish further study of peptide - monolayer interaction 792%,

Peptide interaction with lipid monolayers: Monolayers were prepared from phospholipid

systems i.e. POPC and POPC: POPG :: 7:3 in chloroform solutions, which were spread onto
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the air/buffer interface up to a final stable surface pressure of 30 + 2 mN m-1. After
evaporation of the chloroform and stabilization of the pressure, peptides with saturated
concentration were steadily injected into the sub-phase (10 mM phosphate buffer, pH 7.4)
via the vertical hole, in order to cause minimal disturbance to the lipid layer. To ensure
homogenous distribution of peptide in the sub-phase, the peptide mixing was done using
magnetic-stirrer. Peptide monolayer interactions were recorded as changes in monolayer
surface pressure and the resultant data was plotted as change in surface pressure (mN m™)

against time (minutes) 7 2792%
5.2.2 Anti-bacterial assay

In this methodology, overnight incubated bacterial suspension in nutrient broth (NB)
were sub-cultured to mid-log phase, followed by washing with buffer (10 mM phosphate,
pH 7.4). Later, the bacterial suspension was adjusted to a net OD of 0.02 and 50 pL of the
same was mixed with peptides to make required concentrations, and the net reaction
volume was adjusted to 100 pL with buffer if required. The peptide-bacterial broth was
incubated for 2 hours at 37 + 2 °C. Subsequently, the incubated broth was diluted to
tenfold and 20 pL of diluted broth was spread on NB agar plate, followed by an incubation
of 12 to 16 hours at 37 + 2°C. The bactericidal potency of the peptides was calculated by

comparison with untreated bacterial plates 7%,

5.3 Results and Discussion

5.3.1 Modeling, simulation and electrostatic profiling:

As described earlier, a 12 amino acid long polypeptide can have 4096 stereochemical
variants and poly-L is only one among them. Since it is impossible to evaluate all
4096 stereochemical variants and its sequence variants, we opted to exhaustively
evaluate the next possible variant of chiral variation; an alternating LDLD sequence.
LDLD sequence naturally adopts a structure similar to gramicidin helix. Depending
on the handedness (right or left) and sequence, eight LDLD variant sequences are
theoretically possible (Figure 5.1). Handedness is a result of differential phi and psi
angle combinations, a particular syndiotactic backbone adopts, while folding to a
given structure. Since we don’t have any control on the handedness of the

synthesized peptide, out of the eight topological variants, only four can be

57
TH-2206_11610627



Chapter 5 | 58
Topology and Bactericidal Potency
synthetically achieved; LDLD and DLDL stereochemical sequences with a given

sequence and sequence reversed (Table 5.1).

Table 5.1. Amino acid sequence and stereochemical sequence of designed and synthesized
model molecular systems 1 to 6 for biophysical studies and bactericidal activity. Number
of clusters resulted from 10 ns Molecular Dynamics simulations, indicating the number of
microstates at approximate equilibrium. Syndiotactic sequences are far more rigid; largely
retain the designed topology, whereas poly-L sequence can adopt a range of degenerate

conformational states. Small letter in the sequence indicates D-amino acid.

Model System (MS) Amino Acid Sequence Stereochemical sequence Number of clusters
MS1 KrKiFIRtKiLv LDLDLDLDLDLD 5
MS2 KRKIfLr TKIIV DLDLDLDLDLDL 1
MS3 vLiKtRIFiKrK DLDLDLDLDLDL 1
MS4 VIIKTrLfTkRk LDLDLDLDLDLD 3
MSs KRKIFLRTKILV LLLLLLLLLLLL 22
MS6 VLIKTRLFIKRK LLLLLLLLLLLL 74

More precisely, compared to model system 1 (MS1), model system 2 (MSz) has its
stereochemistry reversed and model system 4 (MS4) is sequence-reversed, model
system 3 (MS3) is both stereochemically- and sequence-reversed. Model systems 5
(MSs) and 6 (MS6) are poly L (isotactic) variants of MS1 and MS3 to estimate their
activity against the bacterial species (Table 5.1). More precisely, compared to model
system 1 (MS1), model system 2 (MS2) has its stereochemistry reversed and model
system 4 (MS4) is sequence-reversed, model system 3 (MS3) is both
stereochemically- and sequence-reversed. Model systems 5 (MSs5) and 6 (MS6) are
poly L (isotactic) variants of MS1 and MS3 to estimate their activity against the

bacterial species (Table 5.1).

The relative difference between two molecular systems in any of these six peptides
are different either in sequence or stereochemistry or both; with invariable
cationicity and amphipathicity in order to investigate specific role that

stereochemistry imparts, manifested through their topology during membrane
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Left handed Right handed Left handed Right handed

Figure 5.1. Possible backbone structures for syndiotactic peptides. The left and right
handed conformations of designed syndiotactic peptides MS1 (A, B), MS3 (C, D), MS2
(E, F) and MS4 (G, H).

activity. Several models have been proposed to mechanistically explain
membranolytic activity that principally arise from amphipathicity and cationicity
of interacting molecule. Pore forming and non-pore forming mechanistic models,
suggested for peptide-based membrane activity is essentially manifested through
electrostatic interactions of amphipathic cationic peptide and its oppositely
charged membrane counterpart. We use the finite difference Poisson-Boltzmann
method as implemented in DelPhi 283 284 to compute the electrostatic potential of
all designed sequences on all theoretical possibilities of an alternating LDLD
sequence, both in terms of its handedness and diastereomeric sequence.
Electrostatic cum topology based molecular fingerprints of all eight variants,

theoretically possible with our designed systems were examined (Figure 5.2).

59
TH-2206_11610627



Chapter 5 | 60
Topology and Bactericidal Potency

Left Handed Right Handed Left Handed Right Handed
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Figure 5.2. Electrostatic potential maps of left handed (LH) and right handed (RH)
conformations of designed syndiotactic peptides respectively. MS1 (A, B) and MS2 (C,
D) along with MS3 (E, F) and MS4 (G, H). Electrostatic potential was calculated by
solving finite difference Poisson-Boltzmann equation using Delphi software, summed for
each amino acid side-chain and represented collectively at the chromophoric center of the
side-chain. The backbone corresponding to its electrostatic profile with amphiphilic
character has been shown (color zone) at the top right of each electrostatic profile map.
The N and C terminus for all the figures of electrostatic profile as well as backbone has
been shown in this figure. The color scheme represents the distribution of potential in
KT/e units.

The spatial disposition with charged and neutral groups in a peptide system was
found to be distinct and unique in each case, while the syndiotactic polypeptide
chain assumes its most stable gramicidin helical conformation. Since handedness
in design cannot be implemented on synthetic sequences, our sample set will be
reduced to four LDLD, DLDL, LDLD-sequence reversed and DLDL-sequence
reversed. Their potencies are compared with both isotactic poly-L sequences thus
forming a complete set of designed test systems to study the combined effect of
topology and electrostatics of peptidic chromophoric groups on Gram-positive,

Gram-negative and antibiotic resistant bacteria. Syndiotactic peptides are
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A) MSI B) MS2

C) MS3 D) MS4

Figure 5.3. Position wise electrostatic potential distribution. The electrostatic potential
was calculated by solving finite distance Poisson-Boltzmann equation using DelPhi. All

potentials are in kT/e units.

amphiphilic by design, as can be verified from their electrostatic potential maps

(Figure 5.2 & 5.3).

We performed molecular dynamics simulations of syndiotactic and isotactic
variants at 298 K for 10 ns under NVT conditions using GROMACS program suite
285 with gramicidin helical conformation as the starting structure for syndiotactic
peptides. The number of clusters for each structure has been shown in Table 5.1 and
Figure 5.4. Syndiotactic peptides are quite stable and insensitive to its environment

and in general agreement with earlier reports 23%. MD results

61
TH-2206_11610627



Chapter 5
Topology and Bactericidal Potency

7 @ . 4] /»'E;
v B F iR S 1 \7’/‘ ! @
g T . o ‘g
~ @ TN 1 i 13
3 X
7 F g z 5
h 0— E—9 @ /Ar
Y o=, / NP iy
pe i A s \ 9 €
\\‘l &l = | T
L J 12
X - N NSt
v — Y N X
w | ,
L ‘ h 4 @—P
I - ] K.
1@ R-KZ, B
A G
e R\\ T
K:{g:\l“l*-\L
=2 \\
v R L
N X
. K
\»'\L «']“T’ v
)\l )" -
R
T i
)\ Klﬁ I » = &
iy ‘i “1,“ R
e % R /
y "'»mﬁn’/ i —— X
| Y
0 X
K LA
8- I\ 1 T
! » @
B R T LR""
b X
e SN
1 3
i »-—
,"E R--KK
K Y I
T
0 500 1000

Figure 5.4. Clustering analysis and electrostatic potential distribution of designed
peptides. All peptides were investigated for their conformational stability by molecular
dynamics simulations. A 10 ns run with a 0.2 fs time step was completed, generating 1001
structures per run. These 1001 structures were clustered using g_cluster program from
GROMACS package. Mean structures of significant clusters (> 20 structures) were
extracted from the trajectory and electrostatic potential at each position was calculated by
solving finite distance Poisson-Boltzmann equation using Delphi software. These
electrostatic potential distributions were summed for each amino acid side-chain and
represented collectively at the chromophoric center of the side chain as per a colour map,
with red and violet indicating highly positive and highly negative values. Mean structures
for significant clusters of respective peptides and the electrostatic potential distribution are

shown in the panels (A-O).
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point to two important observations; i) syndiotactic structures are exceptionally
stable under ambient conditions in gramicidin helical conformation, whereas poly
L peptides generate conformational ensemble forming a very rugged energy
landscape and ii) this distinct topological manifestation may translate to different

activity profiles, while they encounter membranes of different cell types.

5.3.2 Peptide synthesis and characterization: The designed peptide sequences
were synthesized, characterized by reversed phase HPLC and MALDI-TOF mass
spectrometry. All the peptide was further purified using semi-preparative reversed

phase HPLC (Appendix).

5.3.3 Peptide-lipid interaction: Differential topology dependent electrostatic
profiles of the sequences give insight to test whether they differ in their
membranolytic activity; both on artificial membranes and natural systems.
Interaction of the peptides was studied with monolayers made up of POPC
(zwitterionic lipid) and 7:3 POPC: POPG (negatively-charged). The lipids were
spread as monolayers to achieve a surface pressure of 30+2 mN m™ A surface
pressure of ~30 mN m™in lipid monolayer corresponds to the packing of lipids in
the biological membranes 279 28, [njection of the peptides in the sub-phase caused
an increase in the surface pressure. The peptides MS1, MS4, MSs, and MS6 had a
sub-phase concentration of 9 tM while MS2 and MS3 had sub-phase concentrations
of 6 pM and 12 pM, respectively. The increase in surface pressure was by and large
more for the negatively charged lipid monolayer (Figure 5.6). Even though the
peptides display only slight preference towards negatively charged lipids, they
exhibited excellent antibacterial activities without any hemolysis as discussed in the
subsequent sections. Syndiotactic peptides induce surface pressure changes upon
peptide insertion ranging from 3.1 to 7.9 mN m™ compared to 3.1 to 3.9 mN m™ for
isotactic poly L peptides, against negatively-charged membranes. For zwitterionic
membranes, this value drops to 2.1 - 4.9 mNm™and 1.5 - 2.2 mN m™ for syndiotactic
and isotactic peptides, respectively. This points to the fact that electrostatic
interaction map of all six peptide systems are distinct and different, inducing

different activity profiles against different model membranes. Overall results are in
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Figure 5.6. Interaction of peptides with lipid monolayers. The peptides display some

preference for negatively-charged lipid.

good agreement with earlier theoretical investigation on the membrane

permeability of alternating L, D peptides by Chipot and coworkers 2%7.

5.3.4 Antibacterial assay: The in vitro anti-bacterial activity of the peptides were
evaluated against S. aureus, E. coli and antibiotic-resistant bacterial species. All the
peptides exhibited good antibacterial activity, even at micro-molar concentration
range (Figure 5.7 and Table 5.2). However, the results do not indicate any specific

advantage in syndiotactic series (LDLD or DLDL) in comparison to the poly-L

Table 5.2. Minimal Inhibitory Concentration (MIC) of designed peptides. All MIC values

are in micro-molar concentration.

Peptides
Bacteria MS1 MS2 MS3 MS4 MSs MS6
S. aureus 8 8 6 8 3 8
E. coli 0.5 4 1 4 2 3
Gentamicin-resistant MRSA 4 6 8 8 3 4

sequences, except that MS1 and MS3 have shown to be highly effective against
Gram-negative bacteria. From a therapeutic point of view, this lead information
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may be further optimized to be included in the treatment regimens designed to

address Gram-negative bacteria 288,
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Figure 5.7. Antibacterial activity of the designed peptide systems (MS1 to MS6), against
Staphylococcus aureus, Escherichia coli and Gentamicin resistant MRSA. The percent
bacterial cell death has been plotted for the designed peptides treated with various peptide
concentrations ranging from 0.25 uM - 8 uM. All the peptides show complete killing at 8
MM concentration against the three bacterial cell types. Standard deviation in each case is

shown as error bars.

5.3.5 Field Emission Scanning Electron Microscopy (FE-SEM): To provide a
topographical view of the bacterial membrane perturbation by the designed
peptides, FE-SEM was performed. All peptides were assayed against Gram-positive,
Gram-negative and antibiotic resistant bacterial species at their respective MIC
values and the images were taken at 2-3 kV. Ruptured (treated) and intact
(untreated) membrane bacterial samples were observed, qualitatively confirming
the membranolytic activity of the designed peptides (Figure 5.8). Even though it is
evident that the peptides possess membranolytic activity, it does not eliminate the

possibility of a receptor mediated action against the bacterial cells.
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Figure 5.8. FE-SEM images indicating membranolytic activity of designed peptides.
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Membrane deformation as a result of bactericidal action of the designed peptides against
(A) Staphylococcus aureus, (B) Escherichia coli and (C) Gentamicin resistant MRSA at

their respective minimum inhibitory concentrations. The scale bars correspond to 200 nm.

5.3.6 Hemolytic assay: To evaluate whether the designed peptides had any
potential toxicity to mammalian cells, hemolytic assay was performed. RBCs (Red
Blood Cells) were incubated with 8 uM peptides for 2 hours at room temperature.
RBC lysis was determined by assaying the hemoglobin content in the medium,
spectroscopically at 540 nm. None of the peptides caused any notable hemolytic
activity (Figure 5.9) 289.29°, The results support the notion that the designed peptides
have the capability of selectively destabilizing bacterial membrane but not typical

mammalian cell membranes.

5.4 Conclusion

Antibiotic resistance seriously hampers effective broad spectrum therapeutic
solutions, which demands generation of new chemical entities periodically.
Peptides can be a desirable option for therapeutics, principally due to their high
specificity and low toxicity profile 247248, Incorporation of D amino acids in peptide
design has been a distinct possibility for designing novel folds but untapped so far

to its true potential. The significant reduction in characteristic ratio of polypeptide
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backbone having both L and D chiral amino acids offers a possibility to design novel

stable folded constructs with minimal chain length.

151

‘}‘I'-I_*'I'{'_I_

104

Percent Hemolysis

Blank MSI MS2 MS3 MS4 MS5 MS6
Peptide Concentration at 8uM
Figure 5.9. Hemolytic assay of peptides against human RBC. Human RBC was treated

with buffer and 8 UM concentration of the designed peptides. The experiment was

performed in triplicates and the error bars represent standard deviation.

Incorporation of D amino acids in peptide design has been a distinct possibility for
designing novel folds but untapped so far to its true potential. The significant
reduction in characteristic ratio of polypeptide backbone having both L and D chiral
amino acids offers a possibility to design novel stable folded constructs with
minimal chain length. We tried to examine the potential to expand the peptide
design space manifold, by adopting the simplest designed system, LDLD chiral

polypeptide to verify its possible structural and resultant physiological effects.

Examination of peptide backbone at atomistic scale for folded and extended
conformations of poly-L and alternating-L, D structure reveal that short range and
long range electrostatics are either conflicting or harmonious depending upon the
chain stereochemistry. The stereochemical transformation of inter peptide
electrostatics from a condition of conflict to one of harmony respectively for poly-
L and alternating-L, D explains why peptides differ in properties such as “stiffness”
and solvent sensitivity. Our molecular dynamics simulation results further

underline this earlier observation. The big difference in the number of clusters
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among syndiotactic and isotactic variants points to the rugged energy landscape of

poly-L sequences compared to a more facile one in LDLD (Table 1, Figure 5.5).

Since the sequences are identical, this extra stability may have realized through
favorable short range and long range electrostatics as explained by Ramakrishnan
et al., in an earlier published work 238. As a consequence of this, gramicidin helical
conformation of LDLD peptides is more or less insensitive to external stimulus,
whereas multiple conformational possibilities of relatively similar energy in their
energy landscape allows poly L variants to switch from one conformation to other,
an observation similar to earlier reported studies from Ghadiri and Gellman’s group,
with unnatural amino acids 25% 259-261 267, 268, 274 Therefore, amphipathicity in LDLD
is clearly defined (Figure s5.2), well-crafted and conformationally retained,

independent of external stimulus.

Side-chains with appreciable cationicity such as arginine and lysine cannot be
designed to be co-localized on an isotactic poly L peptide chain, due to short range
electrostatics, because the resultant repulsive forces are not compensated by
favorable backbone interactions. In LDLD diastereomers, short range and long
range electrostatics are favorable in a gramicidin helical conformation, so that side-
chain interactions between positive charges of and between lysine and arginine can
be compensated. The conflicting interactions at side-chain may be balanced by
LDLD backbone electrostatics while they assume gramicidin-helical conformation.
Poly-L backbone, on the other hand, remains extended thus generating sequence
dependent structures of relatively similar energy profiles. The relatively large
number of clusters in poly-L ensemble in our MD simulations supports this
assumption. Bacterial cell systems comprise of a negatively charged plasma
membrane, where the complexity of the membrane varies from a Gram-positive to
Gram-negative bacteria. The Gram-positive cell wall consists of a 20 - 80 nm thick
layer of peptidoglycans and is rich in lipoteichoic acid and its derivatives, with
teichoic acid endowing majority of the negative charge to the cell surface. Cell wall
for Gram-negative bacteria is however, more complex than others, comprising of 2

- 7 nm thick layer of peptidoglycans surrounded by 7-8 nm thick outer membrane.
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In contrast to lipoteichoic acid of Gram-positive bacteria, the negative charge on

Gram-negative bacterial surface is due to the presence of lipopolysaccharide.

