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Abstract: Lipopolysaccharide (LPS) provides a well-organized permeability barrier at the outer membrane
of Gram-negative bacteria. Host defense cationic antimicrobial peptides (AMPs) need to disrupt the outer
membrane before gaining access to the inner cytoplasmic membrane or intracellular targets. Several AMPs
are largely inactive against Gram-negative pathogens due to the restricted permeation through the LPS
layer of the outer membrane. MSI-594 (GIGKFLKKAKKGIGAVLKVLTTG) is a highly active AMP with a
broad-spectrum of activities against bacteria, fungi, and virus. In the context of LPS, MSI-594 assumes a
hairpin helical structure dictated by packing interactions between two helical segments. Residue Phe5 of
MSI-594 has been found to be engaged in important interhelical interactions. In order to understand plausible
structural and functional inter-relationship of the helical hairpin structure of MSI-594 with outer membrane
permeabilization, a mutant peptide, termed MSI-594F5A, containing a replacement of Phe5 with Ala has
been prepared. We have compared antibacterial activities, outer and inner membrane permeabilizations,
LPS binding affinity, perturbation of LPS micelles structures by MSI-594 and MSI-594F5A peptides. Our
results demonstrated that the MSI-594F5A has lower activities against Gram-negative bacteria, due to
limited permeabilization through the LPS layer, however, retains Gram-positive activity, akin to MSI-594.
The atomic-resolution structure of MSI-594F5A has been determined in LPS micelles by NMR spectroscopy
showing an amphipathic curved helix without any packing interactions. The 3D structures, interactions,
and activities of MSI-594 and its mutant MSI-594F5A in LPS provide important mechanistic insights toward
the requirements of LPS specific conformations and outer membrane permeabilization by broad-spectrum

antimicrobial peptides.

Introduction

The rapid evolution of conventional antibiotic resistance
bacterial species has emerged as a major challenge toward
human health.'? Several Gram-negative and Gram-positive
bacterial isolates, termed as multi-drug resistant (MDR) strains,
are now known to acquire resistance against a number of
antibiotics.® > Among these MDR strains, as realized, the Gram-
negative species e.g., P. aeruginosa, A. baumannii, and K.
pneumonia have created major threat due to lack of active drug
candidates.®> The elevated degree of protection against these
antibiotics of Gram-negative organisms are manifested by the
permeability barrier imposed by the outer membrane.> 8 Thus,

new antibiotics with different modes of actions are highly
required to combat infectious diseases. The host defense cationic
antimicrobia peptides (AMPs), evolutionarily preserved ele-
ments of the innate immune systems, have been recognized as
viable candidates for development of new generation of novel
antibiotics.® ™ AMPs serve the first line of defense against
invading pathogens with a broad-spectrum of activities toward
bacteria, viruses, fungi.®** Some AMPs even contain antipara-
sitic activities and can exhibit selective toxicity against cancer
cells.®®* In higher organisms including humans, AMPs are
related to the plausible stimulation and modulation of adaptive
immunities.*>® Bactericidal activities of most of the cationic
AMPs stem from their ability to disrupt the integrity of
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membrane structures.*” %' The amphipathicity characteristics,
rendered by cationic and hydrophobic sequence features, of AMPs
dlow them to bind cellular membranes of microorganisms.*’ 2
Peptide mediated cell lysis occurs due to the insertion of AMPs
into cytosolic membranes following one or several mechanisms,
e.g., barrel stave, toroidal pore, or carpeting.*®2° Consequently,
structure—activity correlation studies of AMPs are mostly
carried out either in negatively charged phospholipids or in a
mixture of zwitterionic and negatively charged phospholipids
mimicking cytosolic membranes of bacteria®”>' However,
AMPs should interact with the cell wall or outer membrane
components of bacteria before gaining access to the plasma
membranes.?®>2* The highly anionic lipopolysaccharide (LPS)
layer of the outer leaflet of the outer membrane of Gram-
negative bacteria serves as a permesbility barrier not only against
antibiotics but aso for antimicrobial peptides and host defense
proteins.®2>2® Higher peptide concentrations are often required
to inhibit growth of Gram-negative organisms as compared to
Gram-positive ones.>”*® Some AMPs are found to be rather
inactive against Gram-negative strains.?”*® Recent studies
demonstrated temporins, agroup of short antimicrobial peptides
from European frogs, showed activities only against Gram-
positive bacteria?*= Similar observations are also made by Shai
and co-workers, whereby LPS of the outer membrane was
involved in inactivation of a set of designed cationic amphipathic
Lys/Leu rich helical peptides. In LPS, these AMPs transition
into aggregated states preventing translocation through the outer
membrane.?>~3! In order to achieve a high activity, AMPs have
to overcome the LPS permeability barrier of the outer mem-
brane. Amphiphilic LPSis composed of three distinct domains:
a well conserved lipid A moiety made of by polyacylated
glucosamine-based bis-phospholipid, a core oligosaccharide, and
a highly variable polysaccharide or the O-antigen.?**? It has
been proposed that AMPs may disrupt the outer membrane via
a"“self-promoted” uptake mechanism, wherein cationic residues
of peptides interact with phosphate groups of LPS after
displacing divalent cations.®>?® However, atomic-resolution
structures and interactions of AMPs in LPS lipids would be
vital to understand mechanisms of action and for further design
of potent antibiotic peptides.?>32~3® Moreover, LPS or endot-
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oxin, under certain circumstances, may cause overstimulation
of innate systems causative of fatal septic shock syndromesin
human.**3” AMPs with LPS binding and neutralizing ability
would provide starting point for the development of antiendot-
oxic drugs.®®3°

