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Abstract: Antimicrobial peptides (AMPs) establish the first line of host defense mechanism against invading microorganisms
including bacteria, viruses, fungi and parasites. In recent years, emergence and spread of antibiotic resistance bacterial pathogens have
dawn considerable interest in investigations of AMPs. The ability of AMPs to exert lethality against multiple drug-resistant (MDR)
bacteria has incited promising avenues for antibiotic development. As a mode of action, most AMPs perturb the membrane
organization of bacterial cells. The outer membrane lipopolysaccharide (LPS) of Gram- negative bacteria establishes a superior
permeability barrier, in contrast to the peptidoglycan layer of Gram-positive bacteria. Due to LPS barrier, development of antibiotics
for drug resistant Gram- negative bacteria are more complicated, with only fewer compounds in the pipeline. Recent studies have
demonstrated that LPS actively regulate mode of action of AMPs on the lethality of Gram-negative bacteria. LPS, also known as
endotoxin, is the primary agent for septic shock syndromes in intensive care unit killing over 120,000 people in the USA. Currently,
anti-sepsis therapies are greatly lacking. Therefore, LPS has been considered as a target for the development of antimicrobial and
antisepsis drugs. In recent and past few years, 3-D structures and interactions of a number of AMPs have been determined in complex
with LPS micelles. These studies have generated molecular insights towards mode of action and synergistic activity of AMPs in the
outer membrane. In this review, atomic resolution structures and interactions of potent AMPs with LPS are discussed providing novel
insights of their mode of action.
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1. INTRODUCTION"

Drug resistant bacterial pathogens are of
significant threat to the public health around the globe
[1-4]. There is an urgent need to develop new
antibiotics; however, the pipeline for producing new
drugs has been highly reduced over past 30 years [5,
6]. The US Food and Drug Administration (FDA) had
approved 20 new antibiotics between 1980 and 1984,
but only three new antibiotics were approved in
recent years [5, 6]. The lack of new antibiotics is a
reflection of reduced productivity of drugs in the
pharmaceutical industry. As existing drugs are

more major threat in human health. Notably, the
spread of multidrug-resistant so called ‘ESKAPE’
Gram-negative  pathognes i.e.  Enterococcus,
Staphylococcus aureus, Klebsiella, Acinetobacter
baumannii, Pseudomonas aeruginosa and
Enterobacter, is an enormous challenge [8]. Gram-
negative bacterial strains with enhanced resistance to
all available antibiotics have been detected [9, 10].
The American Centers for Disease Control has
estimated over 2 million cases of infections and
23,000 deaths caused by drug resistant bacteria in the
USA annually [11]. As many as 730,000 infections
and over 3,400 deaths per year are reported to be

becoming old, finding new drugs turns out to be
difficult [3, 5, 6]. Most importantly, the growing
number of resistant bacterial strains indicates that
new antibiotics should function with a different mode
of action. It is now well documented methicillin
resistant Gram-positive  Staphylococcus aureus
(MRSA) infections are difficult to treat [7]. Infectious

caused by Gram-negative bacteria in the US alone.
Many drugs against Gram negative bacteria show
limited efficacy due to the outer membrane barrier
[12-14]. In order to treat bacterial infections,
development of novel antibiotics with different mode
of action is highly critical. Cationic Antimicrobial
Peptides (AMPs) are vital components of innate

diseases caused by Gram-negative bacteria are even immunity of host defence system [15-17]. AMPs are

N ) multifunctional molecules demonstrating direct
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cancer cells [20, 21]. Reports have also suggested
signalling functions of AMPs that would modulate
functions of innate immune cells [22, 23]. As a mode
of action, most AMPs cause lysis of bacterial cells by
destabilizing integrity of membranes [24-27]. AMPs
remain bactericidal over the course of evolution
plausibly indicating difficulty of bacteria to change
the membrane compositions and structures. Now, it
has been well conceived that the broad spectrum
antibacterial activity in conjunction with shorter size
and cell selectivity of AMPs could be employed to
develop novel antibiotics [28-31]. Pronounced
interests have been noted for structure-activity (SAR)
correlations of AMPs, designing novel AMPs and
various antimicrobial applications of AMPs
containing organic scaffolds [28-31]. SAR studies of
AMPs often used model membrane systems e.g.
detergent micelles, bicelles, liposomes of different
compositions to obtain conformational insights for
understanding of mode of action [24-27]. 3-D
structures, by use of solution state NMR methods, of
several AMPs have been determined in detergent
micelles (SDS and DPC) as membrane mimics [24-
27]. In solid state NMR, AMPs are reconstituted into
phospholipid bilayers to gain conformations of
peptides and structural perturbations of lipid bilayers
[32-35]. Studies of AMPs with liposomes or vesicles
are performed to understand peptide/lipid interactions
and membrane pore formation [24-27]. By and large,
these studies have generated much of the mechanistic
insights of mode of action of AMPs e.g. barrel stave,
torodial pore, and carpet model [24-27]. Based on the
composition, these membrane model systems may
mimic either the plasma membrane of bacterial or
eukaryotic cells. Observations of lack of correlations
between structure and activity of AMPs have
potentially indicated alternate mechanisms or
interactions of AMPs with more number of targets.
Some AMPs are known to interact with intra-cellular
molecules e.g. nucleic acids and proteins [36-38].
Interactions with outer-membrane components would
like to influence mode of action and mechanisms of
AMPs [39-41].

2. LPS OUTER-MEMBRANE BARRIER AND
ENDOTOXIN

Bacterial cells are protected from antibacterial substances
employing additional membrane components exposed to the
external environment. Gram-positive bacteria contain a thick
peptidoglycan layer whereas Gram-negative bacteria are
surrounded by an asymmetric outer-membrane. The outer
leaflet of the outer-membrane is predominantly consisted of
a specialized lipid called lipopolysaccharide (LPS). By
contrast to peptidoglycan, LPS establishes a permeability
barrier limiting access to antibiotics, antibacterial drugs and
other molecules [12-14]. Chemically, the covalent structure
of LPS molecule follows the connectivity of: lipid A- a core-
oligosaccharide-repetitive highly variable polysaccharide or
O-antigen. The lipid A unit of LPS is characterized by bis-
phosphorylated glucosamine containing six to eight C12 or
C14 type fatty acyl chains (Fig. 1). The acyl chains of lipid
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A anchor with acyl chains of the phospholipids of the inner
leaflet of the outer membrane. Polyanionic LPS molecules in
the outer membrane are well ordered because of packing
among acyl chains and bridging of phosphate groups by
divalent cations e.g. Ca and Mg [42-45]. The hydrophilic O-
antigen and core sugar groups also contribute to permeability
by maintaining a steric shield [42-45]. The permeability
barrier imposed by the outer-membrane LPS is responsible
for the intrinsic resistance of Gram-negative bacteria against
hydrophobic antibiotics. A number of compounds e.g.
EDTA, polymyxin B nonapeptide, is known to interact with
LPS causing permeabilization of the outer membrane [13,
14]. Outer membrane permeabilizing agents can enhance
antibiotic drug uptakes leading to an improvement of Gram-
negative activity [46-48]. As LPS in the outer-membrane
protects live bacteria, LPS from dead bacteria is highly toxic
to humans and other animals [40, 42]. LPS, as known as
endotoxin, is a potent stimulator of innate immunity for
humans [49-51]. Released LPS from lysed bacteria, often
after antibiotic treatment, into blood stream is recognized by
the TLR4 transmembrane receptor protein of immune cells
e.g. macrophages. Binding of LPS with the receptor causes
activation of a signaling cascade that eventually produces
interleukins and tumor necrosis factors [49-51]. Over
production of these molecules may result in tissue and organ
damage of the host, condition termed as septic shock or
sepsis. In the absence of any therapeutic modality, annually
120,000 people are estimated to be deceased due to the septic
shock syndromes [52, 53]. There have been constant
searches for effective drugs to prevent sepsis related fatality.
Molecules that would bind and neutralize endotoxin are
highly sort after [40, 54, 55].

3. ATOMIC RESOLUTION STRUCTURES AND
INTERACTIONS OF AMPs WITH LPS

Understanding mode of action of AMPs on bacterial cells is
critical for the further development of non-toxic therapeutics.
Atomic resolution structures of AMPs are eminently
required to dissect mechanism of actions and structure based
generation of new antibiotics [16, 17, 25]. Mode of action of
AMPs appears to be quite complex with multiple targets in
bacterial cells and different pathways [16, 35 ,37, 39].
Structure-activity relationship studies of AMPs often
demonstrate poor correlations due to the lack of 3-D
structures in appropriate membrane systems [16, 35]. LPS of
the outer membrane of Gram negative bacteria is critically
involved in interactions with cationic AMPs [39-41]. AMPs
e.g. temporins, K/L designed peptides, are known to be
inactivated by LPS [39, 56-58]. Higher MIC values of AMPs
for Gram- negative bacteria compared to Gram positive are
attributed to protection mechanism rendered by LPS outer
membrane [39, 56, 57]. Broad spectrum activity of AMPs
requires interactions with LPS and disruption of permeability
barrier to gain access into the bacterial cell [17, 39, 40].
Structural elucidation and residue specific interactions of
AMPs with the LPS outer membrane would glean
knowledge of mechanism of action that will lead to the
synthesis of potent antibacterial and antiendotoxin molecules
[17, 40]. NMR spectroscopy has been largely utilized to
determine 3-D structures and mapping of interactions of a
number of potent AMPs with LPS. LPS micelles bound 3-D
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structures of AMPs are obtained by transferred nuclear
Overhauser effect spectroscopy (tr-NOESY) method [59-61],
whereas, saturation transfer difference NMR or STD-NMR
[62,63] method has been used to map residue specific
interactions of AMPs with LPS micelles.