As per the prediction of Sir Alexander Fleming, rise of resistant species can be
attributed to the overuse of antibiotics. Persistent use of antibiotics caused by drug
abuse, spared resistant species which triggered their number due to bacterial
multiplication and mutation through gene transfer 29729, Such a biochemical
adaptation provides a shielding effect against traditional antibiotics. The designed
peptides show better activity against antibiotic resistant Gram-positive species as

compared to the native Gram-positive one.

The stiffness of an LDLD diastereomeric backbone, thus facilitates the maintenance
of the designed amphiphilicity, while the poly-L backbone undergoes major
changes in conformations owing to same charge repulsions and dipole moment.
Despite having the same amino acid content and only two sequence variations, the
six designed peptide systems are distinct by themselves and have unique structure
dependent electrostatic fingerprints (Figure 5.2), and therefore have differential
membranolytic potential. Significantly, all designed systems are showing
comparable or better efficiency compared to typical molecules reported as broad

spectrum peptide antibiotics (Appendix).

For Gram-positive bacteria, the potency is comparable across designed systems, but
all LDLD peptides are showing better activity compared to their poly L variants in
Gram-negative bacteria with MIC value as low as 0.5 uM, possibly owing to the
unique charge disposition of negative species on Gram-negative bacteria. The poly-
L backbone in our model systems may be adopting a complementary structure to
the membrane surface resulting in much better MIC values against antibiotic
resistant species. This may not be the case always as there could be situations
wherein, the poly-L version may not adapt a suitable amphiphilic profile, crucial for
bacterial membrane lysis. The hetero-chiral versions (LDLD and DLDL) on the
other hand are expected to retain their designed amphiphilicity independent of the

any modulation in the membrane surface charge. At 4 pM, both poly-L peptides
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have 100% killing efficiency, as against 6-8 pM for 3 out of 4 LDLD sequences.

However, more elaborate study is necessary to fully verify this hypothesis.

The MIC values for peptides against Gram-negative bacteria are, lower against other
species, indicating better performance in lysing bacterial cells. The designed
peptide MS1 (Table 5.2) is showing excellent activity against Gram-negative
bacteria, emerging as an important molecule for further verification as a potential
drug molecule. This can again be attributed to the retention of designed
amphiphilicty of the syndiotactic variants and relatively fluxional nature of
homochiral sequences. Adaptation of diastereomeric variants by changing the
stereochemical sequence thus offers a unique possibility to lock the topology of the
designed peptide, thus modulating its specificity and activity. Receptor based
design of peptide drugs has traditionally been facing issues of the lack of specificity,
principally due to the degenerate conformational variants offered by poly L
diastereomeric sequences. Conformational locking by stereochemical engineering
offer possibility of fixing the structure and therefore imparts good degree of
specificity to the designed constructs. Differential activity profiles of six designed
systems against three different bacterial membranes tested and constituent cells in

human blood underlines this distinct possibility.
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6.1 Introduction

Tuberculosis (TB) is one of the top 10 causes of death 297, with more than 10 million
cases reported every year and among them, approximately 2 million patients
succumb to the disease > . Mycobacterium tuberculosis (Mtb), is the causative
agent, which parasitizes human macrophages for its sustainability and proliferation
20 Increase in drug resistance is a major challenge to the disease control
mechanisms presently in place 7. Even for the drug susceptible TB, the present
treatment regimen is onerous 9, and hence there is an urgent clinical need for the

discovery of new chemical entities effective for both drug susceptible and resistant

TB.

Peptide based antimicrobials have been recognized as a safe and effective option,
with increased selectivity and tolerance 2°- 298392, But usage of peptides as a
therapeutic agent was limited by short plasma half-life 3°3 and negligible oral bio-
availability 5. The shorter half-life is due to numerous peptidases and excretory
mechanisms that inactivate and clear peptides from the system > 3°4. Several
techniques for extending plasma half-life have been developed, such as stapling and
clipping of peptide sequences, cyclization, binding to albumin and Polyethylene
glycol (PEGylation) etc. 2. Limitations of endogenous peptides have motivated
researchers to focus on the design of peptide analogs, short sequence oligopeptides
and innovative delivery systems. Recently Henry et. al reported a subcutaneous
implantable osmotic pump system that delivers peptide continuously up to one year

for the treatment of type 2 diabetes 3°5.

Serum represents the intact concoction of human body fluid, which conclusively
correlates to its ionic as well as proteome bio-reserve 3°%:3°7. Human serum proteases
135 3083u  and their microbial counter parts form an invasive microflora which
reduces the therapeutic activity of peptides manifold 3°4 323, Apart from this,
higher ionic environment has also been reported to reduce bactericidal potency of
peptides 37 38, Therefore, it is necessary to ascertain the metabolic stability and
therapeutic potential of a peptide drug in serum to verify it's in vivo activity.

Natural proteins and peptides are polymers 20 amino-acids in varying length and
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sequences, with almost all amino-acids exclusively L chiral & 48, In polymer science,
such an arrangement is termed as isotactic. If we can have an amino-acid sequence
with alternating L and D chirality, it is syndiotactic and random L,D combinations
are hetero-tactic *24. From a design point of view, incorporation of D-amino acid at
each position will hugely expand the design space. For example, a ten residue
peptide can have 2'° stereochemical variations possible. However, steriochemically-
diversified peptide sequences have not been explored to its potential. Shai and
coworkers have reported the utility of D-amino acids in therapeutic peptide
sequences for resisting enzymatic degradation 7% 39 32, Peptides with D -
enantiomers have also displayed much reduced ionic sensitivity and cytotoxicity
against mammalian cell systems 3. Self-assembling organic nanotubes with
alternating L and D amino-acids were first reported from Ghadiri’s laboratory and
interestingly, the same group has designed cyclic D, L-alpha-peptide framework as
potential broad spectrum antibacterial and antiviral agents 25> 26°, Metzler-Nolte
and coworkers have made use of specific combinations of L and D amino acids to

achieve 4 to 8 fold decrease in MIC values ',

Side-chain derived cationic charge and a designed amphipathic conformation are
the two principal elements incorporated in the sequence of peptide-based
antimicrobial agents ©> 77, So far, chain stereochemistry has not been systematically
used as a design variable in most of these studies, with few exceptions 7. In an earlier
study, we have retained the amino acid content, but varied their chain
stereochemistry to generate different topological variants with same chemical
species, and tested their bactericidal potential against gram positive, negative and
resistant bacteria. Conformational locking or topological fixation by stereo-
chemical engineering has been systematically experimented to verify its differential
effects against bacterial membranes’. In this work, we extend this study by testing
the relative efficacy of isotactic and syndiotactic variants of a peptide sequence in

both directions by retaining its chemical constitution.

Mechanistic investigations on TB suggests that, Mycobacterium bacilli are ingested
by macrophages in response to bacterial invasion, subsequently resulting in the

formation of attenuated phagosomes, creating a friendly intra-phagosomal
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environment for bacterial proliferation 7 2°. Even though there is available
treatment regimen, the rise of multidrug-resistant superbugs has limited the
prognosis 32323, Therefore, we investigated the anti-mycobacterial potential of our
reported bactericidal peptides, both in vitro and in serum with Mycobacterium
smegmatis as a representative model for mycobacterium, due to its non-virulence

and comparative fastidious nature.

We made an objective comparison of antibacterial potency of isotactic and
syndiotactic peptides in both conditions. We found that stereochemically
diversified syndiotactic sequences effectively resist enzymatic degradation, while
isotactic antibacterial peptides degrade losing their potency. Since mycobacterium
is basically a gram positive bacteria, we further verified our results, we further
extended the study to a gram negative bacterium E. Coli. In this study, we have
designed six model systems, systematically and exhaustively varying the stereo-
chemical and amino-acid sequence resulting in six variant topological models. The
designed molecules were synthesized and further verified for the effect of chain

stereochemistry in formulating their bactericidal potency, hemolysis and plasma

life.

6.2 Materials and methods

Modelling and simulation, Electrostatic profiling, Peptide synthesis and
characterization, Field Emission-Scanning Electron Microscopy (FE-SEM) and

Hemolytic activities were performed as explained in Chapter 4 section 4.2.
6.2.1 Antimicrobial assay (Micro-dilution method)

Broth micro-dilution method is the most common and standard technique used to
test bacterial susceptibility against antibiotics in most of standard laboratories
worldwide 324, In our experiment, Mycobacterium smegmatis (ATCC® 607) bacterial
strain was cultured in M7Hg media, overnight at 37°C. The bacterial suspension was
diluted to 2 x 105 cfu/mL. Subsequently, souL of the diluted inoculum was mixed
with fixed concentrations of peptides and incubated at 37° C for 72 hours. The

bactericidal potency of the peptides was estimated by comparison with untreated
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bacterial cells at 600 nm 3%. Similarly, E.coli MG1655 was diluted to 2 x 10° CFU/mL
in Nutrient broth (NB) media. 50 pL of the bacterial suspension (105 cells per well)
was mixed with peptides at required concentration, followed by incubation at 37 °
C for 12 to 16 hours. The percent bacterial cell death was calculated by a comparative

assessment with untreated bacterial suspension (negative control) at 600 nm 32°,

6.2.2. Serum sensitive assay

Serum sensitivity assay of peptide based drug molecules are performed to ensure
their stability in representative biological fluid. In general, peptide molecules are
prone to enzymatic degradation and ion sensitivity, that markedly reduces their
therapeutic potential. Therefore, it is important to check the stability of these kind

of molecules in in-vivo mimicking condition 3°%3°7,

To test the serum stability of peptides, the anti-bacterial (micro-dilution method
section 6.2.1) activity was performed in presence of 50 % human serum 3*7. The
percent bacterial cell death was calculated by a comparative assessment with

untreated bacterial suspension (negative control) at 600 nm 32°,
6.3 Results and Discussion
6.3.1. Design and Synthesis of Syndiotactic Antimicrobial Peptides

We have designed a series of 12 amino acids long peptides incorporating residues
with cationic and neutral side-chains. A typical 12 amino acid long polypeptides can
theoretically have 2™ (4096) stereo-chemical variants possible. Naturally occurring,
isotactic Poly-L sequence is only one among these, while the remaining 4095 are
hetero-chiral. When we systematically evaluate stereo-chemical effects in
extending the plasma life of the designed peptides, it is impossible to evaluate all
4096 stereo-chemical variants and further its sequence variants. Therefore, as a
design strategy, we opted to exhaustively design the next theoretically possible
chiral sequence variation, which is an alternating LDLD peptide sequence (Figure

6.1).
Incidentally, Gramicidin, a naturally occurring polypeptide obtained from soil
bacteria Bacillus brevis 7, has an alternating L- and D-amino acid sequence *'. The
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helical structure it naturally adopts is known as gramicidin helix. Stereo-chemical
sequence LDLD and its reverse DLDL can adopt both right handed and left handed
conformations, and with regards to the handedness, one can design eight variants

(Figure 6.1).

Differential handedness is achieved by using different phi and psi angle
combinations in each syndiotactic sequence. However, out of eight, only four
variants are synthetically possible (Figure 6.1, Table 6.1), because handedness is
adopted by the peptide, post synthesis. Therefore, out of the eight topological

variants, two LDLD and its two mirror sequence DLDL has been synthesized (Table

6.1).
A LRLDLEDEDLDLED B DLDLDLDLDLDL
180 1 80 e ‘
yo- yo-
_180 0 180 -180 0 180

()] ()]

Figure 6.1. Design of antimicrobial peptide incorporating D amino acid in the peptide
sequence retaining their molecular weight and chemistry, and varying stereochemistry.
The design has a pair of LDLD as well as DLDL sequences, with their poly L counterparts,
all having identical amino acid composition. The syndiotactic arrangement of the peptide
sequences give rise to gramicidin helical structure with alternating L and D residues in

peptide sequence.

More precisely, model system MS2 is the stereochemically reversed sequence of
model 1 (MS1), MSy4 is sequence reversed MS1, and MS3 is both sequence and

stereochemically reversed model of MSi.
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Table 6.1. Designed antimicrobial peptides and their respective amino acid sequences.
The letters in uppercase represent L —amino acid, whereas letters in lower case denotes D
—amino acid. Comparative activity assessment of antimicrobial activity of the designed
peptides calculated as Minimal Inhibitory Concentration (MIC) of peptides against both
M.smegmatis and E.coli in human serum and media alone. The MIC values are expressed

in micro molar (LM) unit.

M.smegmatis E.coli
Peptide Code Sequence M. smegmatis E.coli
(serum) (serum)

MS1 KrKiFIRtKiLv 6.35 12.5 3.13 6.35
MS2 KkRKIfLr TKIIV 3.13 3.13 3.13 3.13
MS3 vLiKtRIFiKrK 6.35 12.5 6.35 6.35
MS4 VIIKTrLfTkRk 6.35 12.5 6.35 6.35
MSs KRKIFLRTKILV 635 > 50 313 > 50
MSé6 VLIKTRLFIKRK 12.5 > 50 6.35 > 50

With this we could achieve all the stereochemical and topological possibilities of a
given sequence in syndiotactic stereochemistry (Table 6.1). MS5 and MS6 are
isotactic (poly L) variants of MS1 and MS3 for an objective comparison of their
relative potential against Mycobacterium smegmatis, in conditions with and
without serum. The design philosophy and their activity against gram positive,
gram negative and resistant bacteria (MRSA) have described elsewhere. Two
molecules in this series, differs either by stereo-chemistry or sequence or both.
Amino acid content, and consequently molecular weight, cationicity,
amphipathicity and hydrophobic index of all peptides are the same, which provides
an objective assessment of the effect of stereo-chemistry manifested through their
topology during membrane activity and protease and peptidase enzyme induced
degradation under in vivo conditions. All the 6 peptide sequences were synthesized
using standard solid phase peptide synthesis employing Fmoc chemistry. All the
peptides were purified using reverse phase liquid chromatography followed by

characterization using mass spectrometry (MALDI-TOF).
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6.3.2 Bactericidal potency of the designed cationic peptides against M.

Smegmatis

The bactericidal potency of the peptide molecules was performed by the use of

Broth micro-dilution method (Figure 6.3).
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Figure 6. 2. Anti-bacterial activity of the designed peptides against M. smegmatis and E.
coli in media and in human serum. The bactericidal potency (percent bacterial cell death)
of peptide has been plotted against variable peptide concentration at micro molar
concentration (1.56 to 50). The error bars represent standard deviation.

All the designed peptides exhibited good antibacterial activity against M.
smegmatis, even at micro-molar concentration range under in vitro conditions in
media. The syndiotactic and poly-L peptides have shown comparable antibacterial
potencies, which indicates that the designed peptides were membrane active in

nature (Table 6.1). This observation was supported by a comparative study of
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isotactic and syndiotactic peptides with field emission scanning electron
microscopy (FE-SEM). The untreated bacterial sample possessed intact membrane
architecture, while bacterial membranes treated with peptide have been deformed
significantly (Figure 6.3). Anti-tubercular peptides 3*® identified in last few decades
have shown to possess multiple advantages such as low immunogenicity, selective
affinity, and divergent mechanisms of action. Available reports suggest that they
bind multiple targets simultaneously showing both anti-mycobacterial as well as
immune-modulatory properties. To verify the potential toxicity of the designed
peptides to mammalian cells, hemolytic assay was performed with RBC’s,

incubating with 8 pM and 16 pM peptides for 2 hours

Extend of RBC lysis can be estimated spectroscopically at 540 nm, by measuring the
hemoglobin content in the medium. All the peptides were found to have negligible

hemolytic activity (Table 6.2).

Table 6.2. Percent hemolysis of peptide model systems (MS1 to MS6) in comparision with
buffer (5 MM HEPES in 150 mM NacCl) at 8 uM, 16 uM concentration against human Red
blood cells (RBCs).

Peptide Percent hemolysis at 8 pM Percent hemolysis at 16 pM
Blank 11.10 - 11.74 10.62 - 14.36
MS1 10.75 - 12.34 11.07 - 12.70
MS2 1.63 - 13.47 12.02 - 13.71
MS3 1.83 - 12.00 11.86 - 12.03
MS4 1.65 - 12.37 11.79 - 12.51
MSs 11.35 - 12.03 11.28 - 13.12

6.3.3 Effect of stereo-chemical engineering of the designed peptides in

extending plasma halflife

To verify the comparative performance of syndiotactic and Poly L peptides, we
repeated the experiment in mammalian serum. All the four syndiotactic peptides in
LDLD and DLDL stereo-chemical sequence showed remarkable difference in their
activity compared to their Poly L counter-parts. Syndiotactic peptides MS1, MS3 and
MS4, more or less retained their antimicrobial property, with a relatively lesser
extent in their membrane activity, while MS2 retained its bactericidal potency even
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in serum. Expectedly, for poly-L peptides, the MIC values have shown a phenomenal

decrease from 12.5 uM and 6.35 pM to a value greater than 50 pM

Untreated MS1 MS2 MS3

M54 MS5 MS6

Figure 6.3. Field Emission Scanning Electron Microscopic (FE-SEM) images of peptide-

membrane interaction. A comparative assessment of untreated specimen with peptide
treated sample at their respective MIC can be qualitatively assessed from the extent of
deformation of bacterial membrane under each condition. Images have been pseudo-

colored using Photoshop CS6. The scale bar resembles to 500 nm.

(Figure 6.2, Table 6.1). The much studied enzymatic degradation of poly-L peptides
was evident from the activity profiles. Since serum is a cocktail of innate proteins
and ions 37, its effect on therapeutic peptides in known and well demonstrated 3.
The observation that syndiotactic peptides could resist enzymatic degradation can
be an important lead in the future designs of peptide based therapeutics.
Mycobacterium smegmatis is a gram positive bacterium 32. To further verify our
observation, we have repeated the experiment with gram negative bacteria, E. Coli.
Overall results were found to be a repeat of M. Smegmatis experiment, with
syndiotactic peptides more or less retaining its activity in serum, while poly L

peptides degraded. Interestingly, MS2 was found to an important lead compound
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for future development as a very potent broad spectrum antibiotic, showing
exceptional activity against both bacterial species of contrasting membrane
architecture (Figure 6.2). Mycomembrane is very rigid compared to even gram
negative bacteria 33°, which explains the general trend of comparatively lesser MIC
values of the designed peptides in Gram-negative bacteria, supporting earlier

studies with comparative estimates.

6.4 Conclusion

Antibiotic resistance limits the sustained usage of broad spectrum therapeutic
solutions, thereby demanding a robust pipeline of newer lead compounds getting
into clinical trials 3% 33. The present treatment regimen of tuberculosis is
complicated, demanding long-term use of multiple antibiotics up to 12 months, and
not devoid of side-effects 332, Recent reports suggest that BCG (Mycobacterium bovis
bacille Calmette-Guérin) vaccine, widely used for children can fail to prevent
pulmonary TB in adults 33. Further, multidrug-resistant resistance (MDR), an
inevitable consequence of noncompliance with the full therapeutic regimen, is
leading to the emergence of resistant strains of Mycobacterium 334. Recent reports
of rising resistance to age old drugs like isoniazid 335 and rifampin 3¢, points to the

immediate necessity of new line of solutions to this disease.