A series of highly active broad-spectrum AMPs, termed M S|,
were obtained from SAR studies of magainin, PGLa, and
melittin.*°~** Among these peptides, MSI-78 (also known as
pexiganan) and M SI-594 contain a broad-spectrum of activities
against avariety of pathogensincluding drug resistance bacteria,
both Gram-negative and Gram-positive, fungi, and virus.*°~42
The magainin variant, MSI-78 holds promising prospective in
the clinical phase I11 drug trials for applications against bacterial
infections,* while M SI-594 shows antiviral activity against HSV
type I.*® Specificaly, MSI-594 is alysine-rich, synthetic hybrid
of MSI-78 (residues 1 to 11) and melittin (residues 1 to 13),
originally designed and synthesized by Genaera Corporation.**
Apart from being nonhemolytic, MSI-594 is found to be more
active than other AMPs like melittin, magainin, omiganan,
indolicidin, dermaseptin, and cecropin.** Solid-state NMR, DSC,
and 3P NMR described a carpet mechanism for this membrane-
active peptide, where the helical axis lays nearly paralel to the
lipid bilayer surface.**“® Further studies with NMR spectroscopy
revealed a straight monomeric helical structure for DPC micelle
bound MSI-594 peptide.*® Recently, we have determined the
3-D structure of MSI-594 in LPS micelles using NMR spec-
troscopy. > M SI-594 adopts amphipathic helical hairpin structure
or helix-turn-helix in its LPS bound complex, where the aromatic
ring of residue Phe5 and the side chain methyl groups of residues
lle2, 1le13, Leul?, and Leu20 are in close contact with LPS.%®
MSI-594 also possesses a surface orientation in LPS micelles>
We have hypothesized that the compact helical structure of MSI-
594 may be a prerequisite for the translocation across the LPS
membrane. In this work, the plausible role of such an LPS-
specific conformation of MSI-594 has been examined using a
mutated variant of MSI-594 or M SI-594F5A,, whereby the Pheb
residue was mutated to Ala. Such replacement may reduce or
abolish the interhelical packing interactions observed in LPS
micelles affecting outer membrane permeabilization and anti-
bacterial activities. Our functional studies have revealed that
MSI-594F5A peptide shows amarkedly reduced activity against
Gram-negative organisms with very little change of activity, in
comparison to M SI-594, against Gram-positive bacteria. There
was a dramatic decrease in permeabilization of the outer
membrane of Gram-negative cells by MSI-594F5A, as suggested
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from lower uptake of hydrophobic dyes. By contrast, release
of calcein from 3:1 POPC/POPG liposome and cytoplasmic
membrane depolarization were found to occur in a similar
fashion for the native and mutant MSI peptides. LPS binding
affinity has been estimated for MSI-594 and M SI-594F5A using
isothermal titration calorimetry. The mutant variant MSI-
594F5A showed a marked reduction in binding to LPS micelles.
The ability of MSI peptides to perturb LPS micelles was
examined by dynamic light scattering and FITC fluorescence
of LPS. The native peptide MSI-594 demonstrated greater
perturbations to LPS micelles in comparison to MSI594F5A.
As CD spectroscopy delineated helical structure for both
peptidesin LPS micelles, an ensemble of 3-D structures of LPS-
bound mutant M SI-594F5A has been determined by NMR. In
the context of LPS, MSI-594F5A assumes a curved amphipathic
helical structure without any long-range packing interactions.
The outer face of the helix is highly cationic placing al of the
six Lys residues, whereas the inner face is made by nonpolar
amino acids. Collectively, these results provide important
insights regarding specific structural requirements of AMPs in
the context of LPS or outer membranes to achieve a broad-
spectrum of activities.