3.1 NMR studies of polymyxins with LPS

Polymyxins are a group of peptide antibiotics, 10 amino
acids long, produced by Gram-positive bacteria Bacillus
polymyxa [64,65]. Polymyxins are characterized by a cyclic
structure with an octanoyl lipid chain at the N-terminus. The
amphipathic cyclic structures of polymyxins are conferred by
seven cationic di-amino-butyric acid (Dab), a derivative of
amino acid Lys, polar residue Thr and nonpolar residues D-
Phe/D-Lue along with the acyl tail at the N-terminus [64,65].
Polymyxins kill Gram-negative bacteria by binding to the
outer membrane LPS. Among plymyxins, polymyxin B
(PMB) and polymyxin E (PME) or colistins are most studied
for Gram negative activity and endotoxin neutralization [66-
69]. PMB is considered as the ‘gold standard’ of endotoxin
neutralizing agent and acts as a reference molecule for
Gram-negative activity assays [66-69]. Unfortunately,
nephrotoxicities of polymyxins have prevented systemic
applications in humans. Due to the occurrence of drug
resistant Gram-negative pathogens, toxicity of polymyxins
and several derivatives of polymyxins have been recently re-
examined [70-72]. These studies showed promises for the
development of non-toxic analogs of polymyxins [70-72]. In
order to understand mechanism of endotoxin neutralization
and outer membrane interactions, NMR studies, using tr-
NOESY method, were performed for PMB and PME in
solutions containing LPS micelles. The nona-peptide analog
of polymyxin B (PMN) was the first molecule to be
examined by tr-NOESY in LPS micelles [73]. The cyclic
structure of PMN lacks the N-terminal acyl chain and
residue Dabl. PMN is devoid of endotoxin neutralization
and antibacterial activity but binds to LPS and permeabilizes
the outer membrane [73]. LPS-bound 3-D structure of PMN
demonstrated ordered and compact conformations compared
to the structure in free solution. LPS-bound structure of
PMN is defined by a four residue type I’ B-turn centered at
the residues D-F6 and L7 and a three residue y-turn centered
at residue T10. Based on the LPS bound 3-D structure of
PMN, a molecular model was generated by computational
docking for the complex of PMB and lipid A [73]. The
model suggested multiple salt-bridges and/or hydrogen
bonding among two phosphate groups of lipid A moiety with
cationic Dab residues in the cyclic domain of PMB. In
particular, the PMB/LPS complex could be maintained
through salt bridges and/or hydrogen bonds involving
residues Dab3/Dab5 and Dab8/Dab9 with the phosphate
groups at positions C-1 and C-4’ on lipid A, respectively.
The fatty acyl chains of lipid A appears to be packing with
the C8 acyl chain and also with the sidechains of residues of
D-F6 and L7 of PMB. Later NMR and molecular modelling
studies of full-length PMB and PME in LPS showed similar
conformations and lipid A interactions [74]. Further, a high
resolution NMR investigation, employing isotopically
enriched samples, in DPC-lipid A mixed micelles, was
carried out for polymyxins [75]. More recently, LPS binding
epitopes of PMB were mapped using STD-NMR method
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[76]. This study revealed that the N-terminal acyl chain and
sidechains of D-F6 and L7 are in intimate contact with LPS
whereas the cyclic backbone has been observed to be loosely
associated with LPS micelles [76]. Collectively, these
structural studies have established key elements of the
recognition of LPS by polymyxins and mechanisms of outer
membrane permeabilization. Recent works have utilized
some of these critical structural features of polymyxins/LPS
interactions for the further development of polymyxin based
novel antibacterial drugs [70-72].

3.2 NMR STUDEIS OF HELICAL AMPs WITH LPS

Based on secondary structures, AMPs are classified into
three  major groups: helical, PB-sheets/B-hairpins and
extended. 3-D structures of helical AMPs e.g. melittin, MSI-
594, pardaxin, temporins, fowlicidin have been reported in
complex with LPS micelles.

3.2.1 3-D structure of melittin and fowlicidin in LPS
micelles

Melittin is a bee venom derived 26-residue peptide
(GIGAVLKVLTTGLPALISWIKRKRQQ-amide) with high
hemolytic and moderate antibacterial activity [77]. Melittin
has been extensively used over years as a model system
highlighting basic biophysical understanding of membrane-
protein interactions [78, 79]. A tetrameric helical structure of
melittin has been known in solid state, determined by x-ray,
whereas monomeric helical structures have been determined
in DPC micelles and in solutions containing helix stabilizing
co-solvents [80-82]. Helical structures of melittin obtained
under these conditions show a kink or bend at TTGLP
sequence. Melittin based peptide analogs with deletion of the
TTGLP motif forms a rather straight monomeric helical
conformation in DPC micelles and retain antibacterial
activity with lowered hemolysis [83]. Melittin demonstrates
interactions with LPS possibly as a mode of bacterial cell
killing and endotoxin neutralization [84, 85]. NMR structure
of melittin in LPS micelles revealed a partially folded helical
structure encompassing residues A15-R24 at the C-terminus;
whereas most of the N-terminal residues are found to be in
extended conformations [86]. A C-terminal peptide fragment
of melittin (LPALISWIKRKRQQ) binds to LPS and
responsible for outer membrane permeabilization. The
antibacterial activity of the C-terminal fragment of melittin
has also been reported [87]. The 3-D structure of melittin in
LPS micelles has pointed out: (i) the C-terminal cationic
region of melittin is more critical for outer membrane
permeabilization and antimicrobial activity, (ii) structure
stabilized in LPS might demonstrate significant differences
in comparison to structures determined in membrane mimic
environments e.g. DPC, SDS or in co-solutes.

Fowlicidins are highly potent, 26-residue long, broad
spectrum AMPs of cathelilcidin family from chicken
[88,89]. Fowlicidin-1 forms a tetrameric helical structure in
DPC micelles [90]. Shorter fragments of fowlicidin-1 also
retain antimicrobial activity. These fragments interact with
LPS and adopt monomeric helical structures in LPS micelles
[91]. Although, atomic resolution structure of full length
fowlicidin is yet to be determined. LPS-bound structures of
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fragments of fowlicidin-1 indicated plausible mode of outer
membrane interactions and bactericidal activity.

3.2.2 Structures of MSI-594 and mutant MSI-594F5A in
LPS micelles

Genaera and Adis have developed a series of potent hybrid
AMPs combining sequences of naturally occurring maganin
2 and melitttin [92]. One of these peptides MSI-594
(GIGKFLKKAKKGIGAVLKVLTTGL-amide) was
investigated for 3-D structure and structure activity
correlations in  LPS micelles [93]. MSI-594, while
unstructured in free solution, assume folded unique helical
hairpin structure in complex with LPS micelles. The helical
hairpin structure of MSI-594 is defined by helix 1 (residues
12-K10)-loop  (K11-G12)-helix 2 (residues 113-L24)
topology. A number of hydrophobic residues, e.g. 12, F5, A9,
of the helix 1 demonstrate long-range packing interactions
with hydrophobic residues 113, L17 and L20 of the helix 2.
The aromatic residue F5 shows multiple packing interactions
with other non-polar residues and appears to be critical for
maintaining the hairpin fold of MSI-594 in LPS. The
compact tertiary structure of MSI-594 displays all the
cationic residues onto one surface that is largely exposed for
LPS interactions (Fig. 2). It may be noteworthy that MSI-
594 adopts ‘open’ helical conformations, without any tertiary
packing, in complex with DPC detergent micelles [94]. In an
attempt to correlate helical hairpin structure of MSI-594 with
antimicrobial activity and outer membrane disruption, a
mutant peptide MSI594F5A was made harbouring a
replacement of the key residue F5 to Ala [95]. Interestingly,
MSI-594F5A peptide retains antibacterial activity against
Gram-positive bacteria; however, the mutant peptide remains
significantly inactivity toward Gram-negative bacteria [95].
Further, MSI-594F5A delineated, in comparison to the
native peptide, significantly lower membrane
permeabilization and membrane depolarization of E. coli
cells. Biophysical characterization, using ITC and optical
spectroscopy methods, indicated impaired LPS binding and
lower perturbation of LPS aggregates by the mutant peptide.
These findings established reduced ability of the MSI-
594F5A peptide to overcome LPS mediated barrier. 3-D
structure of MSI-594F5A in complex with LPS micelles
discloses an open “V’ shaped kinked helical structure
opposed to the well packed helical hairpin structure of the
MSI-594 (Fig. 3A). 3-D structures of MSI-594 and MSI-
594F5A in complex with LPS have been correlated with
their antibacterial activity and LPS-outer membrane
recognition. The helical hairpin structure of the native MSI-
594 displays an exposed cationic surface which is largely
uniform and directed. In addition, sidechains of basic
residues K4/K18 and K7/K18 across the two helices are in
optimal distances of ~13-14 A that would allow formation of
strong ionic and/or hydrogen bonding with the two
phosphate groups of lipid A of LPS (Fig 2). By contrast,
cationic charges are observed to be rather disorientated or
diffused in the “V shaped helical structure of the mutant
MSI-594FA (Fig. 3B). Notably, in the non-compact helical
structure of MSI-594F5A positively charged sidechains of
residues K4, K7 and K18 remain far from the required
distance for binding to the di-phosphate groups of lipid A.
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Such structural differences are plausibly key elements
contributing lower LPS binding affinity and outer membrane
permeabilization of MSI-594F5A. These studies have
underscored importance of LPS bound structure of a potent
AMP with its antibacterial activity.