Peptides serve as the first line of immune defense and probably the only immune
effector for most organisms 2°3337. The basic molecular construct of physiologically
active peptides is mostly composed of poly-L amino acids 2*7. AMP’s are utilized as
a viable option against microbial invasions by physiological systems across different
levels of organization 33%. Stability against enzymatic degradation was one of the
main reasons for their underutilization 3°4, which could otherwise be a good
therapeutic option with minimal side effects. Our assessment with alternating
stereo-chemical sequence (LDLD or DLDL) of antimicrobial peptides, suggest that
stereochemical engineering of designed peptide can address the most significant
associated limitation of peptide based treatment regimen against bacterial

infections, especially Mycobacterium.
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7.1 Introduction

Microbial resistance against traditional antibiotics has been a global threat to public
health. Monitoring agencies like World Health Organization (WHO), US Center for
Disease Control and Prevention (CDC) etc. have raised serious concerns about this
growing menace in recent times. The rapid and widespread development of drug
resistant pathogens and reduced approval rate of new antibiotic agents have
resulted in increased mortality rate globally 4% 339 34, As per the reports, nearly
25000 deaths per annum in Europe has been recorded due to antibiotic-resistant
bacterial infections. Similar number of causalities have been reported from United
States as well 344 and mortality rate in developing and third world countries is even
worst. Overall, an annual death toll of 7 lakh has been reported, which is projected

to touch 10 million by 2050 34,

Antibiotic-resistant bacterial species can be multidrug-resistant (MDR), extensively
drug-resistant (XDR) or pan drug-resistant (PDR) 34. Carbapenem-resistant
Acinetobacter baumannii is reported to be the most resistant bacterial species (PDR)
till date 342. WHO published a list of 12 MDR bacterial species and families,
suggesting an urgent need for discovery of newer antibiotics against them. Other
than the drug resistant species, bacterial biofilms 344 are also known to be the most
resistant form, where no antibiotics have shown significant bactericidal activity 34>
346, However, there have been reported instances of antimicrobial peptides (AMPs)
showing significant activity against multidrug-resistant pathogens and bacterial
biofilms as well 347. Increased attention to AMP research is primarily hinging around

this hope.

Antimicrobial peptides (AMPs) are natural molecules of innate immunity that
counters microbial invasion 348349, Peptides like defensins, cathelicidins, cecropins,
magainins etc. are some of the most widely studied classes of antimicrobial peptides
(AMPs) 227, Despite having varied sequence, structure and amino acid composition,
these molecules share common characteristic features like cationicity and
amphipathicity in their primary molecular construct, which exhibits broad

spectrum antimicrobial activity 57 ©. Gramicidin; a syndiotactic peptide antibiotic
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from Bacillus brevis is the first ever clinically tested molecule of its kind *°7. We have
described in an earlier chapter (chapter -6) of this thesis, about how systematic
variation in main-chain stereochemistry or tacticity can multiply the design space

of antimicrobial peptides, its efficacy and utility as a therapeutic agent.

Through this work, we aim to investigate the influence of polypeptide chain length
on the bactericidal potency of syndiotactic peptides, by synthesizing a sequence
subset of an earlier studied peptide sequence 7. The earlier model systems were
comprised of syndiotactic peptides (MS1 - MS4), along with their poly - L counter
parts (MS5 and MS6). All the peptides were identical, in terms of their amino acid
content. The entire peptide model systems were active against Gram-positive,
Gram-negative and resistant bacterial species 7. A detailed account of their activity,
serum sensitivity and biophysical properties were presented in chapter 5 and 6 .
We designed and synthesized an approximate sequence subset of these peptides
with seven amino acids. Shorter sequences are relatively easy to synthesize in
laboratory and are therefore more economical. We have retained the basic design
protocol and to a great extent sequence, so that we can make an objective
assessment of its comparative performance while reducing its size. We observed a
significant reduction in antimicrobial potency of peptides (ST1 - ST4) upon chain

length reduction, with varied bactericidal activity profiles.

».2 Materials and methods

Modelling and simulation, Electrostatic profiling, Peptide synthesis and
characterization, Field Emission-Scanning Electron Microscopy (FE-SEM) and
Hemolytic activity were performed as explained in Chapter 4 section 4.2. The

antimicrobial assay was performed as described in Chapter 5, section 5.2.2.

7.3 Results and Discussion

We designed four 7-mer syndiotactic peptide sequences (Table 7.1) showing single

turn Gramicidin helical structure for making objective comparison of their

bactericidal potency with previously reported 12-mer peptide sequences 7.
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Table 7.1. Designed 7-mer peptide sequence, code and their respective molecular mass.
Number of clusters found after 10 ns Molecular Dynamics simulation. The letters in the

uppercase represent L —amino acid, whereas letters in lower case denotes D —amino acid.

Peptide code Sequence Molecular mass (g/mol)
MS1 KrKiFIRtKiLv 1513.02
ST1 KrKiFalL 873.58
MS2 KRKIfLr TKIIV 1513.02
ST2 kRKIfAl 873.58
MS3 VLiKtRIFiKrK 1513.02
ST3 IAfIkRK 873.58
MS4 VIIKTrLfTkRk 1513.02
ST4 LaFiKrK 873.58

The 12-mer sequences were reported to have stable Gramicidin helical structure as
per their modeling and simulation studies, explained in chapter 57. However, these
7-mer sequences may retain single turn like structure, because of their syndiotactic
backbone (Figure 7.1). Among the designed sequences, all the peptides were varying
either by stereochemistry or sequence within themselves, despite having similar
amino acid composition. Specifically, peptide STz is the stereochemically reversed
model of STi1, ST3 is a sequence and stereochemistry reversed STi, and STj4 is

sequence reversed model of ST1.
7.3.1 Electrostatic profiling and MD simulation of peptide sequences

The designed peptide molecules are amphipathic in nature, due to the presence of
both cationic (hydrophilic) and hydrophobic moieties within the sequence. These
characteristics are known to play a significant role in selective membrane (bacterial)
interaction due to assisted electrostatic interactions followed by lysis causing
bacterial cell death. The amphipathic nature of the de-novo designed peptides was

confirmed by electrostatic potential mapping of the designed peptides (Figure 7.2).

All the electrostatic potential maps were generated by solving Finite Difference
Poisson Boltzmann (FD-PBE) equation using Delphi software. The variable

electrostatics within a peptide sequence can be attributed to its polar and non-polar
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Figure 7.1. Comparative backbone structure of 7 mer peptides (ST1 — ST4) with reference
to their respective 12 mer model peptide systems (MS1 — MS4). All the peptide sequences
are syndiotactic, having alternate L- and D-amino acids in its back bone. The N- and C-
terminus of the peptides are shown in each case along with their peptide sequences. Small

letter in the sequence indicates D-enantiomer.

side chains, which was apparent in all the designed sequences. In general, optimum
amphipathicity is one of the principal design element of AMPs with significant
bactericidal potency as well as minimal mammalian cytotoxicity 2. Hence,
designed peptides with amphipathic electrostatic fingerprint can be expected to
yield the desired physiological activity. The designed peptide sequences are made
of similar amino acid composition; peptide variants were created as a result of
altered stereochemistry and sequence reversal. No two peptides within the set have
similar sequence or stereochemistry (Table 7.1). To check the stability of the peptide
candidates, a 10 ns MD simulation run was performed under NVT conditions using
GROMOS 96 force field. Cluster analysis were performed with an RMSD cut-off of
o.5 nm. All the peptides were reasonably stable roughly maintaining the designed

structure.
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Figure 7.2. Electrostatic profile of 7-mer peptides (ST1 — ST4). The relative orientation
of positively charged (yellow) and non-polar (green) side-chain group of the de-novo
designed peptide sequence, showing amphipathic character, with distinct regions of
polarity. The color scheme represents the distribution of electrostatic potential in KT/e

units.

The structural stability was further assessed by measuring the Root Mean Square
Deviation (RMSD) (Figure 7.3 A), and Radius of Gyration (Rg) with reference to the
starting structure (Figure 7.3 B). In the earlier reported studies 7 3824, syndiotactic
peptides with alternate L- & D- amino acid composition or vice versa have shown
to have short range and long range electrostatic interactions (in peptide backbone)
in perfect harmony, unlike Poly L peptides. The relatively greater probability of
syndiotactic helical structures retain their gramicidin helical conformation is
principally due to this mutually complementing short-range and long range

electrostatics.

7.3.2 Antimicrobial assay and Hemolytic activity

The in-vitro antibacterial potency of the synthesized peptides was tested against

Staphylococcus aureus (Gram-positive), Escherichia coli (Gram-negative) and

87
TH-2206_11610627



Chapter 7

Chain length and bactericidal potential

Gentamicin resistant MRSA (resistant bacterial species). The bactericidal potency

of the peptide sequences was found to have markedly reduced (Figure 7.4, Table

7.2) compared to highly active, 12 mer peptides.
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Figure 7.3. A) Root Mean Square Deviation (RMSD) and B) Radius of Gyration (Rg) as

a function of time in a 10 nanosecond MD simulation production run.

The hemolytic activity of AMP’s is an important parameter to establish their

selective membranolytic potential against bacterial cells. To assess the toxicity of

the designed AMPs against mammalian cells, we performed hemolytic activity assay

of peptides against mammalian Red Blood Cells (RBC). A 100 uM concentration of

peptides were incubated with 5% RBC at room temperature for 2 hours.

Table 7.2. Inhibitory Concentration 50 (IC 50) values of peptides at micro-molar(uM)

concentration.

Peptide

MS1 ST1 MS2 ST2 MS3 ST3 MS4 ST4
code
S.aureus 11 13.7 13 3.3 0.7 5.4 0.7 5.07
E.coli 2.2 15.2 0.5 83 0.4 3.8 0.5 6.5
Gentamicin
3.1 81 0.7 6.2 1.9 5.2 1.2 6.8
resistant MRSA
88
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The percent hemolysis was calculated by comparative evaluation with 0% and 100%

RBC lysis in buffer and water respectively.
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Figure 7.4. Comparative antimicrobial activity of peptides (MS1 to MS4 and ST1 to ST4)
against Staphylococcus aureus, Escherichia coli and Gentamicin resistant MRSA. The

standard deviation has been shown as error bars in the graph itself.

All the designed peptides are well within 3 % safety limit compared to the blank. As
per earlier reports, insertion of D-amino acid has been reported to reduce the extent

of hemolysis 8232,
7.3.3 Microscopic analysis (FE-SEM)

The microscopic analysis (FE-SEM) provides a qualitative pictorial overview of

deformed membrane architecture upon treatment with bactericidal agents. The
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bacterial cells (S.aureus, E.coli and Gentamicin resistant MRSA) were treated with
their respective MIC values followed by their fixation and imaging. The images were

taken at 50-75 KX using 2-3 kV.
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Figure 7.5. Percent hemolysis of antimicrobial peptides against human RBC at 100 pM.

All the peptides showed negligible hemolysis suggesting minimal cytotoxicity as the blank

alone showed 13 % RBC lysis. The error bars represent standard deviation.

The comparative qualitative analysis of peptide treated bacterial cells showing
deformed membrane architecture in comparison with the untreated bacterial cells,
having non-deformed membrane morphology supports their probable
membranolytic activity, though of a lesser extent in comparison with the 12 mer

sequences.

7.4 Conclusion

Antibiotic resistance reduces the therapeutic activity of antibiotics which results in
need of newer drug entities 4°. Recurrent rise in antibiotic resistant superbugs and
drying up of new lead candidates has been an issue of major concern 4°. AMPs are
projected to be a useful option, due to its broad spectrum activity 57, selectivity
towards microbial cells and negligible mammalian cytotoxicity 35°. However, there
are notable limitations that have withheld its progression. Two major drawbacks
are susceptibility to proteolysis and sensitivity to salt. Strategies like the
incorporation of D-amino acid within the peptide sequences have considerably

reduced these limitations, resulting in improved bactericidal activity 5.
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o1
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Figure 7.6. Field Emission Scanning Electron Microscopy (FE-SEM) of bacterial cells
treated with peptides (ST1 — ST4) at 100 uM concentration and untreated cells as control.
Bacterial cells of Staphylococcus aureus, Escherichia coli and Gentamicin resistant
MRSA were used in this study and all the peptide treated cell were seen to develop
deformed membrane texture as compared to untreated control cells. The scale bars
correspond to 200 nm.

The experiments reported in this chapter suggest two major design directives; i)
bactericidal activity of syndiotactic sequence is chain length and structure
dependent, and ii) bactericidal activity is a function of the electrostatic
environment generated by the stereo-chemical cum amino acid sequence and their

resultant topology.
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8.1 Introduction

Antibiotics have increased the average life expectancy of the global population by
effectively countering microbial infections, ever since the discovery of penicillin 3.
Over the years, evolution of resistant bacterial species has reduced the efficacy of
antibiotics; with varieties of resistant bacterial forms like Multi-Drug Resistant
(MDR), Extensively Drug Resistant (XDR) and Pan Drug Resistant (PDR) species
evolving 4. “ESKAPE”, a coterie of bacterial organisms are largely responsible for
drug resistance and hospital acquired infections 35>. Many of these organisms can
form biofilms; a highly resistant form without effective solution from present
treatment regimen 2% 353, The increasing mortality rate may reach up to additional
10 million deaths annually by 2050 354. Such a projected estimate would welcome all
options that can be made available as futuristic solutions and peptides are the most
promising ones due to their prominent antimicrobial activity in our physiological

systems 355,

AMPs are defense molecules of the innate immune system that combats microbial
infection within our biological systems 3. The primary characteristic of these
molecules are reported to be amphipathic as well as cationic in nature 77. Some of
the well-known molecules of this class are Cecropins 357, Magainin 358, and Defensins
359 with potential antimicrobial activity. Gramicidin, the first ever clinically used
antibiotic is an AMP isolated from Bacillus brevis 3%°. Certain molecules like
Daptomycin, Telavancin, and Vancomycin are some of the well-known clinical
molecules of its class. There are about two dozen AMPs in various phases of clinical
trials 7% 89, AMPs have shown potential antimicrobial activity against drug resistant
pathogens and biofilms 3. There have been reported instances of synergistic
activity of AMPs with conventional antibiotics 3%2. Despite their desirable
characteristics, the clinical utility of these class of molecules has not been up to the
expectations '74. Factors like poor pharmacokinetic profile and the high cost of
production have restricted their progression as clinical molecules. However,
strategies like end capping, cyclization, conjugation with large polymers and
proteins, prenylation, lipidation, insertion of D-amino acids and use of

permeability enhancers have addressed some of the existing issues of adopting
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peptides as lead candidates > >3%. Unlike natural proteins, hetero-chiral peptides
have more Ramachandran space accessible, when we consider peptide as a singular
unit. In hetero-tactic and syndiotactic proteins, short range and long range
interactions may be more optimized® 5> 152, Peptide backbone with diversified
stereochemistry can negate enzymatic degradation, mammalian cytotoxicity and to

a considerable extent ion sensitivity '® 77, 176,182,183,319, 320,

In this chapter, we present first investigations of a third series of peptides, designed
on the basis of design directives and knowledge base created from the first two
series of peptides elaborated in the first seven chapters of this thesis. Out of eight
model systems designed, seven are having syndiotactic backbone with LDLD
stereochemistry and the remaining one is an LLDD peptide. The principal objective
of this investigation is to design various combinations of zones with varying degrees
of polarity, such that, we may get important clues about specific combinations
better optimized against gram positive, negative or Mycobacterium species. All
peptides were synthesized and characterized against three different bacterial
species in media and serum. As per our expectations, differential electrostatic
profiles have their physiological effects translated to their bactericidal potential,
with few candidates showing exceptional broad spectrum anti-bacterial activity

even in serum.
8.2 Materials and methods

Modelling, Peptide synthesis, characterization, Field Emission-Scanning Electron
Microscopy (FE-SEM) and Hemolytic activities were performed as explained in
Chapter 4 section 4.2. The antimicrobial assay and serum sensitive assay was

performed as described in Chapter 6, section 6.2.1and 6.2.2.

8.3 Results and Discussion
8.3.1 Design and Synthesis of Antimicrobial Peptides

The antimicrobial peptides reported in this work was designed with a modified

version of Ribosome, and PDB make software packages (Table 8.1).
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Table 8.1: Detailed peptide sequence along with their molecular weight. The letter in

lower case denotes D-enantiomers of the respective amino acid.

Peptide Code Sequence Mol. Wt. (Da)
AS-01 R k R w W v V kK R k W w V 1911.126
AS-02 R k R w L w L k R k W 1 W 1953.173
AS-03 K k K w W v K k K w W v V 1827.108
AS-o04 W w K k K v W v K k K w W 1914.119
AS-o5 K k K k K k K v V v V v W 1595.102
AS-06 K k K v V v K k K v V w K 1595.102
AS-o07 v XK k v VvV K k v VvV V k v W 1566.075
AS-08 w 1 wW 1 W I W v K k A k A k K 1082.203

All the peptides were amphipathic in nature. However, the electrostatic fingerprint
and amino acid composition were varying in each model system. The peptides ASo1
—~ASo04, ASo6 and ASo7 had longitudinal division of hydrophobic (grey) and cationic
(blue) zones, whereas ASos and ASo8 were designed to have hydrophobic and
cationic zones in vertical divisions (Figure 8.1 and 8.2). The designed peptide
sequences were synthesized using F-moc chemistry. Post-synthesis, all the peptides
were purified using reverse-phase high performance liquid chromatography. The
purified peptides were characterized by Matrix Assisted Laser Desorption

Ionization - Time of Flight (MALDI-TOF) mass spectrometry.

8.3.2. Antibacterial activity and serum sensitivity of designed Antimicrobial

Peptides.

The antibacterial activity of peptides was performed against Escherichia coli,
Methicillin-resistant MRSA and Mycobacterium smegmatis. All the peptides except
ASos and ASo6 were showing exceptional antimicrobial activity in micro-molar
scale (Table 8.2, Figure 8.3). The prominent activity against the selected model

organisms is noteworthy as they are among the most difficult organisms to kill and
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among the frequent disease producing genus within the microorganism’s

community.

Table 8.2. Peptide code and their respective MIC values against E.coli, Gentamicin
resistant MRSA and M.smegmatis in presence and absence of serum. The MIC values are

expressed in micro-molar (UM) unit.

Gentamicin resistant

Peptide E.coli MRSA M.smegmatis
code Medium 5453:1:/1(;1 Medium Sz‘:_:/:n Medium Sz‘;:/:n
ASo1 3.13 6.25 6.25 6.25 6.25 6.25
ASo2 6.25 3.13 3.13 6.25 3.13 3.13
ASo3 6.25 3.13 3.13 6.25 6.25 6.25
ASo4 3.13 6.25 1.6 1.6 6.25 6.25
ASos 25 25 50 50 50 25
ASo6 25 12.5 50 50 25 25
ASo7 6.25 12.5 3.13 6.25 3.13 6.25
ASo8 6.25 6.25 6.25 3.13 6.25 6.25

Figure 8.1. Design of syndiotactic peptides with distinct polar (cationic, blue) and non-

polar (hydrophobic, grey) zones.
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The antibacterial activity of the peptides was also tested in presence of 50 percent
serum. The serum is a representative bio-fluid comprised of multiple factors
responsible for reduced therapeutic activity 3°¢ 3°7, Insertion of D-enantiomers
within a peptide sequence has been reported to address issues like enzymatic
degradation, ion sensitivity and mammalian cytotoxicity. The heterochiral peptide
sequences were shown to retain their antibacterial potency in serum as reported in
previous studies 263°. All the peptides were showing very impressive activity profile
in micro-molar range (Table 8.2, Figure 8.3). However, the peptides ASos and ASo6
were comparatively poor performers. We are attempting to develop an evolving
knowledgebase based on electrostatic fingerprint for peptide design against specific
bacterial species, and the third series of peptides described in this chapter is one
step closer to that objective. The antimicrobial potential of the peptide sequences
was retained in the presence of serum, indicating their stability and retention of

therapeutic potential in physiological conditions® 5176183,

AS01 AS02 AS03 AS04

RkRWWvVKRkWwV  RKRWLWLKRKWIW  KrKwWVvKKKwWvV ~ WwKKKVWVKKKwW
AS05 AS06 AS07 AS08

KkKKKKKvVvVVW KkKvVVKKKvWwWK  VKkvVKkvVVKVW  WIWIWIWVKKAKAKK

Figure 8.2. Backbone structure of peptide series (AS01 — AS08). The blue color shows
the sequences with cationic side-chain, whereas, the grey color displays non-polar
(hydrophobic) side-chains. Small letter in the sequence represents D-enantiomers of
respective amino acids. All the cylinders are having N terminus on top and C- terminus at
the bottom.
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8.4 Conclusion

Increasing numbers of drug-resistant microbial species and limited antibiotic
candidates have resulted in increased mortality rate and treatment regimen is
becoming more complex and difficult 3%. In general, proteins and peptides of
biological origin are polymers of L-amino acids 8. They are prone to enzymatic
degradation and ion sensitivity, apart from other ADME disadvantages > 5. Apart
from extended stability, D enantiomers increase the design possibilities many fold
by accessing otherwise excluded areas of Ramachandran Map 7227. All the designed
peptides were good in terms of their antimicrobial activity except ASos and ASo6,
and may be considered as potential candidates for further development and clinical

trials.
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We are witnessing a renaissance in the research of peptide based therapeutics, with
60 FDA approved peptide drugs and 140 peptide candidates in various phases of
clinical trials. Market for peptide drugs is projected to reach US$ 25 billion mark by
the end of 2018. Peptides are effectors in the innate immune response of eukaryotes.
Minimal side effect, high tolerability and selectivity towards specific targets would
help a peptide molecule successfully comply with the stringent safety standards set
for clinical trials. However, low cell membrane permeability, low oral bio-
availability and ion sensitivity are some of the factors that are working against their
potential utility as a therapeutic agent. Along with a fairly large number of
modifications possible on peptide based molecular systems, altering peptide
chirality by designing peptides incorporating D-amino acid is probably the simplest
one. Earlier reports suggest that hetero-chiral peptides have resisted proteolytic

degradation with increased half-life.

We have designed, synthesized and characterized three series of peptides, asking
three different levels of design questions. The principal objective of our first series
of peptides explained in chapter 4 was to verify, whether we can use the gramicidin
helix template for AMP design. The successful design of alternating LDLD peptide
systems like gramicidin stereo-chemical sequence, but not having its higher levels
of toxicity provided the confidence to design six model systems experimenting with
all possible stereo-chemical options of syndiotactic stereochemistry. The impressive
levels of bactericidal potential, especially against gram negative and resistant
bacteria prompted us to extent the study to Mycobacterium species. All the peptide
candidates have shown negligible cytotoxicity towards mammalian Red Blood Cells
(RBCs). All peptide candidates to a varied extend retained their activity in serum,
confirming its utility as a potent therapeutic agent in the presence of biotic factors
like enzymatic degradation and ionic interruption. The third series of peptides
comprising of eight model systems, display the usage of the knowledgebase
acquired by us after designing the first two series into practice. The phenomenal

levels of anti-bacterial potency exhibited by halfa dozen peptides in this series, high

101
TH-2206_11610627



Chapter 9 | 102
Conclusions and Future work

on specificity and less on toxicity, qualify them for next level of development as an

effective therapeutic agent.

Despite having a fairly long list of therapeutic options available for anticancer
treatment, there is always an enquiry of a new line of investigation in developing
therapeutic agents with a new mode of action, primarily because of resistance by
cancer cells towards currently available drugs. Some cationic antimicrobial peptides
have already reported showing significant anti-cancer activities. This would be one

future objective, this project can actively pursue.

Bacteria can attach themselves on to a surface, and grow as an assemblage forming
a biofilm. They are mostly immune to the currently employed antibiotics. Reduced
antibiotic susceptibility will result in the persistence of biofilm infections, especially
on implanted devices. We would like to also extend our study to peptide based

treatment of biofilm infections, in future projects.
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Abstract

Tuberculosis is one of the leading causes of death, with an annual mortality rate of 2 million. The present treatment regi-
men for Mycobacterium species is strenuous, extending up to 12 months. Even then, rise of antibiotic resistance has limited
the prognosis, with increased instances of multidrug resistant (MDR-TB) and extremely drug resistant (XDR-TB) cases
reported. Peptide based antibiotics can be an effective solution due to their low toxicity, biocompatibility and predictable
metabolism, but has not been employed due to their short plasma half life. In this brief communication, we demonstrate the
bactericidal potency of cationic amphipathic peptides as an effective bactericidal agent against Mycobacterium smegmatis.
Potency of stereo-engineered LDLD or DLDL peptides have been retained their potency, while their poly L variants rapidly
lost their activity, when the experiment was repeated in human serum. To establish this as a design strategy, we further veri-
fied the results by repeating the experiment in a gram negative bacteria E. coli. One of the designed peptides were showing
a minimum inhibitory concentration (MIC) value as low as 3.13 uM, suggesting the possibility of future development as a

therapeutic peptide.

Keywords Chain stereochemistry - Plasma half-life - Antimicrobial peptide - Minimum inhibitory concentration -

Mycobacterium - E. coli

Introduction

Tuberculosis (TB) is one of the top 10 causes of death (Car-
ranza-Rosales et al. 2017), with more than 10 million cases
reported every year and among them, approximately 2 mil-
lion patients succumb to the disease (Sandhu 2011; Beg
et al. 2017). Mycobacterium tuberculosis (Mtb), is the causa-
tive agent, which parasitizes human macrophages for its sus-
tainability and proliferation (Estrella et al. 2011). Increase
in drug resistance is a major challenge to the disease control
mechanisms presently in place (Podinovskaia et al. 2013).
Even for the drug susceptible TB, the present treatment regi-
men is onerous (Zuniga et al. 2015), and hence there is an
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urgent clinical need for the discovery of new chemical enti-
ties effective for both drug susceptible and resistant TB.

Peptide based antimicrobials have been recognized as a
safe and effective option, with increased selectivity and tol-
erance (Paterson et al. 2017; Jaskiewicz et al. 2016; Arakha
et al. 2016; Ravichandran et al. 2016; Kaur et al. 2008; Koh
et al. 2015). But usage of peptides as a therapeutic agent
was limited by short plasma half-life (Molchanova et al.
2017) and negligible oral bio-availability (Di 2015). The
shorter half-life is due to numerous peptidases and excretory
mechanisms that inactivate and clear peptides from the sys-
tem (Di 2015; Yeaman and Yount 2003). Several techniques
for extending plasma half-life have been developed, such
as stapling and clipping of peptide sequences, cyclization,
binding to albumin and Polyethylene glycol (PEGylation)
(Fosgerau and Hoffmann 2015) etc. Limitations of endog-
enous peptides have motivated researchers to focus on the
design of peptide analogs, short sequence oligopeptides and
innovative delivery systems. Recently Henry et al. reported a
subcutaneous implantable osmotic pump system that deliv-
ers peptide continuously up to one year for the treatment of
type 2 diabetes (Henry et al. 2014).
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Serum represents the intact concoction of human body
fluid, which conclusively correlates to its ionic as well as
proteome bio-reserve (Greene and Power 1931; Anderson
2005). Human serum proteases (Moncla et al. 2011; Ste-
fanini et al. 2015; Starr and Wimley 2017; Nguyen et al.
2010; Jenssen and Aspmo 2008) and their microbial counter
parts form an invasive microflora which reduces the thera-
peutic activity of peptides manifold (Kooi and Sokol 2009;
Yeaman and Yount 2003; Fjell et al. 2012; Joo et al. 2016;
Nizet 2006; Brannon et al. 2015). Apart from this, higher
ionic environment has also been reported to reduce bacteri-
cidal potency of peptides (Park et al. 2004; Bals et al. 1998).
Therefore, it is necessary to ascertain the metabolic stability
and therapeutic potential of a peptide drug in serum to verify
it’s in vivo activity.

Natural proteins and peptides are polymers 20 amino-
acids in varying length and sequences, with almost all
amino-acids exclusively L chiral (Durani 2008; Kumar and
Ramakrishnan 2010). In polymer science, such an arrange-
ment is termed as isotactic. If we can have an amino-acid
sequence with alternating L and D chirality, it is syn-
diotactic and random L,D combinations are hetero-tactic
(Billmeyer 1971). From a design point of view, incorpora-
tion of p-amino acid at each position will hugely expand
the design space. For example, a ten residue peptide can
have 2!° stereochemical variations possible. However, ste-
riochemically-diversified peptide sequences have not been
explored to its potential. Shai and Oren, along with few oth-
ers have reported the utility of p-amino acids in therapeu-
tic peptide sequences for resisting enzymatic degradation
(Shai and Oren 1996; Shai 2002; Oren and Shai 1997; Lan
et al. 2014; Jiang et al. 2011). Peptides with D-enantiomers
have also displayed much reduced ionic sensitivity and cyto-
toxicity against mammalian cell systems (Olli et al. 2013).
Self-assembling organic nanotubes with alternating L and
D amino-acids was first reported from Ghadiri’s laboratory
and interestingly. The same group has designed cyclic b,
L-alpha-peptide framework as potential broad spectrum anti-
bacterial and antiviral agents (Ghadiri et al. 1993; Horne
et al. 2005). Metzler-Nolte and coworkers have made use
of specific combinations of L and p amino acids to achieve
4-8-fold decrease in MIC values. (Albada et al. 2014).

Side-chain derived cationic charge and a designed
amphipathic conformation are the two principal elements
incorporated in the sequence of peptide-based antimicro-
bial agents (Mishra and Wang 2012; Wimley 2010). So far,
chain stereochemistry has not been systematically used as a
design variable in most of these studies, with few exceptions
reported (Hazam et al. 2017b). In an earlier study, we have
retained the amino acid content, but varied their chain ste-
reochemistry to generate different topological variants with
same chemical species, and tested their bactericidal poten-
tial against gram positive, negative and resistant bacteria.
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Conformational locking or topological fixation by stereo-
chemical engineering has been systematically experimented
to verify its differential effects against bacterial membranes
(Hazam et al. 2017b). In this work, we extend this study by
testing the relative efficacy of isotactic and syndiotactic vari-
ants of a peptide sequence in both directions by retaining its
chemical constitution.

Mechanistic investigations on TB suggests that, Myco-
bacterium bacilli are ingested by macrophages in response
to bacterial invasion, subsequently resulting in the formation
of attenuated phagosomes, creating a friendly intra-phago-
somal environment for bacterial proliferation (Estrella et al.
2011; Podinovskaia et al. 2013). Even though there is avail-
able treatment regimen, the rise of multidrug-resistant super-
bugs has limited the prognosis (Phyu et al. 2003; Fofana
et al. 2017; Falzon et al. 2017). Therefore, we investigated
the anti-mycobacterial potential of our reported bactericidal
peptides, both in vitro and in serum with Mycobacterium
smegmatis as a representative model for mycobacterium,
due to its non-virulence and comparative fastidious nature.
We made an objective comparison of antibacterial potency
of isotactic and syndiotactic peptides in both conditions.
We found that stereochemically diversified syndiotactic
sequences effectively resist enzymatic degradation, while
isotactic antibacterial peptides degrade losing their potency.
Since mycobacterium is basically a gram positive bacteria,
we further verified our results, we further extended the study
to a gram negative bacterium E. Coli. In this study, we have
designed six model systems, systematically and exhaus-
tively varying the stereo-chemical and amino-acid sequence
resulting in six variant topological models. The designed
molecules were synthesized and further verified the effect
of chain stereochemistry in formulating their bactericidal
potency, hemolysis and plasma life.

Materials and Methods
Design Tools

PDBMake an in-house designed software was used for the
design of peptides. Pross, Ribosome, SPDB Viewer, Pymol
and tools available in APD database have been used for fur-
ther analysis.

Peptide Synthesis and Characterization

Peptide synthesis using N-9-fluorophenylmethoxy-carbonyl
(F-MOC) strategy was employed over a solid support (rink
amide resin). The peptides were cleaved from the resin
using a cleavage cocktail as described earlier (Hazam et al.
2017a). A reverse phase liquid chromatography using C-18
semi-preparative coloumn with a gradient run of 10-100%
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acetonitrile (ACN), at a flow rate of 0.5 mL/min was per-
formed at 210 nm for separation. The eluents were charac-
terized by mass spectrometry (MALDI-TOF) using HCCA
(alpha-Cyano-4-hydroxycinnamic acid) matrix (Chaudhary
and Nagaraj 2011; Hazam et al. 2017b).

Anti-bacterial and Serum Sensitive Assay

The bactericidal activity of peptides was carried out using
micro-dilution method. M.smegmatis (ATCC® 607) strains
was cultured in M7H9 media, overnight at 37 °C. The bacte-
rial suspension was diluted to 2 x 10° cfu/mL. Subsequently,
50 uL of the diluted inoculum was mixed with fixed concen-
trations of peptides, incubated at 37 °C for 72 h. The bacte-
ricidal potency of the peptides was estimated with an objec-
tive comparison with untreated bacterial cells at 600 nm
(Chung et al. 1995). Similarly, E.coli MG1655 was diluted
to 2x 10° CFU/mL in Nutrient broth (NB) media. 50 uL of
the bacterial suspension was mixed with peptides at required
concentration, followed by incubation at 37 °C for 12 to
16 h. The percent bacterial cell death was calculated by a
comparative assessment with untreated bacterial suspension
(negative control) at 600 nm. Serum sensitive activity of the
peptides against M. smegmatis and E. coli was similar to that
of anti-bacterial assay in 50% serum environment (Xu et al.
2014). The MIC values were reported, where no microbial
growth was observed at 600 nm.

Field Emission-Scanning Electron Microscopy
(FE-SEM)

All the peptides were assayed at their respective MIC values
as explained. Later, the inoculum was mixed with glutaral-
dehyde (4%) and incubated at room temperature for 30 min.
Post incubation, the cells were mounted over a glass slide
and a gradient washing (30-100%) with alcohol was per-
formed. The sample was dried and gold coated before micro-
scopic analysis (Hazam et al. 2017b).

Result and Discussion

Design and Synthesis of Syndiotactic Antimicrobial
Peptides

We have designed a series of 12 amino acids long peptides
incorporating residues with cationic and neutral side-chains.
A typical 12 amino acid long polypeptide can theoretically
have 22 (4096) stereo-chemical variants possible. Naturally
occurring, isotactic poly-L sequence is only one among
these, while the remaining 4095 are hetero-chiral. When we
systematically evaluate stereo-chemical effects in extending
the plasma life of the designed peptides, it is impossible to
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evaluate all 4096 stereo-chemical variants and further its
sequence variants. Therefore, as a design strategy, we opted
to exhaustively design the next theoretically possible chiral
sequence variation, which is an alternating LDLD peptide
sequence. Incidentally, Gramicidin, a naturally occurring
polypeptide obtained from soil bacteria Bacillus brevis (Bur-
khart et al. 1999), has an alternating L- and p-amino acid
sequence (Kumar et al. 2017). The helical structure it natu-
rally adopts is known as gramicidin helix. Stereo-chemical
sequence LDLD and its reverse DLDL can adopt both right
handed and left handed conformations, and with regards to
the handedness, one can design eight variants. (Supplemen-
tary Fig. 1). Differential handedness is achieved by using
different phi and psi angle combinations in each syndiotactic
sequence. However, out of eight, only four variants are syn-
thetically possible (Fig. 1; Table 1), because handedness is
adopted by the peptide, post synthesis.

Therefore, out of the eight topological variants, two
LDLD and its two mirror sequence DLDL has been syn-
thesized (Table 1). More precisely, model system MS2 is
the stereochemistry reversed sequence of model 1 (MS1),
MS4 is sequence reversed MS1, and MS3 is both sequence
and stereochemistry reversed model of MS1. With this we
could achieve all the stereochemical and topological possi-
bilities of a given sequence in syndiotactic stereochemistry.
(Table 1). MS5 and MS6 are isotactic (poly L) variants of
MS1 and MS3 for an objective comparison of their relative
potential against Mycobacterium smegmatis, in conditions
with and without serum.

The design philosophy and their activity against gram
positive, gram negative and resistant bacteria (MRSA) have
described elsewhere. Two molecules in this series, differs
either by stereo-chemistry or sequence or both. Amino acid
content, and consequently molecular weight, cationicity,
amphipathicity and hydrophobic index of all peptides are the
same, which provides an objective assessment of the effect
of stereo-chemistry manifested through their topology dur-
ing membrane activity and protease and peptidase enzyme
induced degradation under in vivo conditions.

All the six peptide sequences were synthesized using
standard solid phase peptide synthesis employing Fmoc
chemistry. All the peptides were synthesized and purified
using reverse phase liquid chromatography. A semi-prepar-
ative liquid chromatography was performed, followed by
characterization using mass spectrometry (MALDI-TOF).