3.2.3 3-D structure and localization of pardaxin in LPS
micelles

Pardaxins (Pal, Pa2, Pa3 and Pa4) are host defense peptides
isolated from sole fishes [96]. These peptides are
characterized by multiple biological effects ranging from
neurotoxins to antimicrobial activities [96, 97]. Pardaxins are
investigated as model systems for pore forming membrane
active peptides [97]. Due to potent antibacterial activity and
low hemolytic activity, pardaxins have drawn considerable
attention for antimicrobial drug development [98]. Structural
and biophysical studies of pardaxins in model membranes
indicated oligomeric forms that may induce barrel stave pore
in membrane  [97]. 3-D  structure of  Pad
(GFFALIPKIISSPLFKTLLSAVGSALSSSGGQE-amide)

has been reported in DPC micelles showing a long C-
terminal helix and a more flexible N-terminal helix/turn
conformations [99]. Despite a net low positive charge, only
two Lys residues, Pa4 and other pardaxins contain
antibacterial activity. Specifically, pardaxins permeabilizes
highly negatively charged LPS outer membrane exerting
lethal effect against Gram-negative bacteria. In order to
understand, mechanism of action of pardaxins on the outer
membrane, 3-D structure and interactions of Pa4 were
probed in E. coli LPS using a variety of techniques [100].
Pa4 efficiently permeabilizes outer membrane of E. coli cells
as revealed from 1-N-phenylnaphthylamine (NPN) dye
uptake assays. Using ITC, energetics of interactions Pa4 with
LPS have been determined. LPS-Pa4 complex formation was
found to be entropy driven (at 298 K) with AG ~ -6.82
Kcal/mol and Ky of 85 uM. *P NMR, FITC-LPS
fluorescence and DLS studies revealed that binding of Pa4 to
LPS micelles cause structural perturbations of LPS and
disaggregation to small size micelles. 3-D structure of Pa4
was obtained in complex with LPS micelles by NMR
method. Pa4 assumes helix (residue L5-S12)-loop (residues
P13-F15)-helix (residues K16-Ser28) structure resembling a
‘horseshoe’ type fold (Fig. 4A). The LPS bound structure of
Pad is distinctly different from the structure obtained in
solution of DPC micelles. LPS induced structure of Pa4
demonstrates packing interactions among non-polar residues
in which aromatic sidechain of residue F15, from the loop
region, formed an interface between the two helices. In
particular, residue F15 delineates van der Waals’ packing
interactions with sidechains of residues 19, 110 of the N-
terminal helix and sidechains of residues L18 and L19 of the
C-terminal helix (Fig. 4B). Strikingly, in the 3-D structure
the sidechain NH; groups of cationic residues K8 and K16
are placed within a distance of ~ 13 A, compatible with the
inter-phosphate distance of the lipid A of LPS. Residues of
Pad in contact with LPS micelles were deduced by two-
dimensional STD-TOCSY  experiments. STD data
demonstrated that Pa4 is highly embedded with LPS
micelles, namely aromatic residues F2, F3 and F15 and
several non-polar residues e.g. L5, 16, 19, 110, L14 are in
close contact with LPS micelles. Two Lys residues, K8 and
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K16 of Pa4 are also found to be in close proximity with LPS
micelles. 3-D structure of Pa4 and its interactions with LPS
micelles have provided mechanistic insights into outer
membrane permeabilization. The horseshoe shaped helix-
loop-helix structure of Pa4 may be inserted into the outer
membrane through intimate packing of non-polar residues
with acyl chains of LPS. The distance compatibility of the
sidechains of K8 and K16 with the negatively charged
phosphate of lipid A might initiate the attachment of Pa4
onto the LPS outer membrane. Outer membrane interactions
could be further enhanced by potential hydrogen bonds
among polar residues e.g. S11, S12 and T17 of Pa4 with the
hydrophilic sugar residues of LPS. Insertion of Pa4 into
outer membrane might disrupt higher order packing
interactions among LPS molecules leading to a permeable
outer membrane.

3.2.4 3-D structures and synergistic interactions of
temporins in LPS micelles

Temporins are a family of short AMPs (8 to 13 residues
long) found in skin secretion of European frogs [101].
Interestingly, primary structures of temporins contain only
few cationic residues and more non-polar residues. Due to
shorter length and low cytotoxicity, temporins are attractive
targets for antibacterial drug development [102, 103].
However, many temporins are poorly active against Gram-
negative bacteria [102, 103]. LPS has been found to be
important for regulation and activity of temporins [56, 57].
Low Gram-negative activity of temprions and other AMPs
have been attributed to their self-associations or aggregations
in complex with LPS [56, 57]. Interactions and aggregations
of temporin-1 Ta or TA (FLPLIGRVLSGIL-amide) and
temporin-1 Tb or TB (LLPIVGNLLKSLL-amide), in LPS
outer membrane are thoroughly investigated [56, 57]. It has
been proposed that aggregated states of temporins may be
unable to translocate to inner membrane limiting cell killing
activity. By contrast, temporin-1 Tl or TL
(FVQWFSKFLGRIL-amide), lacking self-association in
LPS, exhibits broad spectrum antibacterial activity [56, 57].
Moreover, TL imparts a synergistic mechanism in E. coli
0111:B4 LPS, containing long sugar chains, either with TB
and TA alleviating LPS induced self-association of peptides
[56, 57]. Atomic resolution structures and interactions of TL,
TL+TB in E. coli 0111:B4 LPS have been determined by
NMR spectroscopy and other techniques [104]. In complex
with LPS, TL adopts a novel dimeric anti-parallel helical
structure. The amphipathic dimeric structure of TL
demarcates a cationic face and a hydrophobic face
constituted by basic residues and aromatic, nonpolar residues
from both the helical sub-units. STD-NMR studies have
demonstrated that cationic and aromatic/non-polar faces
residues of TL dimer are in contact with LPS micelles. These
cationic residues of dimeric TL appears to be involved in
ionic and/or hydrogen bonding with the di-phosphate groups
of lipid A of LPS as suggested by 3'P NMR experiments. On
the other hand, the non-polar face of the dimeric TL may be
involved in packing interactions with the acyl chains of LPS.
Atomic-resolution structure of TB in E. coli 0111:B4 LPS
could not be determined because of existence of multiple
oligomeric states. However, in the presence of TL,
oligomeric states of TB are destabilized and a monomeric
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helical structure of TB has been deduced in LPS micelles.
STD and *P NMR showed that TL+TB combined delineates
enhanced interactions and perturbation of LPS micelles
compared to independent TL and TB peptides. In another
NMR study, TA peptide also exhibited oligomeric forms in
E. coli 0111:B4 LPS micelles employing N and C-termini
residues [105]. An oligomeric model structure of TA had
been proposed whereby N and C-termini of monomeric
helical structures of TA may be critical for self-associations
in LPS [105]. NMR investigations of TL, TB and TL+TB
and TA in E. coli 0111:B4 LPS micelles provide atomic-
resolution insights into mechanism of outer membrane
disruption and synergistic activity of temporins [104,105].
TB_KKG6A (KKLLPIVANLLKSLL-amide) a variant of
TB was designed for board spectrum antibacterial activity
[106,107]. TB_KKG6A was found to be antibacterial against
a number of Gram-negative and Gram-positive strains and
also demonstrated anti-inflammatory activity. TB_KKG6A
assumed a monomeric kinked helical structure in LPS and
also in the presence of live E. coli cells [106, 107].

3.2.5 3-D structures and interactions of B-hairpin AMPs
with LPS micelles

Disulfide (S-S) stabilized B-hairpin structures represent an
important category of AMPs [15, 25]. By contrast to helical
AMPs, B-hairpin AMPs are folded in aqueous solution even
in the absence of membrane mimics. Tachyplesins and
protegrins serve as representative model systems of -hairpin
AMPs which have been extensively investigated both in
terms of functions, analogs and conformations [108, 109].
Structural studies on tachyplesins and protegrins either in
detergent micelles or in model lipid bilayers demonstrated
preservation of the B-hairpin structure [110, 111]. An earlier
study, based on far UV CD experiments, reported that -
hairpin conformations tachyplesin | may be stabilized upon
interactions with LPS micelles [112]. A recent NMR study
demonstrates that the B-hairpin structures of tachyplesin |
become more ordered and compact in complex with LPS
micelles [113]. A docked model, of LPS and tachyplesin I,
has further revealed interactions within the complex [113].
Although disulfide bonds are known to be important for
stabilizing B-hairpin conformations and antimicrobial
activity, surprisingly, a cysteine deleted analog of
tachyplesin 1, or CDT (KWFRVYRGIYRRR-amide) was
found to contain antimicrobial activity and less haemolytic
compared to the parent peptide [114]. CDT efficiently
disrupted outer membrane of E. coli cells and neutralized
LPS toxicity in vitro [114 115]. CDT appeares to be a
flexible peptide in free solutions as judged by CD and NMR
spectroscopic methods [114,155]. CD and IR studies showed
B-sheet type conformations upon binding to LPS micelles or
liposome containing LPS. LPS micelles bound structure of
CDT has been solved and interactions were mapped using
STD-NMR [115]. 3-D structure of CDT in LPS micelles
showed a B-hairpin like fold. The B-hairpin structure of CDT
has been sustained by two anti-parallel B-strands of residues
W2-V5 and Y10-R13 and a type II’ B-turn centred at
residues R7 and G8 (Fig. 5A). The B-hairpin structure of
CDT demonstrates potential inter-strand sidechain packing
interactions among non-polar residues and cation-n
interactions between residues W41 and R11 (Fig. 5B).
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Further, STD-NMR indicated that sidechains of most of the
residues including cationic residues R4, R7, R11 and R13
and aromatic residues of CDT are in close proximity with
LPS micelles. A model structure of CDT-LPS discloses
potential ionic interactions between guanidinium groups of
residues R7 and R13 with di-phosphate groups of the lipid A
moiety whereas residues R11 and W4 forming cation-nt
interactions could be buried within acyl chains of LPS.
Mechanistically, molecular interactions between CDT-LPS
and the compact B-hairpin conformation of CDT might be
critical for outer membrane perturbation and translocation to
the plasma membrane.

A cysteine deleted analog of protegrin-1 or CDP-1
(RGGRLYRRRFVVGR-amide) has been investigated for
antibacterial activity, membrane permeabilization and
structures-interactions with LPS [116]. CDP-1 exhibits
bactericidal activity against a range of Gram-negative and
Gram-positive strains. RR11 (RLYRRRFVVGR-amide) and
LR10 (LYRRRFVVGR-amide) truncated variants of CDP-1,
at the N-terminal residues, shows lower antibacterial
potency. LR10 peptide has been found to be the least active
in antibacterial assays. The efficacy of membrane
permeabilization of E. coli cells follows the order: CDP-
1>RR11>LR10. ITC was used to determine binding affinity
of CDP-1 and analogs with LPS micelles. CDP-Llinteractes
with LPS micelles with higher affinity, K; 0.35 uM, as
compared to RR11, K4 ~ 0.96 uM and LR10 K4 ~ 3.0 uM.
Perturbation of higher order structure of LPS by peptides
also follows the same trend. Atomic resolution structures of
CDP-1, RR11 and LR10 peptides have been determined in
complex with LPS micelles. LPS-peptides structures reveal
that CDP-1 and RR11 adopt B-hairpin like structures
whereas LR10 assumes extended [-strand type
conformations. However, the B-hairpin structure of CDP-1
delineates more amphipathic in comparison to that of RR11.
In CDP-1 B-hairpin, cationic sidechains of residues R4, R7,
R8, R9 and R14 are situated into one face of the structure
whereas aromatic and aliphatic sidechains of residues Y6,
F10, V11 and V12 are congregated into the opposite face
(Fig. 6A and Fig. 6B). By contrast, B-hairpin structure of
RR1 has been found to be less amphipathic. Activity and
LPS bound structures of CDP-1, RR11 and LR10 peptides
show correlations. An amphipathic B-hairpin structure turns
out to be essential for membrane disruption and
antimicrobial activity. Linear CDT and CDP-1 peptides
indicate that disulfide bonds may not be essential for
bactericidal activity. However, B-hairpin structure is the key
element for efficient membrane disruption and bacterial cell
killing. On the other hand, a compact B-structure has been
determined for an 11-residue peptide fragment, LF11,
derived from human antimicrobial protein lactoferrin in
complex with LPS micelles [117]. The LPS-bound
conformation of LF11 observed to be more compact in
comparison to conformations in SDS and DPC micelles. In
another study, 3-D structure of the V3 loop peptide of gp120
of HIV was determined in LPS micelles by tr-NOESY
method [118]. V3 loop peptide adopted p-turn like
conformations in LPS [118].

3.2.6 3-D structures and interactions of designed PB-
boomerang peptides with LPS micelles

Bhattacharjya

A set of 12-residue peptides have been designed to interact
with LPS for antiendotoxic and antimicrobial activity
[119,120]. These peptides contain a centrally located four
cationic residues K°RKR® and four non-polar residues at the
N-and C-termini. The first generation peptide Y112 (or
YW12): YVLWKRKRMIFI shows relatively weak LPS
neutralization potency, however, NMR structure of this
peptide in LPS micelles displays a novel fold resembling a
‘boomerang’ [119]. The 3-D structure of Y112 is defined by
the presence of multiple B-turns and a long-range packing
between residues W4 and M9. All of hydrophobic and
aromatic residues and the centrally placed basic residues
have been found to be segregated into an amphipathic
structure. A docked structure of LPS and B-boomerang
structure of Y112 elucidates potential ionic and/or hé/drogen
bonds involving cationic sidechains of residues K’R°K’ with
the negatively charged phosphate groups of lipid A of LPS.
The acyl chains of LPS are in close proximity with the
aromatic and aliphatic sidechains of residues of Y112 at the
N- and C-termini. The B-boomerang structure of Y112
peptide in LPS micelles appears to be sustained by the long-
range inter-sidechain packing interactions between residues
W4 and M9. In order to correlate antimicrobial and
antiendotoxic activity with p-boomerang structure, three

peptides have been synthesized,
YI112WF:YVLWKRKRFIFI-amide,
YI112WY:YVLWKRKRY IFI-amide and

YI112WW:YVLWKRKRWIFI-amide where residue M9 was
replaced by aromatic residue F, Y, W. Three more peptides
were also prepared YI12FF:YVLFKRKRFIFI-amide,
YI112LL:YVLLKRKRLIFI-amide,

YI112AA:YVLAKRKRAIFI-amide to underscore roles of
aromatic and aliphatic packing in B-boomerang structure and
activity. Y12WF, YI12WY and YI12WW peptides
demonstrate efficient endotoxin neutralization (>80%
neutralization of LPS at 1 EU and 3 EU/mL doses) [120].
Other peptides including YI12FF either show weak or no
detectable inhibition of LPS. YI12WF, YI12WY and
YI112WW peptides also exhibit activity against tested Gram-
negative and Gram-positive organisms, whereas other
peptides are devoid of antimicrobial activity [120]. Designed
peptides interacted with LPS micelles, however, only active
peptides, YI12WF, YI12WY and YI12WW, delineated
disaggregation and perturbation of LPS micellar structures.
Atomic-resolution structures of active peptides, YI12WF,
YI12WY and YI12WW, in LPS complex clearly
demonstrate preservation of the B-boomerang fold with
persistent long-range aromatic packing between W4 and F,
Y and W at the 9" position [120]. By contrast, the LPS-
bound structure of the inactive peptide YI12AA showed
alternate conformations which are loosely packed and more
open. Interestingly, a truncated octa-peptide (GGS8:
GWKRKTFG-amide) assume folded p-boomerang motif or
structured LPS binding motif in LPS micelles even in the
absence of N- and C-termini residues [120]. This structured
LPS binding motif has been recently been utilized to
generate broad spectrum hybrid antimicrobial peptides
functioning through LPS outer membrane [121, 122].
Plausible role of the central positive charged residues in
forming B-boomerang structure in LPS micelles has also
been investigated. Peptides containing KRKR motif either at
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the N- or C-termini are found to interact weakly with LPS
and lack antimicrobial and endotoxin neutralization activity
(our unpublished results). Another peptide YW12D:
YVKLWRMIKFIR-amide has been designed by reshuffling
Y112 sequence mimicking a tripeptide sequence motif
aromatic/hydrophobic-basic-hydrophobic observed in LPS
binding proteins [123]. The YW12D peptide demonstrated
endotoxin neutralizing potency and assumed a bifacial
amphipathic structure for LPS recognition [123]. Altogether,
these studies have pointed out important structural and
sequence attributes that could correlate the B-boomerang
structure with antimicrobial and antiendotoxic activity.

4. LESSONS FROM 3-D STRUCTURES AND LPS-
AMP INTERACTIONS

Structures and interactions of AMPs with LPS provide
mechanistic insights into outer-membrane permeabilization,
synergistic activity and endotoxin neutralization. 3-D
structures of potent AMPs in complex with LPS
demonstrated compact structures in terms of sidechain and
backbone folding. Helical hairpin structures of MSI-594 and
pardaxin showed inter sidechain packing interactions. The
dimeric helical structure of 13-residue long temporin L also
delineated close packing among aromatic sidechains. The -
hairpin structures of CDP, CDT and p-boomerang structures
of design peptides were stabilized by extensive
sidechain/sidechain packing. 3-D structures of AMPs in LPS
also showed an optimal distance of nearly 13-15 A among
the sidechains of cationic residues which is geometrically
compatible for interactions of with the two phosphate groups
of the lipid A of LPS. Interactions studies of LPS-AMPs by
STD-NMR revealed that most of the residues of AMPs may
be intimately associated with LPS. Compact conformations,
binding of cationic sidechains to lipid A and extensive
association of AMPs in complex with LPS are likely to be
the key elements for outer-membrane permeabilization and
translocation to the inner membrane and cytosol. These
structural elements of AMPs may be involved in
neutralization of endotoxin. However, not all AMPs can
neutralize LPS toxicity, therefore, additional factors are
likely to be involved in endotoxin neutralization.