Bactericidal Potency of the Designed Amphiphilic
Cationic Peptides Against M. smegmatis

All the designed peptides exhibited good antibacterial
activity against M. smegmatis, even at micro-molar con-
centration range under in vitro conditions in media. The
syndiotactic and poly-L peptides have shown comparable

@ Springer
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Fig. 1 Design of antimicrobial peptide incorporating b amino acid in
the peptide sequence retaining their molecular weight and chemistry,
and varying stereochemistry. The design has a pair of LDLD as well
as DLDL sequences, with their poly L counterparts, all having identi-
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cal amino acid composition. The syndiotactic arrangement of the pep-
tide sequences give rise to gramicidin helical structure with alternat-
ing L and D residues in peptide sequence

Table 1 Designed antimicrobial

) . - Peptide code Sequence M. smegmatis M. smegmatis  E. coli E. coli (serum)
peptldes ;.md their respective (serum)
amino acid sequences
MS1 KrKiFIRtKiLv 6.25 12.5 3.13 6.25
MS2 KRKIfLrTKIIV 3.13 3.13 3.13 3.13
MS3 vLiKtRIFiKrK 6.25 12.5 6.25 6.25
MS4 VIIKTrL{IkRk 6.25 12.5 6.25 6.25
MS5 KRKIFLRTKILV 6.25 >50 3.13 >50
MS6 VLIKTRLFIKRK 12.5 >50 6.25 >50

The letters in uppercase represent L—amino acid, whereas letters in lower case denotes D—amino acid.
Comparative assessment of antimicrobial activity of the designed peptides calculated as Minimal Inhibi-
tory Concentration (MIC) of peptides against both M. smegmatis and E. coli in human serum and media
alone. The MIC values are expressed in micro molar (uM) unit

antibacterial potencies, which indicates that the designed
peptides were membrane active in nature (Fig. 2; Table 1).

This observation was supported by a comparative study
of isotactic and syndiotactic peptides with field emission
scanning electron microscopy (FE-SEM). The untreated
bacterial sample possessed intact membrane architecture,
while bacterial membranes treated with peptide have been
deformed significantly (Fig. 3).

Anti-tubercular peptides (Khusro et al. 2016) identified
in last few decades have shown to possess multiple advan-
tages such as low immunogenicity, selective affinity, and
divergent mechanisms of action. Available reports suggest
that they bind multiple targets simultaneously showing
both anti-mycobacterial as well as immune-modulatory
properties. To verify the potential toxicity of the designed
peptides to mammalian cells, hemolytic assay was per-
formed with RBC'’s, incubating with 8 and 16 uM peptides
for 2 h. Extend of RBC lysis can be estimated spectroscop-
ically at 540 nm, by measuring the hemoglobin content in
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the medium. All the peptides were found to have negligible
hemolytic activity (Supplementary Table 1).

Effect of Stereo-Chemical Engineering
of the Designed Peptides in Extending Plasma Half
Life

To verify the comparative performance of syndiotactic and
poly L peptides, we repeated the experiment in mamma-
lian serum. All the four syndiotactic peptides in LDLD
and DLDL stereo-chemical sequence showed remark-
able difference in their activity compared to their poly
L counter-parts. Syndiotactic peptides MS1, MS3 and
MS4, more or less retained their antimicrobial property,
with a relatively lesser extent in their membrane activ-
ity, while MS2 retained its bactericidal potency even in
serum. Expectedly, for poly-L peptides, the MIC values
have shown a phenomenal decrease from 12.5 and 6.25 uM
to a value greater than 50 uM (Fig. 2; Table 1). The much
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Fig.2 Anti-bacterial activity of the designed peptides against M.
smegmatis and E. coli in media and in human serum. The bactericidal

Concentration (uM)
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potency (percent bacterial cell death) of peptide has been plotted

Fig. 3 Field emission scanning
electron microscopic (FE-SEM)

images of peptide-membrane

Untee

MS1

against variable peptide concentration at micro molar concentration
(1.56-50). The error bars represent standard deviation

MS3
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interaction. A comparative
assessment of untreated speci-
men with peptide treated sample
at their respective MIC can

be qualitatively assessed from
the extent of deformation of
bacterial membrane under
each condition. Images have
been pseudo-colored using
Photoshop CS6. The scale bar
resembles to 500 nm

MS6

studied enzymatic degradation of poly-L peptides was
evident from the activity profiles. Since serum is a cock-
tail of innate proteins and ions (Anderson 2005), its effect
on therapeutic peptides in known and well demonstrated

(Starr and Wimley 2017). The observation that syndio-
tactic peptides could resist enzymatic degradation can be
an important lead in the future designs of peptide based
therapeutics.
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Mycobacterium smegmatis is a gram positive bacterium
(Mogi et al. 2009). To further verify our observation, we
have repeated the experiment with gram negative bacte-
ria, E. Coli. Overall results were found to be a repeat of M.
Smegmatis experiment, with syndiotactic peptides more or
less retaining its activity in serum, while poly L peptides
degraded. Interestingly, MS2 was found to an important lead
compound for future development as a very potent broad
spectrum antibiotic, showing exceptional activity against
both bacterial species of contrasting membrane architecture
(Fig. 2). Mycomembrane is very rigid compared to even
gram negative bacteria (Gutsmann 2016), which explains
the general trend of comparatively lesser MIC values of the
designed peptides in Gram-negative bacteria, supporting
earlier studies with comparative estimates.

Conclusion

Antibiotic resistance limits the sustained usage of broad
spectrum therapeutic solutions, thereby demanding a robust
pipeline newer lead compounds getting into clinical trials.
(Falzon et al. 2017; Sommer et al. 2017). The present treat-
ment regimen of tuberculosis is complicated, demanding
long-term use multiple antibiotics up to 12 months, and not
devoid of side-effects (Lienhardt et al. 2017). Recent reports
suggest that BCG (Mycobacterium bovis bacille Calmette-
Guérin) vaccine, widely used for children can fail to prevent
pulmonary TB in adults (Verreck et al. 2017). Further, multi-
drug-resistant resistance (MDR), an inevitable consequence
of noncompliance with the full therapeutic regimen, is lead-
ing to the emergence of resistant strains of Mycobacterium
(Li et al. 2016). Recent reports of rising resistance to age
old drugs like isoniazid (Rueda et al. 2015) and rifampin
(Kohlmorgen et al. 2017), points to the immediate necessity
of new line of solutions to this disease.

Peptides serve as the first line of immune defense and
probably the only immune effector for most organisms (Sai-
kia et al. 2017; Dosler et al. 2016). The basic molecular
construct of physiologically active peptides is mostly com-
posed of poly-L amino acids (Hazam et al. 2017a). AMP’s
are utilized as a viable option against microbial invasions by
physiological systems across different levels of organization
(Jenssen et al. 2006). Stability against enzymatic degrada-
tion was one of the main reasons for their underutilization
(Yeaman and Yount 2003), which could otherwise be a good
therapeutic option with minimal side effects. Our assessment
with alternating LDLD (or DLDL) stereo-chemical sequence
of antimicrobial peptides, suggest that stereochemical engi-
neering of designed peptide can address the most significant
associated limitation of peptide based treatment regimen
against bacterial infections, especially Mycobacterium.
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Topology is a key element in structure-activity relationship estimation while designing physiologically-active
molecular constructs. Peptides may be a preferred choice for therapeutics, principally due to their biocompatibil-
ity, low toxicity and predictable metabolism. Peptide design only guarantees functional group constitution by
opting specific amino acid sequence, and not their spatial orientation to bind and incite physiological response
on chosen targets. This is principally because peptide conformation is subject to external flux, due to the isotactic
stereochemistry of the peptide chain. Stereochemical engineering of the peptide main chain offers the possibility

I;Zg‘gggdds'esign of multiplying the structural space of a typical sequence to many orders of magnitude, and limiting the otherwise
Polymer tacticity fluxional non-specific functional group dispensation in space by offering greater conformational rigidity. We put
Topology to test, this conceptual possibility already established in theoretical models, by designing amphipathic peptide
Antimicrobial peptides systems and experimenting with them on Gram-positive, Gram-negative and antibiotic-resistant bacteria. The
Membrane unusual conformational rigidity and stability of syndiotactic peptides enable them to retain the designed electro-
static environment, while they encounter the membrane surface. All the six designed systems exhibited bacteri-
cidal activity, pointing to the utility and specificity of stereo-engineered peptide systems for therapeutic
applications. Overall, we hope that this work provides important insights and useful directives in designing
novel peptide systems with antimicrobial activity, by expanding the design space, incorporating D-amino acid

as an additional design variable.
© 2017 Elsevier B.V. All rights reserved.
1. Introduction which include hormones, neurotransmitters, growth factors, ion chan-

Topology is a key element in structure-activity relationship. Topolo-
gy, also plays a key role in the geometrical evolution of a typical protein
fold [1-4]. Topological variation in molecules with identical chemical
structure can be provided by differences in their stereochemistry [5].
Ever since the historical discovery by Louis Pasteur in 1847, stereochem-
ical variations and their possibilities are abundantly utilized while de-
signing molecules at atomistic scale. Despite being the principal
functional molecule in a living system, nature did not adopt stereo-
chemistry as a variable in protein design [6]. All proteins are isotactic
polymeric molecules, exclusively with L-chiral amino acids, as mono-
meric units. Tacticity refers to the relative stereochemistry of successive
stereocenters in a polymeric macromolecule. If any given polymer chain
has all the stereocenters of an exclusively L-(S) or D-(R) configuration-
al-type, it is referred to as an ‘isotactic’ polymer. Syndiotactic molecules
have stereoregular L- and D-stereocenters in alternate succession, and if
the stereocenters are randomly distributed in a stereoirregular fashion,
they are ‘heterotactic’ [7]. Approximately 7000 naturally-occurring pep-
tides with potential physiological effects have been discovered so far,
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nel ligands, etc. High selectivity and attractive pharmacological profile
qualifies them to be identified as potential therapeutic agents, with
140 different peptide molecules currently being evaluated in clinical tri-
als [8,9]. Almost all therapeutic peptides are made of asymmetric amino
acids, with L-chiral stereochemical structure, thus they are identified as
stereoregular ‘isotactic’ hetero-polymers [10-12]. This stereo-specificity
points to the possibility of diversifying the basic alphabet of the amino
acid sequence by including D-enantiomers [13]. With the addition of
D amino acids at each sequence position, the number of stereoisomeric
diversity increases exponentially from 1 to 2N, where N is the number
of amino acids in the sequence; for a 12 amino acid long peptide, this
number would be from 1 (1'2) to 4096 (2'2). Peptides and protein
structures are not only sensitive to mutations in their own sequences,
but also even to minimal perturbations in their environment. Earlier re-
ports suggest that the stereochemical mutation of polypeptide se-
quences can transform the structure from a condition of extreme
sensitivity to extreme insensitivity to its environment [14,15]. A
pioneering analysis along this line was done by Brant and Flory, where
they calculated the limiting values of the characteristic ratio for random
copolymers of L-Ala and Gly and L and D-Ala [16]. Characteristic ratio
corresponds to the chain stiffness of a polymer chain. For a typical
poly isotactic peptide chain, this value is between 9.0 and 9.5, whereas
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for poly (Gly), it reduces to 2.0, quite similar to typical polymeric chains,
owing to the lack of a stereocenter in glycine [17]. In an interesting ex-
periment, Flory further calculated the characteristic ratios in random L-
alanine, D-alanine copolymers for different mole ratios. He found a sig-
nificant reduction in characteristic ratio to a value of 2 for the 50% mole
ratio of L- and D-enantiomers. Characteristic ratio progressively in-
creased upon an increase in mole ratio of one enantiomer; with both
poly-L chiral and poly-D chiral isotactic isomers attaining a value of
9.0. This nearly four and a half times reduction was proposed to be a
consequence of the “harmonious” nature of short and intermediate
range electrostatics, an observation later corroborated by follow up in-
vestigations with chiral engineering of polypeptide sequences [18]. Chi-
ral engineering was first utilized effectively by Ghadiri and coworkers,
while designing nano-level molecular assemblies with D- and L-alpha-
amino acids adopting ring-shaped conformations forming hollow tubu-
lar structures [19]. This was followed by a series of de novo designed ar-
tificial peptide constructs of diversified tacticity incorporating L- and D-
amino acids resulting in unusually-stable structures. Peptide based mo-
lecular constructs with adaptive modulation for targeted functions have
been identified as a futuristic option while designing antimicrobial
agents, protein transduction domains and tumor homing molecular de-
vices [20-22]. Effective interaction with the cell membrane is central in
all these molecules for their functional fulfillment. Antimicrobial pep-
tide database (APD) with 2687 molecular entries [23], Tumor homing
peptide (TumorHoPe) with 744 [24] and cell penetrating peptide data-
base (CPPSite) with 1700 unique sequences [25] deposited and validat-
ed against various cell, pathogen and tumor types underline their
potential utility. Despite the above described variations that it can po-
tentially generate, the option for steriochemically-diversified peptide
sequences remains largely unexplored. Ghadiri and co-workers have
also made use of cyclic D, L-alpha-peptide framework for designing
broad spectrum antibacterial and antiviral agents [26,27]. Metzler-
Nolte and coworkers have reported a 4-8 fold decrease in MIC values
by adopting a specific combination of L and D amino acids [28]. Diversity
of biological membranes and adaptation by antibiotic resistant bacterial
species, such as gentamicin-methicillin-resistant Staphylococcus aureus
(gentamicin-resistant MRSA) demand a systematic approach with mo-
lecular models resulting in key design directives for future molecular
generation and development. In this work, we investigate the physio-
logical effects of stereochemical mutation, manifested through the to-
pological variations it offers, by systematically designing a possible
antimicrobial sequence.

Structure-activity studies of peptide-based antimicrobial agents sug-
gest incorporation of two key design elements; a cationic charge [29]
and an induced amphipathic conformation [30,31]. Chain stereochemis-
try has not been a design element in such investigations, with few ex-
ceptions [26-28,32-51]. In this study we have retained the amino acid
content and consequently their hydropathy index, but experimented
with their chain stereochemistry to generate different topologies. Con-
formational locking or topological fixation has never been a prime con-
cern for antimicrobial peptide design probably because of the lack of a
consensus mechanistic model and a large number of conformational
variations, a peptide sequence can adopt while it encounter a mem-
brane. Imposing a constraint on peptide conformational flexibility by
cyclization of a peptide chain was reported to be a successful strategy
to improve broad spectrum activity and also specifically effective
against resistant species [33,34].

Through this study, we aim to investigate the following objectives;
(i) utility of peptide molecular systems with diversified tacticity as anti-
microbial agents and (ii) effect of topological variation and subsequent
chain stiffness and resultant restrictions reflected on the antimicrobial
activity. We investigate these two fundamental questions by measuring
the relative efficacy of stereochemical cum topological variants of de-
signed peptides against Gram-positive, Gram-negative and antibiotic-
resistant bacteria, with constant amphipathicity and cationicity as de-
sign elements [30]. We observed that a systematic design of heterotactic
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backbone induces topological restrictions, addressing the issue of non-
specific distribution and consequent toxicity [35].

2. Materials and methods
2.1. Modeling and simulation

The PDB files were prepared using an in-house software called PDB
make. Our earlier studies on protein and peptide design indicate that
short range and long range electrostatic interactions of the peptide
main chain will be complementing each other for LDLD and DLDL pep-
tides while forming gramicidin helical conformation [10,52]. This would
provide added stability to conformation, which may be utilized to fix the
topology and relative orientation of side-chains in space. The amino acid
side-chains were designed to create distinct polar and hydrophobic
zones, while they assume gramicidin helical conformation. The amino
acid choice was also limited, with seven residues frequently reported
in studies [23,31]. GROMACS [53], a molecular dynamics simulation
suite was used with GROMOS 96 43a1 force field [54] for carrying out
molecular dynamics simulations. The structural stability of the designed
peptides was studied at 300 K under standard NVT conditions. The
structures were energy minimized by steepest descent algorithm in
vacuum in 2000 steps in a simulation box with the size relatively
1.5 nm distant from the peptide in three dimensions. Solvent molecules
(SPC, water) were then added and another energy minimization proce-
dure was carried out in water prior to the simulation run. The 10 ns pro-
duction runs for each peptide were done with an integration step of 2 fs.
LINCS algorithm with a geometric accuracy of 10~4 was used as the
bond length constraint. Maxwell distribution was used for initial veloc-
ity calculations with 0.1 ps of coupling relaxation step at 300 K. The non-
bonded interaction cut off was set at 0.8 nm to 1.1 nm.

2.2. Electrostatic profiling

The electrostatic potential of peptides was calculated at every posi-
tion by solving the finite difference Poisson-Boltzmann equation using
DelPhi software [55,56], which was summed up for every residue
side-chain. Electrostatic profiling was next accomplished by frame-
wise comparison of electrostatic potential and structure similarity. The
profiles were then plotted in a three dimensional graph using MATLAB
[57].

2.3. Solid-phase peptide synthesis and characterization

Peptides were synthesized using Fmoc chemistry on the solid phase
(Rink amide resin). Peptide constructs were cleaved from the resin by
addition of a deprotection mixture involving trifluoroacetic acid (TFA),
ethanedithiol, m-cresol and thioanisole. Subsequently, the, peptides
were precipitated in ice-cold diethyl ether. Reversed-phase liquid chro-
matography (C18 column) was used to purify synthesized peptides by
running a gradient of 10% acetonitrile in water to 100% acetonitrile
and 0.1% TFA while detecting at 210 nm. Peptide fractions were charac-
terized by MALDI-TOF (matrix ionization-time of flight) mass spec-
trometry [58-60].

2.4. Peptide-lipid interaction

2.4.1. Peptide surface activity

Surface pressure was monitored by the Wilhelmy method, using a
paper plate and a custom made polytetrafluoroethylene (PTFE) Lang-
muir trough (volume approximately 15 cm?) carried out on a Langmuir
instrument (Biolin Scientific, UK). Peptides were injected into a 10 mL
sub-phase (10 mM phosphate buffer, pH 7.4) and changes in surface
pressure were monitored until surface pressure saturation.
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2.4.2. Lipid monolayers

Monolayers were prepared from phospholipid systems i.e. POPC (1-
pamlitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPC:POPG (1-
pamlitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol):: 7:3 in chloroform
solutions, which were spread onto the air/buffer interface up to a final
stable surface pressure of 30 & 2 mN m™ . After evaporation of the
chloroform and stabilization of the pressure, the saturation concentra-
tion of peptides, determined from the previous experiment, were
injected into the sub-phase (10 mM phosphate buffer, pH 7.4). Peptides
were steadily injected via the vertical hole, directly into the sub-phase
in order to cause minimal disturbance to the lipid layer. To ensure ho-
mogenous distribution of the peptide in the sub-phase, the peptide
was mixed using magnetic-stirring. Peptide monolayer interactions
were recorded as changes in monolayer surface pressure and the resul-
tant data was plotted as change in surface pressure (mN m™!) against
time (minutes) [61-63].