5. CONCLUSIONS AND FUTURE OUTLOOK

Outer-membrane LPS is actively related to the mode of
action of AMPs. Atomic-resolution structures and
interactions of AMPs in complex with LPS are important for
the development of potent antimicrobial and antiendotoxic
therapeutics. This review summarizes successful applications
of NMR methods, tr-NOESY and STD-NMR, in
determining 3-D structures and mapping of amino acid
residues in contact with LPS for different structural classes
of AMPs. Current studies imply that AMPs structures in LPS
micelles are critical for membrane permeabilization and
translocation to the cell interior. These studies have also
elucidated vital structure-activity correlations of AMPs with
LPS outer membrane. It may be noted that LPS provides a
native-like environment for AMPs compared to synthetic
lipids and detergents frequently used to mimic membranes.
Therefore, 3-D structures of AMPs obtained in LPS might
find a better correlation with mechanisms of action.
Although more structural studies of high-resolution of AMPs
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with LPS would be highly essential to establish a firm basis
of structure-activity relationship. Towards this, *N/**C
labelled AMPs may be prepared for heteronuclear NMR
studies. Several fusion protein systems are known for
expression and isotope labelling of AMPs and membrane
active peptides in E. coli cells [124, 125]. In addition, use of
isotope labelled LPS and LPS derivatives in lipid bilayers for
solution state and solid state NMR would enhance structural
resolution of LPS-AMP complexes.

CONFLICT OF INTEREST

Author confirms that the content of this article has no
conflict of interest.

ACKNOWLEDGEMENTS

Funding from the Ministry of Education (MOE),
RG11/12 is gratefully acknowledged. | thank Dr. Mukesh
Mahajan for helping with the figure preparation.

REFERENCES

Journal Reference:

[1] Hansen, M.P., Hoffmann, T.C., McCullough, A.R., Van Driel,
M.L., Del Mar, C.B., Antibiotic resistance: what are the
opportunities for primary care in alleviating the crisis? Front Public
Health., 2015, 3(35), 1-7.

[2] Grundmann, H., Klugman, K.P., Walsh, T., Ramon-Pardo, P.,
Sigauque, B., Khan, W., Laxminarayan, R., Heddini, A., Stelling,
J., A framework for global surveillance of antibiotic resistance.
Drug Resist Updat., 2011, 14(2), 79-87.

[3] Gill, E.E., Franco, O.L., Hancock, R.E., Antibiotic adjuvants:
diverse strategies for controlling drug-resistant pathogens. Chem
Biol Drug Des., 2015, 85(1), 56-78.

[4] May, M., Drug development: Time for team work. Nature., 2014,
509(7498), S4-S5.

[5] Reardon, S., Antibiotic resistance sweeping developing world.
Nature, 2014, 509, 141-142.

[6] Hogberg, L.D., Heddini, A., Cars, O., The global need for effective
antibiotics: challenges and recent advantages. Trends Pharmacol
Sci., 2010, 31(11), 509-515.

[7 Corey, G.R., Kabler, H., Mehra, P., Gupta, S., Overcash, J.S.,
Porwal, A., Giordano, P., Lucasti, C., Perez, A., Good, S., Jiang,
H., Moeck, G., O’Riordan, W., Single-dose oritavancin in the
treatment of acute bacterial skin infections. N Engl J Med., 2014,
370(23), 2180-2190.

[8] Boucher, H.W., Talbot, G.H., Bradley, J.S., Edwards, J.E., Gilbert,
D., Rice, L.B., Scheld, M., Spellberg, B., Bartlet, J., Bad bugs, no
drugs: no ESKAPE! An update from the Infectious Diseases
Society of America. Clin Infect Dis., 2009, 48(1), 1-12.

[9] Higgins, P.G., Dammhayn, C., Hackel M., Seifert, H., Global
spread of carbapenem-resistant Acinetobacter baumannii. J
Antimicrob Chemother., 2010, 65(2), 233-238.

[10] van Duin, D., Kaye, K.S., Neuner, E.A., Bonomo, R.A,
Carbapenem-resistant enterobacteriaceae: a review of treatment
and outcomes. Diagn Microbiol Infect Dis., 2013, 75(2),115-

120.

[11] CDC. Antibiotic resistance threats in the United States, 2013.
www.cdc.gov/drugresistance/threat-report-2013/.  (April 23,
2013).

[12] Nikaido, H., Prevention of drug access to bacterial targets:

permeability barriers and active efflux. Science, 1994,
264(5157), 382-388.

[13] Hancock, R.E.W., Wong, P.G.W., Compounds which increase
the permeability of the Pseudomonas aeruginosa outer
membrane. Antimicrob Agents Chemother., 1984, 26(1), 48-52.



8 Journal Name, 2014, Vol. 0, No. 0

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Savage, P.B., Multidrug-resistant bacteria: overcoming antibiotic
permeability barriers of gram-negative bacteria. Ann Med., 2001,
33(3), 167-171.

Zasloff, M., Antimicrobial peptides of multicellular organisms.
Nature, 2002, 415(6870), 389-395.

Fjellm, C.D., Hiss, J.A., Hancock, R.E., Schneider, G.,
Designing antimicrobial peptides: form follows function. Nat.
Rev. Drug Disc., 2011, 11(1) 37-51.

Bhattacharjya, S., Ramamoorthy, A., Multifunctional host
defense peptides: functional and mechanistic insights from NMR
structures of potent antimicrobial peptides. FEBS J, 2009,
276(22), 6465-73.

Vale, N., Aguiar, L., Gomes, P., Antimicrobial peptides: a new
class of antimalarial drugs? Front Pharmacol., 2014, 5(275), 1-
13.

Wolf, T., Kann, G., Becker, S., Stephan, C., Brodt, H.R., de
Leuw, P., Grinewald, T., Vogl, T., Kempf, V.A., Keppler, O.T.,
Zacharowski, K. Severe Ebola virus disease with vascular
leakage and multiorgan failure: treatment of a patient in intensive
care. Lancet, 2014, 385, 1428-35.

Oelkrug, C., Hartke, M., Schubert, A., Mode of action of
anticancer peptides (ACPs) from amphibian origin. Anticancer
Res, 2015, 35(2), 635-643.

Hoskin, D.W., Ramamoorthy, A., Studies on anticancer activities
of antimicrobial peptides. Biochim Biophys Acta., 2008,
1778(2), 357-375.

Steinstraesser, L., Hirsch, T., Schulte, M., Kueckelhaus, M.,
Jacobsen, F., Mersch, E.A., Stricker, I., Afacan, N., Jenssen, H.,
Hancock, R.E.W., Kindrachuk, J., Innate defense regulator
peptide 1018 in wound healing and wound infection. PLoS ONE,
2012, 7(8), e39373.

Cirioni, O., Giacometti, A., Ghiselli, R., Bergnach, C., Orlando,
F., Silvestri C., Mocchegiani, F.,  Licci, A., Skerlavaj, B.,
Rocchi, M., Saba, V., Zanetti, M., Scalise, G., LL-37 protects
rats against lethal sepsis caused by gram-negative bacteria.
Antimicrob Agents Chemother., 2006, 50(5), 1672-1679.
Wimley, W.C., Describing the mechanism of antimicrobial
peptide action with the interfacial activity model. ACS Chem.
Biol, 2010, 5(10), 905-917.

Nguyen, L.T., Haney, E.F., Vogel, H.J., The expanding scope of
antimicrobial peptide structures and their modes of action.
Trends Biotechnol., 2011,29(9,) 464-472.

Oren, Z., Shai, Y., Mode of action of linear amphipathic alpha-
helical antimicrobial peptides. Biopolymers, 1998, 47(6), 451-
463.

Yeaman, M.R., Yount, N.Y., Mechanisms of antimicrobial
peptide action and resistance. Pharmacol. Rev., 2003, 55(1), 27—
55.

Giuliani, A., Pirri, G., Nicoletto, S., Antimicrobial peptides: an
overview of a promising class of therapeutics. Cent. Eur. J. Biol.,
2007, 2(1), 1-33.

Shai, Y., From innate immunity to de novo-designed
antimicrobial peptides. Curr. Pharm. Des., 2002, 8(9), 715-725.
Hancock, R.E., Sahl, H.G., Antimicrobial and host-defense
peptides as new anti-infective therapeutic strategies. Nat.
Biotechnol., 2006, 24(12), 1551-1557.

Fox, J.L., Antimicrobial peptides stage a come back. Nat.
Biotechnol., 2013, 31(5), 379-382.

Su, Y., Li, S., Hong, M., Cationic membrane peptides: atomic-
level insight of structure-activity relationships from solid-state
NMR. Amino Acids, 2013, 44(3), 821-833.

Misiewicz, J., Afonin, S., Ulrich, A.S., Control and role of pH in
peptide-lipid interactions in oriented membrane samples.
Biochim Biophys Acta., 2015, 1848(3), 833-841.