2.5. Antibacterial assay

Antibacterial assays were carried out by spread plate method for vi-
sual verification of peptide activity. Staphylococcus aureus NCTC 8530,
Escherichia coli MG1655 and Gentamicin resistant MRSA (ATCC
33592) were cultured in 1.3% (w/v) nutrient broth at 37 °C overnight.
The mid logarithmic phase of a microorganism was confirmed by re-
cording the absorbance at 600 nm, which should fall between 0.4 and
0.7. A second subculture was done by mixing 100 pL of inoculum to
10 mL of fresh nutrient broth and incubated until it reaches mid-log
phase (0.D of 0.4 to 0.7). The cells were washed and re-suspended in so-
dium phosphate buffer (10 mM, pH 7.4). The resulting suspension was
diluted until the net absorbance value of 0.02 at 600 nm was achieved.
The inoculum (50 pL) was treated with required concentrations of pep-
tide and volume adjusted to 100 pL with buffer if required, and incubat-
ed for 2 h (net incubation volume is 100 pL). 20 pL of the reaction broth
was added to 180 pL of the re-suspension buffer. 20 pL of this diluted
sample was plated while keeping untreated bacterial suspension of sim-
ilar dilution as negative control [64-66].

2.6. Field emission-scanning electron microscopy (FE-SEM)

The initial part of the assay protocol up to bacterial incubation with
the peptide for 2 h is similar to that of an antibacterial assay. Later, the
reaction broth was treated with glutaraldehyde (2.5% glutaraldehyde
concentration), followed by incubation for 30 min at 37 °C. The broth
was centrifuged at 5000g for 5 min and supernatant was discarded,
leaving behind 20 pL of the volume. The remaining sample was
mounted over a glass cover slip, washed with increasing concentrations
of ethyl alcohol (30 to 100%) and dried at room temperature. The sam-
ple was coated with gold, prior to imaging [67].

2.7. Hemolytic activity

2 mL of blood was collected from a healthy individual and 2 mg/mL
of ethylene diamine tetra acetic acid disodium dihydrate salt (EDTA)
was dissolved in it. Later, it was centrifuged at 800g force for 5 min.
The pellet was collected and re-suspended in 5 mM HEPES buffered-sa-
line, pH 7.4 and washed in a similar manner multiple times. A 10% he-
matocrit was prepared using the cells and the buffer. Peptides at
required concentrations were incubated with 5% hematocrit for 2 h at
37 °C. Following incubation, the hematocrit was centrifuged (800g for
5 min), followed by the collection of the supernatant and recording
the absorbance at 540 nm [68,69]. Complete lysis was observed when
the hematocrit was prepared with deionized water instead of re-sus-
pension buffer.
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3. Results
3.1. Modeling, simulation and electrostatic profiling

As described earlier, a 12 amino acid long polypeptide can have 4096
stereochemical variants and poly-L is only one among them. Since it is
impossible to evaluate all 4096 stereochemical variants and its se-
quence variants, we opted to exhaustively evaluate the next possible
variant of chiral variation; an alternating LDLD sequence. The LDLD se-
quence naturally adopts a structure similar to a gramicidin helix. De-
pending on the handedness (right or left) and sequence, eight LDLD
variant sequences are theoretically possible (Supplementary Fig. 1).

Handedness is a result of differential phi and psi angle combinations,
which a particular syndiotactic backbone adopts, while folding to a
given structure. Since we don't have any control on the handedness of
the synthesized peptide, out of the eight topological variants, only four
can be synthetically achieved; LDLD and DLDL stereochemical se-
quences with a given sequence and sequence reversed (Table 1).

More precisely, compared to model system 1 (MS1), model system 2
(MS2) has its stereochemistry reversed, model system 4 (MS4) is se-
quence-reversed, and model system 3 (MS3) is both stereochemically-
and sequence-reversed (Table 1). Model systems 5 (MS5) and 6
(MS6) are poly L (isotactic) variants of MS1 and MS3 to estimate their
activity against the bacterial species. The relative difference between
two molecular systems in any of these six peptides are different either
in sequence or stereochemistry or both, with invariable cationicity and
amphipathicity in order to investigate the specific role that stereochem-
istry imparts, manifested through their topology during membrane
activity.

Several models have been proposed to mechanistically explain
membranolytic activity that principally arises from amphipathicity
and cationicity of the interacting molecule. Pore forming and non-pore
forming mechanistic models, suggested for peptide-based membrane
activity is essentially manifested through electrostatic interactions of
an amphipathic cationic peptide and its oppositely charged membrane
counterpart.

We use the finite difference Poisson-Boltzmann method as imple-
mented in DelPhi [55,56], to compute the electrostatic potential of all
designed sequences on all theoretical possibilities of an alternating
LDLD sequence, both in terms of its handedness and diastereomeric se-
quence. Electrostatic cum topology based molecular fingerprints of all
eight variants, theoretically possible with our designed systems were
examined. The spatial disposition with charged and neutral groups in
a peptide system was found to be distinct and unique in each case,
while the syndiotactic polypeptide chain assumes its most stable gram-
icidin helical conformation (Fig. 1).

Since handedness in design cannot be implemented on synthetic se-
quences, our sample set will be reduced to four sequences: LDLD, DLDL,
LDLD-sequence reversed and DLDL-sequence reversed. Their potencies
are compared with both isotactic poly-L sequences thus forming a com-
plete set of designed test systems to study the combined effect of

Table 1

Amino acid sequence and stereochemical sequence of designed and synthesized model
molecular systems 1 to 6 for biophysical studies and bactericidal activity. Number of clus-
ters resulted from 10 ns molecular dynamics simulations, indicating the number of micro-
states at approximate equilibrium. Syndiotactic sequences are far more rigid; they largely
retain the designed topology, whereas the poly-L sequence can adopt a range of degener-
ate conformational states. Small letters in the sequence indicate D-amino acid.

Model system Amino acid Stereochemical Number of
(MS) sequence sequence clusters
MS1 KrKiFIRtKiLv LDLDLDLDLDLD 5

MS2 KRKIfLr TKITV DLDLDLDLDLDL 1

MS3 VLIKtRIFiKrK DLDLDLDLDLDL 1

MS4 VIIKTrLfIkRk LDLDLDLDLDLD 3

MS5 KRKIFLRTKILV LLLLLLLLLLLL 22

MS6 VLIKTRLFIKRK LLLLLLLLLLLL 74
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Fig. 1. Electrostatic potential maps of left handed (LH) and right handed (RH) conformations of designed syndiotactic peptides respectively. MS1 (A, B) and MS2 (C, D) along with MS3 (E,
F) and MS4 (G, H). Electrostatic potential was calculated by solving the finite difference Poisson-Boltzmann equation using DelPhi software, summed for each amino acid side-chain and
represented collectively at the chromophoric center of the side-chain. The hetero atoms of cysteine (S), lysine (K) and methionine (M), C-alpha of glycine and C-zeta of arginine are their
respective centers. On the other hand, C-beta of alanine, valine, isoleucine, serine, and threonine along with C-gamma of asparagine, aspartic acid, leucine, proline, histidine, tyrosine,
phenylalanine, and tryptophan are their respective chromophoric centers. The backbone corresponding to its electrostatic profile with an amphiphilic character has been shown (color
zone) at the top right of each electrostatic profile map. The N and C terminals for all the figures of the electrostatic profile as well as the backbone have been shown in this figure. The

color scheme represents the distribution of potential in KT/e units.

topology and electrostatics of peptidic chromophoric groups on Gram-
positive, Gram-negative and antibiotic resistant bacteria.

Syndiotactic peptides are amphiphilic by design, as can be verified
from their electrostatic potential maps (Fig. 1, Supplementary Fig. 2).
Distinct polar and non-polar zones in overall structure may be achieved
only while they all assume the gramicidin helical conformation similar
to gramicidin A, a naturally occurring syndiotactic peptide. We per-
formed molecular dynamics simulations of syndiotactic and isotactic
variants at 298 K for 10 ns under NVT conditions using the GROMACS
program suite [53] with gramicidin helical conformation as the starting
structure for syndiotactic peptides.

The number of clusters for each structure has been shown in Table 1
and Supplementary Fig. 3. Syndiotactic peptides are quite stable and in-
sensitive to its environment and in general agreement with earlier re-
ports [15]. MD results point to two important observations; i)
syndiotactic structures are exceptionally stable under ambient condi-
tions in gramicidin helical conformation, whereas poly L peptides gen-
erate a conformational ensemble forming a very rugged energy
landscape, with multiple structures of a relatively small energy differ-
ence (Supplementary Fig. 4) and ii) this distinct topological manifesta-
tion may translate to different activity profiles, while they encounter
membranes of different cell types.

3.2. Peptide synthesis and characterization

The designed peptide sequences were synthesized, characterized by
reversed phase HPLC and MALDI-TOF mass spectrometry. All the pep-
tides were further purified using semi-preparative reversed phase
HPLC (Supplementary Figs. 5 and 6).

3.3. Peptide-lipid interaction

Differential topology dependent electrostatic profiles of the se-
quences give insight to test whether they differ in their membranolytic
activity; both on artificial membranes and natural systems. Interaction
of the peptides was studied with monolayers made up of POPC (zwitter-
ionic lipid) and 7:3 POPC:POPG (negatively-charged). The lipids were
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spread as monolayers to achieve a surface pressure of 30 4+
2mNm™ . A surface pressure of ~30 mN m ™! in a lipid monolayer cor-
responds to the packing of lipids in the biological membranes [61,62].
Injection of the peptides in the sub-phase caused an increase in the sur-
face pressure. The peptides MS1, MS4, MS5, and MS6 had a sub-phase
concentration of 9 pM while MS2 and MS3 had sub-phase concentra-
tions of 6 M and 12 pV, respectively. The increase in surface pressure
was by and large more for the negatively charged lipid monolayer
(Fig. 2). Even though the peptides display only slight preference to-
wards negatively charged lipids, they exhibited excellent antibacterial
activities without any hemolysis as discussed in the subsequent
sections.

Syndiotactic peptides induce surface pressure changes upon peptide
insertion ranging from 3.1 to 7.9 mN m~' compared to 3.1 to
3.9 mN m~' for isotactic poly L peptides, against negatively-charged
membranes. For zwitterionic membranes, this value drops to 2.1-
49 mN m~ "' and 1.5-2.2 mN m~ for syndiotactic and isotactic pep-
tides, respectively. This points to the fact that electrostatic interaction
map of all six peptide systems are distinct and different, inducing differ-
ent activity profiles against different model membranes. Overall results
are in good agreement with earlier theoretical investigation on the
membrane permeability of alternating L, D peptides by Chipot and co-
workers [70].

3.4. Antibacterial assay

The in vitro anti-bacterial activity of the peptides were evaluated
against S. aureus, E. coli and antibiotic-resistant bacterial species. All
the peptides exhibited good antibacterial activity, even at micro-molar
concentration range (Fig. 3 and Table 2).

However, the results do not indicate any specific advantage in
syndiotactic series (LDLD or DLDL) in comparison to the poly-L se-
quences, except that MS1 and MS3 have shown to be highly effective
against Gram-negative bacteria. From a therapeutic point of view, this
lead information may be further optimized to be included in the treat-
ment regimens designed to address Gram-negative bacteria [71].
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Fig. 2. Interaction of peptides with lipid monolayers. The peptides display some preference for a negatively-charged lipid.

3.5. Field emission scanning electron microscopy

To provide a topographical view of the bacterial membrane pertur-
bation by the designed peptides, field emission scanning electron mi-
croscopy (FE-SEM) was performed.

All peptides were assayed against Gram-positive, Gram-negative
and antibiotic resistant bacterial species at their respective MIC values
and the images were taken at 2-3 kV. On comparison, ruptured (treat-
ed) and intact (untreated) membrane bacterial samples were observed,
qualitatively confirming the membranolytic activity of the designed
peptides (Fig. 4). Even though it is evident that the peptides possess
membranolytic activity, it does not eliminate the possibility of a recep-
tor mediated action against the bacterial cells.

3.6. Hemolytic assay

To evaluate whether the designed peptides had any potential toxic-
ity to mammalian cells, hemolytic assay was performed. RBCs (red

1200 A
100
80

1200 B

100
80
60
40
20

0

60
40
20

0

% Bacterial Cell Death
% Bacterial Cell Death

blood cells) were incubated with 8 uM peptides for 2 h at room temper-
ature. RBC lysis was determined by assaying the hemoglobin content in
the medium, spectroscopically at 540 nm. None of the peptides caused
any notable hemolytic activity (Fig. 5) [72,73]. The results support the
notion that the designed peptides have the capability of selectively
destabilizing bacterial membrane but not typical mammalian cell
membranes.

4. Discussion and conclusion

Antibiotic resistance seriously hampers effective broad spectrum
therapeutic solutions, which demands generation of new chemical enti-
ties periodically. Peptides can be a desirable option for therapeutics,
principally due to their high specificity and low toxicity profile [11,12].
Incorporation of D amino acids in peptide design has been a distinct
possibility for designing novel folds but untapped so far to its true po-
tential. The significant reduction in characteristic ratio of polypeptide
backbone having both L and D chiral amino acids offers a possibility to
design novel stable folded constructs with minimal chain length. We
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Fig. 3. Antibacterial activity of the designed peptide systems (MS1 to MS6), against Staphylococcus aureus, Escherichia coli and Gentamicin resistant MRSA. The percent bacterial cell death
has been plotted for the designed peptides treated with various peptide concentrations ranging from 0.25 uM to 8 uM. All the peptides show complete killing at 8 UM concentration against

the three bacterial cell types. Standard deviation in each case is shown as error bars.
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Table 2
Minimal inhibitory concentration (MIC) of designed peptides. All MIC values are in micro-
molar concentration.

Bacteria Peptides

MS1 MS2 MS3 MS4 MS5 MS6
S. aureus 8 8 6 8 3 8
E. coli 0.5 4 1 4 2 3
Gentamicin-resistant MRSA 4 6 8 8 3 4

tried to examine the potential to expand the peptide design space man-
ifold, by adopting the simplest designed system, the LDLD chiral poly-
peptide to verify its possible structural and resultant physiological
effects.

Examination of peptide backbone at an atomistic scale for folded and
extended conformations of poly-L and alternating-L, D structure reveals
that short range and long range electrostatics are either conflicting or
harmonious depending upon the chain stereochemistry. The stereo-
chemical transformation of inter peptide electrostatics from a condition
of conflict to one of harmony respectively for poly-L and alternating-L, D
explains why peptides differ in properties such as “stiffness” and solvent
sensitivity. Our molecular dynamics simulation results further under-
line this earlier observation. The big difference in the number of clusters
among syndiotactic and isotactic variants points to the rugged energy
landscape of poly-L sequences compared to a more facile one in LDLD
(Table 1, Supplementary Fig. 4). Since the sequences are identical, this
extra stability may have been realized through favorable short range
and long range electrostatics as explained by Ramakrishnan et al., in
an earlier published work [15]. As a consequence of this, gramicidin he-
lical conformation of LDLD peptides is more or less insensitive to exter-
nal stimulus, whereas multiple conformational possibilities of relatively
similar energy in their energy landscape allows poly L variants to switch
from one conformation to another, an observation similar to earlier re-
ported studies from Ghadiri and Gellman's group, with unnatural amino
acids [19,26-28,38-40,47]. Therefore, amphipathicity in LDLD is clearly
defined (Fig. 1), well-crafted and conformationally retained, indepen-
dent of external stimulus.

Side-chains with appreciable cationicity such as arginine and lysine
cannot be designed to be co-localized on an isotactic poly L peptide
chain, due to short range electrostatics, because the resultant repulsive
forces are not compensated by favorable backbone interactions. In LDLD
diastereomers, short range and long range electrostatics are favorable in
a gramicidin helical conformation, so that side-chain interactions be-
tween positive charges of and between lysine and arginine can be com-
pensated. The conflicting interactions at the side-chain may be balanced
by LDLD backbone electrostatics while they assume gramicidin-helical
conformation. Poly-L backbone, on the other hand, remains extended
thus generating sequence dependent structures of relatively similar en-
ergy profiles. The relatively large number of clusters in the poly-L
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Fig. 5. Hemolytic assay of peptides against human RBC. Human RBC was treated with
buffer and 8 uM concentration of the designed peptides. The experiment was performed
in triplicates and the error bars represent standard deviation.

ensemble in our MD simulations supports this assumption. Bacterial
cell systems comprise a negatively charged plasma membrane, where
the complexity of the membrane varies from a Gram-positive to
Gram-negative bacteria. The Gram-positive cell wall consists of a 20—
80 nm thick layer of peptidoglycans and is rich in lipoteichoic acid and
its derivatives, with teichoic acid endowing majority of the negative
charge to the cell surface. The cell wall for Gram-negative bacteria is
however, more complex than others, consisting of a 2-7 nm thick
layer of peptidoglycans surrounded by a 7-8 nm thick outer membrane.
In contrast to the lipoteichoic acid of Gram-positive bacteria, the nega-
tive charge on the Gram-negative bacterial surface is due to the pres-
ence of lipopolysaccharide.

As per the prediction of Sir Alexander Fleming, the rise of resistant
species can be attributed to the overuse of antibiotics. Persistent use of
antibiotics caused by drug abuse, spared resistant species which trig-
gered their number due to bacterial multiplication and mutation
through gene transfer [74-79]. Such a biochemical adaptation provides
a shielding effect against traditional antibiotics. The designed peptides
show better activity against antibiotic resistant Gram-positive species
as compared to the native Gram-positive one.

The stiffness of an LDLD diastereomeric backbone, thus facilitates the
maintenance of the designed amphiphilicity, while the poly-L backbone
undergoes major changes in conformations owing to the same charge
repulsions and dipole moment. Despite having the same amino acid
content and only two sequence variations, the six designed peptide sys-
tems are distinct by themselves and have unique structure dependent
electrostatic fingerprints (Supplementary Fig. 2), and therefore have
differential membranolytic potential. Significantly, all designed systems
are showing comparable or better efficiency compared to typical

Fig. 4. FE-SEM images indicating membranolytic activity of designed peptides. Membrane deformation as a result of bactericidal action of the designed peptides against (A) Staphylococcus
aureus, (B) Escherichia coli and (C) Gentamicin resistant MRSA at their respective minimum inhibitory concentrations (Table 2) is shown. The scale bars correspond to 200 nm.
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molecules reported as broad spectrum peptide antibiotics (Supplemen-
tary Table 1). For Gram-positive bacteria, the potency is comparable
across designed systems, but all LDLD peptides are showing better activ-
ity compared to their poly L variants in Gram-negative bacteria with an
MIC value as low as 0.5 pM, possibly owing to the unique charge dispo-
sition of negative species on Gram-negative bacteria. The poly-L back-
bone in our model systems may be adopting a complementary
structure to the membrane surface resulting in much better MIC values
against antibiotic resistant species. This may not be the case always as
there could be situations wherein, the poly-L version may not adapt a
suitable amphiphilic profile, crucial for bacterial membrane lysis. The
hetero-chiral versions (LDLD and DLDL) on the other hand are expected
to retain their designed amphiphilicity independent of any modulation
in the membrane surface charge. At 4 M, both poly-L peptides have
100% killing efficiency, as against 6-8 pM for 3 out of 4 LDLD sequences.
However, more elaborate study is necessary to fully verify this
hypothesis.