Fillion, M., Noél, M., Lorin, A., Voyer, N., Auger, M.,
Investigation of the mechanism of action of novel amphipathic
peptides: insights from solid-state NMR studies of oriented lipid
bilayers. Biochim Biophys Acta., 2014, 1838(9), 2173-2179.
Porcelli, F., Ramamoorthy, A., Barany, G., Veglia, G., On the
role of NMR spectroscopy for characterization of antimicrobial
peptides. Methods Mol Biol., 2013, 1063, 159-180.

Lee, M.W., Chakraborty, S., Schmidt, N.W., Murgai, R.,
Gellman, S.H., Wong, G.C., Two interdependent mechanisms of
antimicrobial activity allow for efficient killing in nylon-3-based

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]
[54]

[55]

[56]

Bhattacharjya

polymeric mimics of innate immunity peptides. Biochim
Biophys Acta., 2014, 1838(9), 2269-2279.

Ghosh, A., Kar, RK. Jana, J, Saha, A. Jana, B,
Krishnamoorthy, J., Kumar, D., Ghosh, S., Chatterjee, S.,
Bhunia, A., Indolicidin targets duplex DNA: structural and
mechanistic insight through a combination of spectroscopy and
microscopy. Chem. Med. Chem., 2014, 9(9), 2052-2058.

Barbu, E.M., Shirazi, F., McGrath, D.M., Albert, N., Sidman,
R.L., Pasqualini, R., Arap, W., Kontoyiannis, D.P., An
antimicrobial peptidomimetic induces Mucorales cell death
through mitochondria-mediated apoptosis. PLoS One., 2013,
8(10), e76981.

Papo, N., Shai, Y. A molecular mechanism for
lipopolysaccharide protection of gram-negative bacteria from
antimicrobial peptides. J. Biol. Chem., 2005, 280(11), 10378-
10387.

Bhattacharjya, S., De novo designed lipopolysaccharide binding
peptides: structure based development of antiendotoxic and
antimicrobial drugs. Curr. Med. Chem., 2010, 17(27), 3080-
3093.

Rosenfeld, Y., Shai, Y., Lipopolysaccharide (endotoxin)-host
defense antibacterial peptide interactions: role in bacterial
resistance and prevention of sepsis. Biochim Biophys Acta.,
2006, 1758(9), 1513-1522.

Raetz, C.R., Whitfield, C., Lipopolysaccharide endotoxins. Annu
Rev Biochem., 2002, 71, 635-700.

Snyder, S., Kim, D., Mclntosh, T.J., Lipopolysaccharide bilayer
structure: effect of chemotype, core mutations, divalent cations,
and temperature. Biochemistry, 1999, 38(33), 10758-10767.
Allende, D., Mclintosh, T.J., Lipopolysaccharides in bacterial
membranes act like cholesterol in eukaryotic plasma membranes
in providing protection against melittin-induced bilayer lysis.
Biochemistry, 2003, 42(4), 1101-1108.

Ghosh, A., Datta, A., Jana, J.,, Kar, R.K.,, Chatterjee, C.,
Chatterjee, S., Bhunia, A., Sequence context induced
antimicrobial ~ activity:  insight into  lipopolysaccharide
permeabilization. Mol. Biosyst. 2014, 10(6), 1596-1612.

Vaara, M., Agents that increase the permeability of the outer
membrane. Microbiol Rev., 1991, 56(3), 395-411.

Chunhong, L., Loren, P.B., Collin, D.D., Barry, M.W., Glenn,
W.A., Paul, B.S., Incremental conversion of outer-membrane
permeabilizers into potent antibiotics for gram-negative bacteria.
J. Am. Chem. Soc., 1999, 121(5), 931-940.

Schmidt, E.J., Boswell, J.S., Walsh, J.P., Schellenberg, M.M.,
Winter, T.W., Li, C., Allman, G.W., Savage, P.B., Activities of
cholic acid-derived antimicrobial agents against multidrug-
resistant bacteria. J. Antimicrob Chemother., 2001, 47(5), 671—
674.

Cohen, J., The immunopathogenesis of sepsis. Nature, 2002,
420(6917), 885-891.

Miller, S.1., Ernst, R.K., Bader, M.W., LPS, TLR4 and infectious
disease diversity. Nat. Rev. Microbiol., 2005, 3(1), 36-46.
Beutler, B., Rietschel, E.T., Innate immune sensing and its
roots: the story of endotoxin. Nat. Rev. Immunol., 2003, 3(2),
169-176.

Martin, G.S., Mannino., D.M., Eaton, S., Moss, M., The
epidemiology of sepsis in the United States from 1979 through
2000. N.Engl. J. Med., 2003, 348(16), 1546-1554.

Angus, D.C., Wax, R.S., Epidemiology of sepsis: an update.
Crit.Care Med., 2001, 29(7), S109-S116.

Jerala, R., Porro, M., Endotoxin neutralizing peptides. Curr. Top.
Med. Chem., 2004, 4(11), 1173-1184.

Weber, G.F., Chousterman, B.G., He, S., Fenn. A.M., Nairz, M.,
Anzai, A., Brenner, T., Uhle, F., Iwamoto, Y., Robbins, C.S.,
Noiret, L., Maier, S.L., Zonnchen, T., Rahbari, N.N., Schélch, S.,
Klotzsche-von Ameln, A., Chavakis, T., Weitz, J., Hofer, S.,
Weigand, M.A., Nahrendorf, M., Weissleder, R., Swirski, F,K.,
Interleukin-3 amplifies acute inflammation and is a potential
therapeutic target in sepsis. Science, 2015, 347(6227), 1260-
1265.

Mangoni, M.L., Epand, R.F., Rosenfeld, Y., Peleg, A., Barra, D.,
Epand, R.M., Shai, Y., Lipopolysaccharide, a key molecule
involved in the synergism between temporins in inhibiting
bacterial growth and in endotoxin neutralization. J. Biol Chem.,
2008, 283(34), 22907-22917.


http://www.ncbi.nlm.nih.gov/pubmed/19817858
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hoskin%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=18078805
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ramamoorthy%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18078805
http://www.ncbi.nlm.nih.gov/pubmed/?term=antimicrobial+peptide%2C+cancer%2C+Ramamoorthy+A
http://www.ncbi.nlm.nih.gov/pubmed/25511586

Structures of AMPs in LPS-OuterMembrane

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

[78]

Rosenfeld, Y., Barra, D., Simmaco, M., Shai, Y., Mangoni,
M.L., A synergism between temporins toward Gram-negative
bacteria overcomes resistance imposed by the lipopolysaccharide
protective layer. J Biol Chem., 2006, 281(8), 28565-28574.
Srivastava, S., Ghosh, J.K., Introduction of a lysine residue
promotes aggregation of temporin L in lipopolysaccharides and
augmentation of its antiendotoxin property. Antimicrob Agents
Chemother., 2013, 57(6), 2457-2466.

Clore, G.M., Gronenborn, A.M., Theory and applications of the
transferred nuclear Overhauser effect to the study of the
conformations of small ligands bound to proteins. J. Magn.
Reson., 1982, 48(3),402-417.

Post, C.B., Exchange-transferred NOE spectroscopy and bound
ligand structure determination. Curr. Opin. Struct. Biol., 2003,
13(5), 581-588.

Ni, F., Recent developments in transferred NOE methods. Prog.
Nucl. Magn. Reson. Spectrosc., 1994, 26(6), 517-606.

Meyer, B., Peters, T., NMR spectroscopy techniques for
screening and identifying ligand binding to protein receptors.
Angew Chem.Int. Ed. Engl., 2003, 42(8), 864-890.

Bhunia, A., Bhattacharjya, S., Chatterjee, S., Applications of
saturation transfer difference NMR in biological systems. Drug
Discov Today., 2012, 17(9-10), 505-513.

Ainsworth, G.C., Brown, A.M., Brownlee, G., Aerosporin, an
antibiotic produced by Bacillus aerosporus Greer. Nature, 1947,
159(4060), 263.

Rustici, A., Velucchi, M., Faggioni, R., Sironi, M., Ghezzi, P.,
Quataert, S., Green, B., Porro, M., Molecular mapping and
detoxification of the lipid A binding site by synthetic peptides.
Science, 1993, 259(5093), 361-365.

Morrison, D.C., Jacobs, D.M., Binding of polymyxin b to the
lipid A  portion of  bacterial lipopolysaccharide.
Immunochemistry, 1976, 13(10), 813-818.

David, S.A., Balasubramanian, K.A., Mathan, V.l., Balaram, P.,
Analysis of the binding of polymyxin B to endotoxic lipid A and
core glycolipid using a fluorescent displacement probe. Biochim.
Biophys. Acta, 1992, 1165(2), 147-152.

Li, J., Nation, R.L., Milne, R.W., Turnidge, J. D., Coulthard, K.
Evaluation of colistin as an agent against multi-resistant Gram-
negative bacteria. Int. J. Antimicrob. Agents., 2005, 25(1),
11-25.