The MIC values for peptides against Gram-negative bacteria are,
lower against other species, indicating better performance in lysing bac-
terial cells. The designed peptide MS1 (Table 2) is showing excellent ac-
tivity against Gram-negative bacteria, emerging as an important
molecule for further verification as a potential drug molecule. This can
again be attributed to the retention of designed amphiphilicity of the
syndiotactic variants and relatively fluxional nature of homochiral se-
quences. Adaptation of diastereomeric variants by changing the stereo-
chemical sequence thus offers a unique possibility to lock the topology
of the designed peptide, thus modulating its specificity and activity.

Receptor based design of peptide drugs has traditionally been facing
issues of the lack of specificity, principally due to the degenerate confor-
mational variants offered by poly L diastereomeric sequences. Confor-
mational locking by stereochemical engineering offers the possibility
of fixing the structure and therefore imparting a good degree of specific-
ity to the designed constructs. Differential activity profiles of six de-
signed systems against three different bacterial membranes tested and
constituent cells in human blood underlines this distinct possibility.
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Abstract Biocompatibility, low toxicity and high selec-
tivity towards bacterial cells has been the hallmark of
peptide-based antibiotics. The innate immune system has
been employing such molecular systems against invading
pathogens as a successful defense strategy. In this study, we
attempt to develop topologically constrained antimicrobial
peptides with syndiotactic stereochemical arrangement,
by incorporating L. and D amino acids successively in its
amino acid sequence. Acetylated versions of the designed
peptides were also examined for its influence on bacteri-
cidal potency, against Gram-positive and Gram-negative
bacteria. Syndiotactic stereochemical arrangement of the
polypeptide main chain mimics stereochemistry of Grami-
cidin, a naturally occurring antimicrobial peptides. Gram-
icidin is a class of penta-deca-peptides isolated from soil
bacteria Bacillus brevis, but their utility as antibiotic was
limited to topical use due to high levels of hemotoxicity.
Activity profiles of the four de novo designed peptide vari-
ants show higher specificity towards Gram-positive bacte-
ria than Gram-negative variants, matching earlier reports
on the therapeutic potential of gramicidin as a broad spec-
trum antibiotic. Significantly, our hemolytic assay confirms
very low (<1%) levels of toxicity for the designed peptides
unlike gramicidin. Earlier reports confirm that incorpora-
tion of D amino acids effectively negates the possibility
of proteolytic degradation, thus pointing to the potential
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utility of de novo designed peptides with diversified stereo-
chemistry as a promising new approach in the generation of
novel antibiotic peptides.

Keywords Peptidomimetics - Polymer tacticity -
Antimicrobial peptides - Peptide design - Gramicidin -
Stereochemistry

Abbreviations

MD Molecular dynamics

RMSD  Root mean square deviation

Rg Radius of gyration

FE-SEM Field emission scanning electron microscopy
MS Mass spectrometry

CFU Colony forming unit

Introduction

Higher organisms use peptides as a defense mechanism
against invading pathogens (Dosler and Karaaslan 2014;
Ravichandran et al. 2017; Czihal and Hoffmann 2009;
Saikia et al. 2017), Defensins (Lehrer 2004), cecropins
(Moore et al. 1996), magainins (Berkowitz et al. 1990)
and cathelicidins (Zanetti 2005) constitute major classes of
“host defense peptide”. There is a remarkable increase in
peptide based antibiotics, with nearly two dozen molecules
are either completed or under clinical trials as antimicro-
bial or immunomodulatory agents (Felicio et al. 2017).
However, cost, uncertain toxicology profiles and lability
to proteolytic susceptibility hampers the otherwise prom-
ising approach, especially in the light of the phenomenal
increase in antibiotic resistance against conventional ther-
apeutics (Li et al. 2015; Koh et al. 2015). Decreasing the
size of peptides and machine learning approach have more
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or less addressed the first two issues, while the problem
of proteolytic degradation may be sorted out by the use of
D-stereoisomers and unnatural amino acids in the sequence
(Hamamoto et al. 2002). Designed antimicrobial peptides,
in general, are cationic amphipathic peptide sequences with
distinct membrane permeabilizing ability (Hazam et al.
2017; Wimley 2010). Though various mechanisms have
been proposed like carpet (Tene et al. 2016), detergent
(Bechinger and Lohner 2006), barrel stave (Chang et al.
2008), toroidal pore (Brogden 2005) etc., a consensus pic-
ture is yet to emerge.

We designed two amphipathic peptide sequences and
their N-terminal acetylated variants mimicking the ste-
reochemical sequence of Gramicidin, a penta-deca-peptide
isolated from soil bacterial species Bacillus brevis (Urry
1971). Antibiotic profile of Gramicidin reports that they are
particularly effective against Gram-positive bacteria. How-
ever, their utility is rather limited to topical use as a lotion
or ointment in the treatment of infected surface wounds
and throat infections (Wang and Ishii 2012; Wishart et al.
2008). Reported mechanism of action for Gramicidin sug-
gests that it inserts itself into bacterial membranes resulting
in membrane disruption and permeabilization, leading to
a sequence of events such as the loss of intracellular sol-
utes, dissipation of trans-membrane potential, inhibition of
respiration and reduction in ATP pools, culminating in cell
death (Burkhart et al. 1998). Naturally-occurring Gramici-
din or Gramicidin D exists in isoforms with a variation of
valine or isoleucine at first position. Gramicidin molecule
is a mixture of Gramicidin A, B and C with a variation at
the 11th position containing tryptophan, phenylalanine and
tyrosine respectively (Burkhart et al. 1999). In this paper we
present a design philosophy to synthesize cationic, amphip-
athic peptide molecules incorporating D-amino acids in the
design alphabet. To promote the membrane permeabilizing
ability, we design our sequence around Gramicidin with
gramicidin helix (6.3 helix) as the target structure. Grami-
cidins form cation selective trans-membrane ion channel
in typical model membranes (Hladky and Haydon 1972).
Even though, Gramicidin acquires various folding states,
two of the major conformations have been predominant in
different environments; first is the channel forming single
stranded helical dimer and the second type is a non-chan-
nel forming intertwined helix (Urry 1971; LoGrasso et al.
1988). Even though conformations of gramicidin are sol-
vent dependent, single stranded f (6.3) dimer is the thermo-
dynamically most stable structure (LoGrasso et al. 1988;
Killian et al. 1988; Kelkar and Chattopadhyay 2007).

Like all natural proteins, most of the therapeutic pep-
tides are sequences of asymmetric amino acids having
L-chiral stereo-chemical structure. In other words, they are
stereo-regular ““isotactic” hetero-polymers. The isotactic
stereochemistry of the backbone, coupled with planarity
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of peptide bond and steric effects limits the conformational
space of a polypeptide. Even then, the predictive ability of
a given amino acid sequence to fix the structure, folding
intermediates and pathways are still weak, despite making
enormous advancement in the basic understanding of this
unsolved problem (Ramakrishnan et al. 2012; Khoury et al.
2014). This limits the success of a protein de novo design
experiment in realizing its translational objectives.

Polymer sequences with alternating L and b-chiral
monomers (amino acids) are referred to as syndiotactic
polymers and with random distribution of L and D are het-
erotactic or atactic polymer (Billmeyer 1957; Durani 2008).
Gramicidin is a 15 amino acid long trans membrane helical
molecule with alternating L and p-chiral amino acids in its
sequence and can hence be termed as a syndiotactic peptide
(Nanda et al. 2007). In this study we tried to develop topo-
logically constrained antimicrobial peptide molecules with
syndiotactic stereo-chemical arrangements after making an
objective assessment about their relative stability by molec-
ular dynamics simulations. Acetylated variants of both the
designed peptides, were also examined to test their possible
differential efficacy, against Gram-positive and Gram-neg-
ative bacterial species. The activity profiles were consider-
ably similar, indicating limited significance of acetylation
in syndiotactic sequences. The bactericidal potency of the
designed peptides was higher against Gram-positive than in
Gram-negative bacteria, though the design approach may
be further modified in future designs in the generation of
broad spectrum antibiotics.

Materials and Methods
Design and Simulation

The peptides molecules used in this study were designed
by using an in-house software PDB make and a modified
version of Ribosome Software from G.D. Rose laboratory
(Srinivasan 2013). Molecular dynamics (MD) simulations
were performed using GROMACS (version: 4.6.5) (Pronk
et al. 2013) with GROMOS 96 43al force field (Scott et al.
1999). The peptide structures were energy minimized in
vacuum over 2000 steps using the steepest descent algo-
rithm in a cubic box, with each face separated at 1.5 nm
from the protein molecule. Subsequently, water molecules
(SPC) were added to the simulation box and the system was
further energy minimized. A 10 ns production run under
NVT conditions was performed with an integration step of
2 fs. Initial velocities were taken from Maxwell distribu-
tion at 300 K, using Berendsen thermostat for temperature
coupling with coupling relaxation step setting at 0.1 ps.
The cut-off limit for non-bonded interactions was set at
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0.8 nm. All through the simulation run, bond length was
constrained with geometric accuracy of 107,

Electrostatic Profiling

Electrostatic potential for the designed peptides was cal-
culated by solving Finite Difference Poisson-Boltzmann
equation using Delphi software (Li et al. 2012). These elec-
trostatic potential maps of candidate structures were further
compared to identify distinct electrostatic potential signa-
tures for each structure. The electrostatic potentials were
represented in a 3D graph using MATLAB.

Reagents

Rink Amide resin, Fmoc amino acids, N, N, N, N-tetra-
methyl-O-(1H-benzotriazol-1-yl) ~ uronium  hexafluo-
rophosphate (HBTU), N, N-dimethylformamide (DMF),
m-Cresol, Glutaraldehyde, Dimethylsulphoxide (DMSO),
and Ethanol were purchased from Merck. 1-Hydroxy-
benzotriazole (HOBt), diethyl ether, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic  acid (HEPES), sodium
phosphate monobasic anhydrous, acetonitrile (ACN), eth-
ylene diamine tetra acetic acid (EDTA) and Piperidine were
obtained from SRL laboratories. N, N-diisopropylethyl-
amine (DIPEA), thioanisole, 1, 2 ethane dithiol (EDT), Tri-
fluoroactic acid (TFA), 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), was purchased from
Sigma-Aldrich. Nutrient Broth and Agar was purchased
from Himedia laboratories. All other reagents used were of
the highest purity (>99%).

Peptide Synthesis and Characterization

The peptides were synthesized employing standard Solid
phase peptide synthesis protocol (Fmoc chemistry). Post
synthesis, the peptides were cleaved from the resin using
a cleavage cocktail (m-Cresol: Thioanisole: EDT: TFA ::
2:2:1:20) for 12 h in dark. The peptides were purified by
means of semi-preparative reversed-phase liquid chroma-
tography. A chromatographic run of 10% ACN to 100%
ACN with 0.1% TFA, was used for the gradient elution of
peptides at a flow rate of 1 mL/min. The eluents were mon-
itored at 210 nm and verified by electrospray ionization
mass spectrometry (Wang et al. 2012; Falcao et al. 2016;
Chaudhary and Nagaraj 2011).

Antibacterial Assay

Staphylococcus aureus (NCTC 8530) and Pseudomonas
aeruginosa (NCTC6750) bacterial strains were used for the
assay. Mid logarithmic phase bacterial cells were washed
and resuspended in sodium phosphate buffer (10 mM, pH

TH-2206_11610627

7.4). The resulting suspension was diluted to a net absorb-
ance value of 0.2 at 600 nm and 50 pL of the inoculum
was treated with required concentrations of peptide (Net
incubation broth is 100 pL), incubated for 2 h. Post incu-
bation, 100 uL. of MTT solution (0.5 mg/mL) was added
to the broth and incubated for 4 h at 37°C. Subsequently,
the reaction broth was centrifuged and the bacterial pellets
were mixed with DMSO. The difference in the absorbance
at 570 and 660 nm was calculated and percent bacterial
cell lysis was reported, relative to untreated bacterial cells
(Rufian-Henares and Morales 2011; Piaru et al. 2012; Eloff
1998). A relative inhibition of 80% growth with reference
to growth control was considered to be as Minimal Inhibi-
tory Concentration, as per relative reported standard proce-
dure (Wu et al. 2014).

Field Emission-Scanning Electron Microscopy
(FE-SEM)

Post incubation, glutaraldehyde (4%) was added to peptide-
bacteria mixture, followed by an incubation of 30 min. The
entire broth was centrifuged (1500xg, 5 min) and the bac-
terial pellet was placed over a glass slide. The dried sam-
ples were washed (gradient, 30—100% ethanol), coated with
gold and images were recorded using scanning electron
microscopy (Abd-El-Aziz et al. 2015).

Hemolytic Assay

Fresh human blood was collected and mixed with 1.5 mg
EDTA per milliliter and mixed thoroughly. These red blood
cells were re-suspended and repeatedly washed with buffer
(5 mM HEPES buffer saline, pH 7.4) by centrifugation
at 800xg for 5 min, until the supernatant was colorless.
A 10% cell suspension in buffer was prepared and 50 pL
of the suspension was mixed with peptide solution, incu-
bated for 2 h at 37+2°C. After incubation, the suspension
was centrifuged at 800Xg for 5 min and the absorbance of
supernatant was recorded at 540 nm (Balaji and Trivedi
2012; Lee et al. 2014). Percent cell lysis was calculated in
comparison to the extent of hemolysis recorded with 100%
lysis of blood cells in water.

Results and Discussion

Design Philosophy

We designed two pairs of syndiotactic sequences mimick-
ing Gramicidin 6.3 helix as model systems, with a starting
(e, y) dihedral angle pair shown in Table 1. Gramicidin

has a right handed helical structure with (i to i+7) and (i
to i—5) (Ramakrishnan et al. 2005) hydrogen bonding
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pattern, and a pitch 4.7 A (Katsaras et al. 1992), with 6.3
residues per turn (Urry 1971). Theoretically such helical
structures can assume two structural variants depending

=
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"/

A =

l 7 [ i
Ac-RkRalvKrkvAa

N

\ >

1 7 BN
kRklaArArLvA Ac-kRklaArArLvA
Fig. 1 Backbone structures of the designed hetero-chiral peptides
having syndiotactic stereochemistry. All the peptides can either be in
left or right handed orientation, resulting in a maximum of eight theo-
retical backbone combinations possible for four peptides. a (O1LH)
and b (01RH) are the left handed and right handed back bone of
sequence 01, whereas ¢ (01Ac-LH) and d (01Ac-RH) are the left and
right handed backbone of 01Ac. Likewise, e (02LH) and f (02RH) are
left handed and right handed back bone of sequence 02 along with
g (02Ac-LH) and h (02Ac-RH) are left and right handed version of
02Ac

Fig. 2 Electrostatic potential
map of the designed peptides,
using Delphi Software solv-
ing Finite Difference Poisson
Boltzmann equation. a, b are
the potential maps of left and
right handed conformations
of the peptide 01. Similarly,
¢, d are the potential maps al
of the left handed and right '
handed peptide 02 respectively.
Though two conformations are
theoretically possible, only one
sequence can be experimentally
verified. Differential color
coding of amino acid residues,
points to their electrostatic
potential with reference to the
color bar. The color map shows
the potential distribution in
KT/e units. (Color figure online)
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on their ‘handedness’; either right or left handed (Fig. 1).
Therefore, we have designed two variants right handed
(RH) and left handed (LH) for each sequence resulting in
eight possible variants, though only four variants are syn-
thetically possible.

The designed molecules are both cationic and amphi-
pathic, which may play an important role in membrane
lysis mediated by electrostatic interactions. Electrostatic
potential maps of the designed peptides were generated
by solving Finite Difference Poisson Boltzmann equation
using Delphi software. The topology resulting from the
side-chain orientation and the electrostatic potential envi-
ronment it creates, were visibly distinct in all four models
(Fig. 2). Precisely, the designed molecules display distinct
topological and electrostatic fingerprint, which may get
translated to their antibacterial potency.

The stereochemistry and sequences of 01 and 01-Ac pair
and 02 and 02-Ac pair are the same, except that 01-Ac and
02-Ac being N-terminal acetylated (Table 1). To verify the
stability of the designed peptides in a 6.3 helical conforma-
tion, similar to gramicidin helix, a 10 ns MD run at 298 K
under NVT condition using GROMOS 96 force field, was
performed for each structural variant. The cluster analysis
of the theoretical models suggest that the structures are
quite stable with the percent sampling of most populous
structure being more than 95% in all eight models (Supple-
mentary Fig. 1; Supplementary Table 1).

Further, the structural integrity of the molecules was
verified by measuring Root Mean Square Deviation
(RMSD) from the starting structure (Fig. 3). Radius of
Gyration has been measured to verify whether the designed

b ' 1000 KT/e

e KV
. a
k Ra\x
R N
: l\ 500 KT/e

I

0 KT/e

-500 KT/e
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Table 1 Designed peptides and their sequences. The letter in the
upper case denotes L-chiral amino acid whereas the letter in the
lower case represents D. The sequences with N-terminal acetylation
have been denoted with a prefix Ac. The dihedral angles used for the

peptide sequences has been shown in details. Minimum Inhibitory
Concentration of the designed peptides against S. aureus and P. aer-
uginosa shows preferential activity of syndiotactic sequences against
Gram positive bacteria

Code Sequence Handedness Dihedral angles Dihedral angles Molecular mass MIC (uM)
(L-amino acid) (p-amino acid) (Dalton) -
S. aureus P. aeruginosa

01 RkRalvKrKvAa Right —120, 140 (o, y) 120, —110 (¢, y) 1394.76 25 >100
Left —110, 120 (¢, ) 110, —150 (o, y)

01 Ac Ac-RkRalvKrKvAa Right —120, 140 (o, y) 120, —110 (¢, y) 1436.8 25 >100
Left —110, 120 (¢, y) 110, —150 (¢, y)

02 kRkIaArArLvA Right —120, 140 (o, y) 120, =110 (o, y) 1351.69 12.5 >100
Left —110, 120 (¢, y) 110, —150 (¢, y)

02 Ac Ac-kRkIaArArLvA Right —120, 140 (o, y) 120, —110 (¢, W) 1393.73 12.5 >100
Left —110, 120 (¢, y) 110, =150 (¢, y)

structures remain folded throughout the simulation (Fig. 3).
Detailed examination of average structure forming largest
cluster, however shows that hydrogen bonding pattern has
been changed during the course of MD simulations (Sup-
plementary Figs. 2 and 3; Supplementary Table 2). In our
earlier studies, we have shown that gramicidin 6.3 helical
structures with alternate L and D stereo-chemical sequence
have their short-range and long range backbone electro-
static interactions complementing each other, while in poly
L sequences they are in conflict (Ramakrishnan et al. 2006;
Kumar et al. 2009; Ranbhor et al. 2006).