David, S.A., Towards a rational development of anti-endotoxin
agents: novel approaches to sequestration of bacterial endotoxins
with small molecules. J. Mol. Recognit., 2001, 14(6), 370-387
Velkov, T., Roberts, K.D., Nation, R.L., Wang, J., Thompson,
P.E., Li, J., Teaching 'old" polymyxins new tricks: new-
generation lipopeptides targeting gram-negative ‘superbugs'.
ACS Chem Biol., 2014, 9(5), 1172-1177.

Nation, R.L., Li, J., Turnidge, J.D., The urgent need for clear and
accurate information on the polymyxins. Clin Infect Dis., 2013,
57(11), 1656-1657.

Vaara, M., Novel derivatives of polymyxins. J. Antimicrob
Chemother., 2013, 68(6), 1213-1219.

Bhattacharjya, S., David, S., A., Mathan, V.l., Balaram, P.,
Polymyxin B nonapeptide: conformations in water and in
lipopolysaccharide-bound state determined by two dimensional
NMR and molecular dynamics. Biopolymers, 1997, 41(3), 251-
265.

Pristovsek, P., Kidric, J., Solution structure of polymyxins B
and E and effect of binding to lipopolysaccharide: an NMR and
molecular modeling study. J. Med. Chem., 1999, 42(22), 4604-
4613.

Mares, J., Kumaran, S., Gobbo, M., Zerbe, O., Interactions of
lipopolysaccharide and polymyxin studied by NMR
spectroscopy. J Biol Chem., 2009, 284(17), 11498-11506.
Bhunia, A., Bhattacharjya, S., Mapping residue-specific contacts
of polymyxin B with lipopolysaccharide by saturation transfer
difference NMR: insights into outer-membrane disruption and
endotoxin neutralization. Biopolymers, 2011, 96(3), 273-287.
Habermann, E., Bee and wasp venoms. Science, 1972,
177(4046), 314-322.

Raghuraman, H., Chattopadhyay, A., Melittin: a membrane-
active peptide with diverse functions. Biosci Rep., 2007, 27(4-5),
189-223.

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Curr. Top. Med. Chem., 2015, Vol. 0, No.0 9

Dempsey, C.E., The actions of melittin on membranes. Biochim.
Biophys. Acta, 1990, 1031(2), 143-161.

Terwilliger, T.C., Eisenberg, D., The structure of melittin. I.
Structure determination and partial refinement. J. Biol.Chem.,
1982, 257(11), 6010-6022.

Inagaki, F., Shimada, I., Kawaguchi, K., Hirano, M., Terasawa,
I., Ikura, T., Go, N., Structure of melittin bound to perdeuterated
dodecylphosphocholine micelles as studied by two-dimensional
NMR and distance geometry calculations. Biochemistry, 1989,
28(14), 5985-5991.

Bhattacharjya, S., Venkataraman, J., Kumar, A., Balaram, P.,
Fluoroalcohols as structure modifiers in peptides and proteins:
hexafluoroacetone hydrate stabilizes a helical conformation of
melittin at low pH. J. Pept. Res., 1999, 54(2), 100-111.
Saravanan, R., Bhunia, A., Bhattacharjya, S., Micelle-bound
structures and dynamics of the hinge deleted analog of melittin
and its diastereomer: implications in cell selective lysis by D-
amino acid containing antimicrobial peptides. Biochim Biophys
Acta., 2010, 1798(2), 128-139.

Ding, L., Yang, L., Weiss, T.M., Waring, A., Lehrer, R.I,
Huang, H.W., Interaction of antimicrobial peptides with
lipopolysaccharides, Biochemistry, 2003, 42(42), 12251-12259.
David, S.A., Mathan, V.1., Balaram, P., Interaction of melittin
with endotoxic lipid A. Biochim Biophys Acta., 1992, 1123(3),
269-274.

Bhunia, A., Domadia, P.N., Bhattacharjya, S., Structural and
thermodynamic analyses of the interaction between melittin and
lipopolysaccharide. Biochim Biophys Acta., 2007, 1768(12),
3282-3291.

Subbalakshmi, C., Nagaraj, R., Sitaram, N., Biological activities
of C-terminal 15-residue synthetic fragment of melittin: design
of an analog with improved antibacterial activity. FEBS Lett.,
1999, 448(1), 62-66.

Xiao, Y., Cai, Y., Bommineni, Y.R., Fernando, S.C., Prakash,
0., Gilliland, S.E., Zhang, G., ldentification and functional
characterization of three chicken cathelicidins with potent
antimicrobial activity. J. Biol. Chem., 2006, 281(5), 2858-2867.
Xiao, Y., Dai, H., Bommineni, Y.R., Soulages, J.L., Gong,Y.X.,
Prakash, O., Zhang, G., Structure-activity relationships of
fowlicidin-1, a cathelicidin antimicrobial peptide in chicken.
FEBS J., 2006, 273(12), 2581-2593.

Saravanan, R., Bhattacharjya, S., Oligomeric structure of a
cathelicidin antimicrobial peptide in dodecylphosphocholine
micelle determined by NMR spectroscopy. Biochim Biophys
Acta., 2011, 1808(1), 369-381.

Bhunia, A, Mohanram, H., Bhattacharjya, S,
Lipopolysaccharide bound structures of the active fragments of
fowlicidin-1, a cathelicidin family of antimicrobial and
antiendotoxic peptide from chicken, determined by transferred
nuclear Overhauser effect spectroscopy. Biopolymers, 2009,
92(1), 9-22.

Lamb, H.M., Wiseman, L.R., Pexiganan acetate. Drugs, 1998,
56(6), 1047-1052.

Bhunia, A., Ramamoorthy, A., Bhattacharjya, S., Helical hairpin
structure of a potent antimicrobial peptide MSI-594 in
lipopolysaccharide micelles by NMR spectroscopy. Chemistry,
2009, 15(9), 2036-2040.

Porcelli, F., Buck-Koehntop, B., Thennarasu, S., Ramamoorthy,
A., Veglia, G. Structures of the dimeric and monomeric variants
of magainin antimicrobial peptides (MSI-78 and MSI-594) in
micelles and bilayers by NMR spectroscopy. Biochemistry,
2006, 45(18), 5793-5799.

Domadia, P.N., Bhunia, A., Ramamoorthy, A., Bhattacharjya, S,
Structure, interactions, and antibacterial activities of MSI-594
derived mutant peptide MSI-594F5A in lipopolysaccharide
micelles: role of the helical hairpin conformation in outer-
membrane permeabilization. J Am Chem Soc., 2010, 132(51),
18417-18428.

Shai, Y., Fox, J.,, Caratsch, C., Shih, Y.L., Edwards, C.,
Lazarovici, P., Sequencing and synthesis of pardaxin, a
polypeptide from the Red Sea Moses sole with ionophore
activity. FEBS Lett., 1988, 242(1), 161-166.

Shai, Y., Molecular recognition between membrane-spanning
polypeptides. Trends Biochem Sci., 1995, 20(11), 460-464.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Lamb%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=9878992
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wiseman%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=9878992
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lamb+HM%2C+MSI

10 Journal Name, 2014, Vol. 0, No. 0

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Huang, H.N., Pan, C.Y., Chan, Y.L., Chen, J.Y., Wu, C.J., Use
of the antimicrobial peptide pardaxin (GE33) to protect against
methicillin-resistant Staphylococcus aureus infection in mice
with skin injuries. Antimicrob Agents Chemother., 2014, 58(3),
1538-1545.

Porcelli, F., Buck, B., Lee, D.K., Hallock, K.J., Ramamoorthy,
A., Veglia, G., Structure and orientation of pardaxin determined
by NMR experiments in model membranes. J Biol Chem., 2004,
279(44), 45815-45823.

Bhunia, A., Domadia, P.N., Torres, J., Hallock, K..,
Ramamoorthy, A., Bhattacharjya, S., NMR structure of pardaxin,
a pore-forming antimicrobial peptide, in lipopolysaccharide
micelles: mechanism of outer membrane permeabilization. J Biol
Chem., 2010, 285(6), 3883-3895.

Simmaco, M., Mignogna, G., Canofeni, S., Miele, R., Mangoni,
M.L., Barra, D., Temporins, antimicrobial peptides from the
European red frog Rana temporaria. Eur J Biochem., 1996,
242(3), 788-792.

Mangoni, M.L., Temporins, anti-infective peptides with
expanding properties. Cell Mol Life Sci., 2006, 63(9), 1060-
1069.

Giacometti, A., Cirioni, O., Ghiselli, R., Mocchegiani, F.,
Orlando, F., Silvestri, C., Bozzi, A.,, Di Giulio, A., Luzi, C.,
Mangoni, M.L., Barra, D.,; Saba, V., Scalise, G., Rinaldi, A.C.,
Interaction of antimicrobial peptide temporin L with
lipopolysaccharide in vitro and in experimental rat models of
septic shock caused by gram-negative bacteria. Antimicrob
Agents Chemother., 2006, 50(7), 2478-2486.

Bhunia, A., Saravanan, R., Mohanram, H., Mangoni, M.L.,
Bhattacharjya, S., NMR structures and interactions of temporin-
1Tl and temporin-1Tb with lipopolysaccharide micelles:
mechanistic insights into outer membrane permeabilization and
synergistic activity. J Biol Chem., 2011, 286(27), 24394-24406.
Saravanan, R., Joshi, M., Mohanram, H., Bhunia, A., Mangoni,
M.L., Bhattacharjya, S., NMR structure of temporin-1 ta in
lipopolysaccharide micelles: mechanistic insight into inactivation
by outer membrane. PLoS One., 2013, 8(9), €72718.

Avitabile, C., Netti, F., Orefice, G., Palmieri, M., Nocerino, N.,
Malgieri, G., D'Andrea, L.D., Capparelli, R., Fattorusso, R.,
Romanelli, A., Design, structural and functional characterization
of a Temporin-1b analog active against Gram-negative bacteria.
Biochim Biophys Acta., 2013, 1830(6), 3767-3775.

Malgieri, G., Avitabile, C., Palmieri, M., D'Andrea, L.D.,
Isernia, C., Romanelli, A., Fattorusso, R., Structural Basis of a
Temporin 1b Analogue Antimicrobial Activity against Gram
Negative Bacteria Determined by CD and NMR Techniques in
Cellular Environment. ACS Chem Biol., 2015, 10(4), 965-969.
lwanaga, S., Muta, T., Shigenaga, T., Seki, N., Kawano, K,
Katsu, T., Kawabata, S., Structure-function relationships of
tachyplesins and their analogues. Ciba Found Symp., 1994, 186,
160-174.

Ostberg, N., Kaznessis, Y., Protegrin structure-activity
relationships: using homology models of synthetic sequences to
determine structural characteristics important for activity.
Peptides, 2005, 26(2), 197-206.

Mani, R., Cady, S.D., Tang, M., Waring, A.J., Lehrer, R.I.,
Hong, M., Membrane-dependent oligomeric structure and pore
formation of a beta-hairpin antimicrobial peptide in lipid bilayers
from solid-state NMR. Proc Natl Acad Sci U S A., 2006,
103(44), 16242-16247.

Laederach, A., Andreotti, A.H., Fulton, D.B., Solution and
micelle-bound structures of tachyplesin | and its active aromatic
linear derivatives. Biochemistry, 2002, 41(41), 12359-12368.
Hirakura, Y., Kobayashi, S., Matsuzaki, K., Specific interactions
of the antimicrobial peptide cyclic beta-sheet tachyplesin | with
lipopolysaccharides. Biochim Biophys Acta., 2002, 1562(1-2),
32-36.

Kushibiki, T., Kamiya, M., Aizawa, T., Kumaki, Y., Kikukawa,
T., Mizuguchi, M., Demura, M., Kawabata, S., Kawano, K.,
Interaction between tachyplesin I, an antimicrobial peptide
derived from horseshoe crab, and lipopolysaccharide. Biochim
Biophys Acta., 2014, 1844(3), 527-534.

Ramamoorthy, A., Thennarasu, S., Tan, A., Gottipati, K.,
Sreekumar, S., Heyl, D.L., An, F.Y., Shelburne, C.E., Deletion
of all cysteines in tachyplesin | abolishes hemolytic activity and

Bhattacharjya

retains antimicrobial activity and lipopolysaccharide selective
binding. Biochemistry, 2006, 45(20), 6529-6540.

[115] Saravanan, R., Mohanram, H., Joshi, M., Domadia, P.N., Torres,
J., Ruedl, C. Bhattacharjya, S., Structure, activity and
interactions of the cysteine deleted analog of tachyplesin-1 with
lipopolysaccharide micelle: Mechanistic insights into outer-
membrane permeabilization and endotoxin neutralization.
Biochim Biophys Acta., 2012, 1818(7), 1613-1624.

[116] Mohanram, H., Bhattacharjya, S., Cysteine deleted protegrin-1
(CDP-1): anti-bacterial activity, outer-membrane disruption and
selectivity. Biochim Biophys Acta., 2014, 1840(10), 3006-3016.

[117] Japelj, B., Pristovsek, P., Majerle, A., Jerala, R., Structural origin
of endotoxin neutralization and antimicrobial activity of a
lactoferrin-based peptide. J Biol Chem., 2005, 280(17), 16955-
16961.

[118] Majerle, A., Pristovsek, P., Mancek-Keber, M., Jerala, R.,
Interaction of the HIV-1 gpl120 viral protein V3 loop with
bacterial lipopolysaccharide: a pattern recognition inhibition. J
Biol Chem., 2011, 286(29), 26228-26237.

[119] Bhattacharjya, S., Domadia, P.N., Bhunia, A., Malladi, S.,
David, S.A., High-resolution solution structure of a designed
peptide bound to lipopolysaccharide: transferred nuclear
Overhauser effects, micelle selectivity, and anti-endotoxic
activity. Biochemistry, 2007, 46(20), 5864-5874.

[120] Bhunia, A., Mohanram, H., Domadia, P.N., Torres, J.,
Bhattacharjya, S., Designed beta-boomerang antiendotoxic and
antimicrobial ~ peptides:  structures and  activities in
lipopolysaccharide. J Biol Chem., 2009, 284(33), 21991-2004.

[121] Mohanram, H., Bhattacharjya, S., Resurrecting inactive
antimicrobial peptides from the lipopolysaccharide trap.
Antimicrob Agents Chemother., 2014, 58(4), 1987-1996.

[122] Mohanram, H., Bhattacharjya, S., p-Boomerang antimicrobial
and antiendotoxic peptides: lipidation and disulfide bond effects
on activity and structure. Pharmaceuticals (Basel), 2014, 7(4),
482-501.

[123] Bhunia, A., Chua, G.L., Domadia, P.N., Warshakoon, H.,
Cromer, J.R., David, S.A., Bhattacharjya, S., Interactions of a
designed peptide with lipopolysaccharide: Bound conformation
and anti-endotoxic activity. Biochem Biophys Res Commun.,
2008, 369(3), 853-857.

[124] Pei, Z., Sun, X., Tang, Y., Wang, K., Gao, Y., Ma, H., Cloning,
expression, and purification of a new antimicrobial peptide gene
from Musca domestica larva. Gene, 2014, 549(1), 41-45.

[125] Mahajan, M., Bhattacharjya, S., Designed di-heme binding
helical transmembrane protein. Chembiochem., 2014, 15(9),
1257-1262.

FIGURE CAPTIONS

Figure 1: Structure of lipopolysaccharide (pdb:3FXI)
showing acyl chains as white sticks, phosphate groups as red
balls, sugar moieties are labelled as GIcN, Kdo and Hep.

Figure 2: Atomic resolution structure of MSI-594
(pdb: 2k98) docked onto LPS showing ionic and/or hydrogen
bonding interactions for cationic residues of MSI-594 with
the phosphate groups of lipid A moiety of LPS. Proximity of
the sidechains of non-polar residues 12, F5, V16 and L20
with the acyl chains of LPS indicated plausible packing
interactions.

Figure 3: Ribbon representation of the 3-D structure
of MSI-594F5A (pdb: 2L36) showing secondary
conformation and sidechain disposition (panel A) and
orientation of the sidechains of cationic residues in the V
shaped curved helical structure (panel B).

Figure 4: Ribbon representation of the 3-D structure
of pardaxin (pdb:2KNS) showing secondary conformation
and sidechain disposition (panel A) and packing of the
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sidechains of non-polar residues in the helical hairpin
structure (panel B).

Figure 5: LPS-bound structure of CDT peptide (pdb:
2L.M8) showing B-hairpin backbone folding (panel A). In the
3-D structure of CDT the cationic sidechains of R13 and R7
are separated by a distance of 15A which is geometrically
compatible to the inter-phosphate distance, 13A of lipid A of
LPS (panel B)
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Figure 6: LPS-bound structure of CDP peptide (pdb:
2MQ5) showing B-hairpin backbone folding (panel A).
(panel B) Amphipathic disposition of the sidechains of
cationic and non-polar residues of CDP.
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Figure 1: Structure of lipopolysaccharide (pdb:3FXI) showing acyl chains as white sticks, phosphate groups

as red balls, sugar moieties are labelled as GIcN, Kdo and Hep.
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Figure 2: Atomic resolution structure of MSI-594 (pdb: 2k98) docked onto LPS showing ionic and/or
hydrogen bonding interactions for cationic residues of MSI-594 with the phosphate groups of lipid A moiety of
LPS. Proximity of the sidechains of non-polar residues 12, F5, V16 and L20 with the acyl chains of LPS indicated

plausible packing interactions.
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Figure 3: Ribbon representation of the 3-D structure of MSI-594F5A (pdb: 2L36) showing secondary

conformation and sidechain disposition (panel A) and orientation of the sidechains of cationic residues in the V

shaped curved helical structure (panel B).
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Figure 4: Ribbon representation of the 3-D structure of pardaxin (pdb:2KNS) showing secondary
conformation and sidechain disposition (panel A) and packing of the sidechains of non-polar residues in the helical

hairpin structure (panel B).
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(B)

Figure 5: LPS-bound structure of CDT peptide (pdb: 2LM8) showing p-hairpin backbone folding (panel A).
In the 3-D structure of CDT the cationic sidechains of R13 and R7 are separated by a distance of 15A which is
geometrically compatible to the inter-phosphate distance, 13A of lipid A of LPS (panel B)
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Figure 6: LPS-bound structure of CDP peptide (pdb: 2MQ5) showing B-hairpin backbone folding (panel A).

(panel B) Amphipathic disposition of the sidechains of cationic and non-polar residues of CDP.