The resultant modification of energy landscape leading
to extra stability due to complimentary local electrostat-
ics is the key for stereo-chemical engineering of peptide
sequences. We have further shown that countervailing short
range—long range interaction holds the key for side-chain
sequences dictating the overall conformation of a given
polypeptide sequence. Since local electrostatics of gramici-
din helical backbone is complimenting and stable, the fold
is much more adaptable to varied sequence solutions (Ram-
akrishnan et al. 2005). Our MD results on all eight vari-
ants support earlier observations and this design strategy.
Since amphipathicity and cationicity has been the hallmark
of antibacterial activity of natural and designed peptides,
we have designed all peptides retaining amphipathicity, at
the same time presenting differential electrostatic potential
arising from cationic side-chains.

Antibacterial Assay and Toxicity Studies

The in vitro antimicrobial activity of the synthesised pep-
tides was tested against Gram-positive (S. aureus) and
Gram-negative (P. aeruginosa) bacteria. All the peptides
were showing better activity against Gram-positive bac-
teria, in comparison with Gram-negative bacteria (Fig. 4;
Table 1).
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This observation is consistent with the earlier reports
on gramicidin. Gramicidin has a reported MIC value of
2.2 uM (Xiong et al. 2005) against S. aureus and is inactive
against Gram-negative bacteria. Our peptides show similar
trend, though the sequence similarity between gramicidin
and the designed peptides are minimal. Our designed pep-
tides primarily rely on cationicity to induce membranolytic
activity. Acetylation of synthesized peptides is aimed at
lowering the net positive charge by blocking the free N-ter-
minus. We, however also could not find any notable differ-
ence in antimicrobial potency between acetylated and non-
acetylated peptide variants.

Hemolytic Activity

Hemolytic assay against mammalian RBC was performed
to estimate the extent of toxicity. All four peptides exhib-
ited negligible cytotoxicity against mammalian cells at
100 uM concentration following standard protocols. Gram-
icidin has a reported toxicity estimate of 50% hemolysis at
5 uM concentration (Wang et al. 2012). Unlike gramicidin,
toxicity levels of all four reported peptides are well within
the accepted safe threshold of 2% lysis at a very high con-
centration of 100 pM; and three out of the four peptide var-
iants are showing a value less than 1% (Table 2).

Microscopic Analysis

A qualitative evaluation of membrane rupturing poten-
tial of designed antimicrobial peptide against bacteria was
performed using FE-SEM analysis. The cationic peptides
caused significant membrane damage which was inferred
after a comparative analysis between peptide treated (rup-
tured) and untreated (intact) bacterial cells. The bacte-
rial cells were treated with 100 uM peptide resulting in
deformed bacterial membrane architecture. (Fig. 5).

@ Springer



Int J Pept Res Ther

0.6

(Y

01-LH

o2 'Ooood%&?a%,__o_gpooo-‘?..cogéo,é
i i i o._.
0.0
0 2500 5000 750010000 0 2500 5000 7500 10000
3 e 06105 a1

Root Mean Square Deviation

0 2500 5000 7500 10000 0 2500 5000 7500 10000

b 0729114 0721 01-RH
0.66 0.66
0.60 0.60
O 054
4 0.54
c 0.48 L e cof 0.481
o igg T OToNT gy 3 Sl
-oa 0.42 i . . .0 . 0.42 . 0 . . 0:’ .
S 0 2500 5000 7500 10000 0 2500 5000 7500 10000
O 07215014 0.72) 02-RH
(o]
2 0.66 0.66
5 0.60 0.60
(0]
O 054 0.54
0.48 0.48{ |
0.42 0.42

0 2500 5000 7500 10000 0 2500 5000 7500 10000
Time (picosecond)

—a—Non-acetylated --o--- Acetylated

Fig. 3 a Root Mean Square Deviation (RMSD) as a function of time
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indicating the overall folded nature of the designed peptides

Qualitative pictures indicate that the membrane rup-
turing ability of the amphipathic cationic peptides
are responsible for the desired activity profile of the
designed peptides, though detailed mechanism investiga-
tion is beyond the scope of this paper.
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Fig. 4 Bactericidal potency of the peptides 01 and 02 along with
their acetylated variants against S. aureus (Gram-positive) and P. aer-
uginosa (Gram-negative) bacteria. a and b show bactericidal activity
against Gram-positive bacteria, whereas ¢ and d show activity against
Gram-negative bacterial species

Table 2 Hemolytic assay of designed peptides against mammalian
Red Blood Cells (RBC) at 100 uM peptide concentration

S.no Peptide code % RBC lysis Standard
deviation

1 01 0.5 0.02

2 01 Ac 2 0.05

3 02 0.7 0.03

4 02 Ac 0.09 0.02

Conclusions

Almost all natural proteins are isotactic with chain ste-
reochemistry (poly L). An isotactic peptide molecule
roughly acquires 21% allowed conformational space in
Ramachandran plot. If the stereochemical sequence is
a variable, it increases the designable space manifold,
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Fig. 5 FE-SEM images of
Gram-positive and Gram-
negative bacteria, treated with
individual peptides after 2 h
of incubation. Comparison of
untreated S. aureus (Gram-
positive) and P. aeruginosa
(Gram-negative) cells against
ruptured bacterial membrane
treated with 01, 01 Ac, 02 and
02 Ac at 100 uM concentration.
The scale bars correspond to
200 nm

Staphylococcus
aureus

Pseudomonas ;i
aeruginosa

resulting in an informed walk across Ramachandran ¢, y
space. We employed a peptido-mimetic approach, mod-
eling around Gramicidin adopting the simplest stereo-
chemical sequence with syndiotactic stereochemistry.
Gramicidin is a natural antibiotic peptide with Syndio-
tactic backbone (alternating L. and D) having good bacte-
ricidal activity against Gram-positive bacteria, but could
only be used topically because of very high levels of tox-
icity. We attempt to re-design the amino acid sequence
(side-chain sequence) space retaining its stereo-chemical
(main-chain) sequence, with an objective to minimize its
toxicity, while retaining antimicrobial activity. The two
designed cationic amphipathic peptides with alternating
L and D chiral amino acid sequences, and their acety-
lated variants exhibit negligible levels of toxicity, well
within the acceptable limits. Our best peptide sequence
is showing an MIC value of 12.5 uM against a reported
value of 2.2 uM (Xiong et al. 2005) for gramicidin D.
Importantly, this design strategy offers an effective means
to develop possible sequence variation in future designs.
Incorporation of stereochemistry as an additional design
variable significantly expands the design space of a pep-
tide sequence. In a previous study (Hazam et al. 2017),
we have systematically varied stereo-chemistry of the
designed peptides resulting in different structure and
electrostatic interaction profiles while they approach a
target. However, our efforts to directly relate the structure
and electrostatic profiles in defining activity and toxicity
of a given peptide, is not yet conclusive.

Role of acetylation in naturally occurring proteins has
not been precisely deduced but studies indicate that it
improves the potency of peptides, as it mimics the native
protein itself (Drazic et al. 2016). As indicated in litera-
ture, it enhances the overall potency, metabolic stability
and resistance against enzymatic degradation (Di 2015;
Stromstedt et al. 2009). In our study, we could not find
any significant difference in activity or toxicity profiles of
our designed peptides, which was also an objective of this
investigation.

TH-2206_11610627

Untreated

02-Ac

01 01-Ac 02

Apart from increasing the overall design space consid-
erably, incorporation of D amino acids effectively negates
the possibility of proteolytic degradation. This point to the
potential utility of de novo designed peptides with diver-
sified stereochemistry as a promising new approach in the
generation of antibiotic peptides. Such attempts are impor-
tant to effectively manage the broad antibiotic spectrum
and pharmacological profile with increased instances of
antibiotic resistance reported in recent times.
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ABSTRACT: Almost all biological systems are assemblies of one or FBfBf FfFfFf

more biomolecules from nano- to macrodimensions. Unlike inorganic
molecules, peptide systems attune with the conceptual framework of
aggregation models when forming nanoassemblies. Three significant
recent theoretical models have indicated that nucleation, end-to-end

association, and geometry of growth are determined primarily by the size
and electrostatics of the individual basic building blocks. In this study, we
tested six model systems, differentially modulating the prominence of
three design variables, namely, aromatic 7—z interactions, local
electrostatics, and overall symmetry of the basic building unit. Our
results indicate that the crucial design elements in a peptide-based
nanoassembly are (a) a stable extended z—x interaction network, (b) SYMMETRY :>
size, and (c) overall symmetry of the basic building blocks. The six model

systems represent all of the design variables in the best manner possible,

considering the complexity of a biomolecule. The results provide important directives in deciding the morphology and
crystallinity of peptide nanoassemblies.

Bl INTRODUCTION building units. Earlier reports have suggested that the interplay
between electrostatic and hydrophobic interactions, modulated
by solvent effects, results in ordered aggregation and assembly
over a nano- to microdimensional range.4_8

Protein or peptide molecules are heteropolymers made of 20
amino acids of L stereochemistry. Because of the planarity of
the peptide bond and the L stereochemistry, the conformational
possibilities of individual amino acids forming a protein chain
are sterically restricted. This results in a peculiar situation, in
which only 21% of the total ¢, ¥ space of the Ramachandran
map can be accessed for the protein main chain.’ Even then,
natural proteins have an enormous number of variations in their

Almost all biological systems are functional assemblies of one
or more fundamental biomolecular units from nano- to
macrodimensions, mediated through nonbonding interactions.
The robustness and efficient functioning of these assembled
architectures are already well established. Understanding the
algorithm that connects the physicochemical characteristics of
the basic building blocks and stable structure formation at
nano- and microlevel dimensions of these assemblies are central
problems while exploring the possibility of making use of such
biomolecules as fundamental units. Although bioinspired design
is a topic of modern-day curriculum, pioneering work on this funct o ‘ 0
topic is the book “On Growth and Form” by D’Arcy Wentworth nctlpnal space and about 1500 Yarlatl(')ns in folfl space.
Thompson, written almost 100 years ago, which attempted to Protelrll molecules are long.polyn.lerlc chains, sqmetlmes even
quantitatively assess structural patterns and formations in extending beyond 1000' amino acids. Smaller units or pe'pt%des
biological systems.” are ge'nerally. nonﬁmcthnal. The s.m'allest polymer unit is a
Self-organization is envisaged as a spontaneous process that dIPePtlde' with two amino acids yome.d tzo.gether thrf)ugh a
involves development of order or a recurring pattern as a result peptide bond. However, assembly of individual peptides to

of local interactions between smaller subunits of an initially form potentiallx functiogal unit.s‘was a distinct possibility,
disordered system. A classic case of self-organization is folding although unrealized unt.ll thidlrl first repo.rted nanotubes
and aggregation of protein chains to functional and dysfunc- formed from se}fl-ellgsembhng units of short peptides stacked one
tional forms, respectively.2 Helmholtz in one of his recorded over the other. "~ Usage of locking conformational basins by
lectures makes an observation that “the forces so far as they incorporating D amino acids was first adopted by Ghadiri.
cause chemical and mechanical influence in a living system, Hierarchical assembly of such conformationally rigid mono-
must be quite the same character as inorganic forces”.' meric units forming robust nano- and microscale networks was
Uncertainty and lack of understanding in ascertaining the
long-term physiological effects of nanomaterials of inorganic Received: September 19, 2016
origin® are prompting researchers to consider materials of Revised: ~ December 9, 2016
biological origin, such as nucleic acids and proteins, as basic Published: December 9, 2016

TH'@&G&B&@WOHS © 2016 American Chemical Society 404 DOI: 10.1021/acs.jpch.6b09474
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Abstract

Polypeptide chain has an invariant main-chain and a variant side-chain sequence. How the
side-chain sequence determines fold in terms of its chemical constitution has been scruti-
nized extensively and verified periodically. However, a focussed investigation on the direc-
tive effect of side-chain geometry may provide important insights supplementing existing
algorithms in mapping the geometrical evolution of protein chains and its structural prefer-
ences. Geometrically, folding of protein structure may be envisaged as the evolution of its
geometric variables: ¢, and Y dihedral angles of polypeptide main-chain directed by x4, and
Xz of side chain. In this work, protein molecule is metaphorically modelled as a machine
with 4 rotors ¢, W, X4 and X, with its evolution to the functional fold is directed by combina-
tions of its rotor directions. We observe that differential rotor motions lead to different sec-
ondary structure formations and the combinatorial pattern is unique and consistent for
particular secondary structure type. Further, we found that combination of rotor geometries
of each amino acid is unique which partly explains how different amino acid sequence com-
binations have unique structural evolution and functional adaptation. Quantification of
these amino acid rotor preferences, resulted in the generation of 3 substitution matrices,
which later on plugged in the BLAST tool, for evaluating their efficiency in aligning
sequences. We have employed BLOSUM62 and PAM30 as standard for primary evalua-
tion. Generation of substitution matrices is a logical extension of the conceptual framework
we attempted to build during the development of this work. Optimization of matrices follow-
ing the conventional routines and possible application with biologically relevant data sets
are beyond the scope of this manuscript, though it is a part of the larger project design.

Introduction

The three dimensional native structure of a protein defies all concepts of aesthetics that nature
generally tend to practice in its creation. However, these folded structures and the guiding prin-
ciples of its construction is an important scientific problem, yet to be completely solved. The
physical folding code, folding mechanism and a perfect algorithm that predicts the fold from
sequence has been a matter of intense scrutiny for more than five decades now [1]. The scien-
tific community has invested significant amount of time and resources in deciphering this
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Abstract We present a computational toolkit consisting
of five utility tools, for performing basic operations on a
protein structure file in PDB format. The toolkit consists of
five different programs which can be integrated as part of a
pipeline for computational protein structure characteriza-
tion or as a standalone analysis package. The programs
include tools for chirality check for amino acids (ProChi-
ral), contact map generation (CoMa), data redundancy
(DaRe), hydrogen bond potential energy (HyPE) and
electrostatic interaction energy (EsInE). All programs in
the toolkit can be accessed and downloaded through the
following link: http://www.iitg.ac.in/bpetoolkit/.

Keywords Toolkit - Protein engineering - Protein
design - Protein structure

Introduction

Recently, experimentalists have started using computa-
tional methods extensively in formulating and fine tuning
their research plans. Most of these groups employed in
protein engineering research have shared their interest in
using certain basic tools supporting their research, yet not
part of a fairly large program suite which would be difficult
for them to use independently without the help of a com-
putational biologist. Additionally, we would like to have
few independent tools that can be incorporated in a pipeline
of various operations with protein structure files, such that
they can create their own computational work flow. To
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Guwahati 781039, India
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accomplish these objectives, we present a protein engi-
neering toolkit, consisting of five programs that can per-
form basic operations in a protein structure file.

Computational methods and their validation

The theoretical background of computational programs and
their validation is described as follows. The science and
logic behind their design has also been briefly illustrated.

ProChiral: chirality check program

Chirality is a property of a molecule which doesn’t have a
super-imposable mirror image of itself. All amino acids,
except glycine are chiral with the CA atom being the chiral
center. The chirality of an amino acid can be determined by
checking the orientation of the side chain with respect to
the protein/peptide backbone, i.e. the orientation of the CA
atom with respect to the backbone. This can be done by
calculating the improper dihedral angle formed by the
normals from the planes involving N-CA-C and C-CA-CB.
A positive value for the angle signifies the Levorotatory
form of the amino acid whereas, a negative value depicts
the Dextrorotatory form. The chirality program gives the
orientation of the amino acid residue side chain as Dextro
or Levo-rotatory.

ProChiral was tested using the existing protein data bank
(PDB) structure 1GRM.pdb, which has a mixture of L and
D-amino acids. The program was also applied to other PDB
structure files which are homo-chiral in nature. Furthermore,
few in-house generated hetero-chiral PDB files were also
tested with the program. The program successfully identified
the chiral orientation of the CA atom with 100 % accuracy
for all the structures tested. Additionally, the structures were
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Peptide

Cecropin B

Gramicidin S

Polymixin B

Buforin 2

Tritrpticin

Ocellatin 4

TH-2206_11610627

Staphylococus
aureus (MIC)
S. aureus
NCTC8532 (66.7

HM)

S. aureus FDA209P
(6.25 pg/mL or 5.48

uM)

S. aureus RN4220
(64 pg/mL or 33.58

uM)

S. aureus (1.65 uM)>?

S. aureus
KCTC1261 (4 uM)

S. aureus
ATCC25923
(64 pM)

Appendix

Escherichia coli
(MIC)

E. coli BUES5 (1.7
UM), E. coli NCTC
11954
(33 uM)

E. coli NIHJJC-2
(>100 pg/mL or
87.67 uM

E. coli UB1005 (0.5
pg/mL or 0.262
UM), E. coli DC2

(0.1 pg/mL or
0.0524 pM)

E. coli DH5a (6.3
HM)*

E. coli
KCTC1682 (8 uM)

E. coli ATCC25922
(64 uM)
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Androctonin
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PGLa

Ascaphin-1
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S. aureus (25 pg/mL
or 15.5 uM)

S. aureus
(15-30 uM)

S. aureus
(0.9-1.8 uM)

S. aureus
(1.15-2.3 uM)

S. aureus (>50 uM)
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E. coli (> 100
pg/mL or > 62 uM)

E. coli D31 (3-6
HM)

E. coli D22 (>30
HM)

E. coli 1106 (6-15
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0.9 uMm)
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Brevinin-
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Ranatuerin-
2BYa

Ranatuerin-

2BYb at 50 pM)

Temporin-

S. aureus (15 pM)
1BYa

Clavanin A S. aureus (45 pM)

Ves1 S. aureus 25923 (16

pg/ml or 5.5 uM), S.
aureus
SAP0017 (9 pg/ml
or 3.09 uM)

S. aureus (27 pM)

S. aureus (Not active

pa/ml or 2.434 M),

pg/ml or 1.54 pM)
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