Experimental Section

LPS of E. coli 0111:B4 and fluorescein isothiocyanate conjugated
LPS from E. coli 055:B5; 1-N-phenylnaphthylamine (NPN), 8-anili-
nonapthalene-1-sulfonic acid (ANS) were obtained from Sigma
Aldrich. ATCC bacterial strains were purchased from the American
Type Culture Collection (Rockville, MD). 1-Palmitoyl-2-oleyl-sn-
glycero-3-phosphocholine (POPC), 1-pal mitoyl-2-oleyl-sn-glycero-
3-phoshoglycerol (POPG) were from Avanti Polar Lipids, Alabaster,
AL. Calcein and 3,3"-dipropylthiadicarbocyanine iodide (DiSC3—5)
were from Fluka BioChemika. MSI-594 was synthesized as
described in our earlier publications**“® and MSI-594F5A was
prepared and purified by Genscript.

Assay for 1-N-phenylnaphthylamine (NPN) Dye Uptake.
Overnight culture of E. coli BL21 (DE3) cells were grown in
Luria—Bertani broth to midlog phase (ODgqo of 0.35), centrifuged
at 3000 xg for 10 min at 25 °C, washed twice, and resuspended
into 5 mM sodium HEPES buffer, pH 7.2 containing 5 mM glucose,
5 mM NaN; to afinad ODgy ~ 0.5. Hydrophobic fluorescent dye
1-N-phenylnaphthylamine (NPN),*” at a concentration of 10 M
(prepared in acetone) was added to 500 uL of the resuspended cells
and allowed to stabilize. Increasing concentrations, ranging from
0.1 uM to 5 uM, either of native MSI-594 or variant M SI594F5A
peptides were added to the treated cells and the increase in NPN
fluorescence on account of the outer membrane permesbilization
was measured on a Cary Eclipse spectrofluorimeter (Varian, Inc.,
Palo Alto, CA). NPN fluorescence was measured using an excitation
wavelength of 350 nm and emission maximum a 420 nm,
employing a bandwidth of 5 nm. The background fluorescence of
the free NPN was subtracted from the total fluorescence and plotted
against the concentrations of peptides.

Assay for 8-Anilinonapthalene-1-Sulfonic Acid (ANS)
Uptake. Overnight culture of E. coli BL21 (DE3) cells were grown
in Luria—Bertani broth to midlog phase (ODgy of 0.35), centrifuged
at 3000 g for 10 min at 25 °C, washed and resuspended into 10
mM Tris-HCI (pH 7.4), 150 mM NaCl buffer to a final ODgy Of
0.5. Fluorescent dye 8-anilinonapthalene-1-sulfonic acid (ANS) at
a concentration of 4 uM was added to the above cells, followed by
subsequent additions of increasing concentrations of native MS|-
594 and variant MSI-594F5A, ranging between 0.5 and 15 uM.
An increase of ANS fluorescence intensity on account of outer

membrane permeabilization was then measured on a Cary Eclipse
spectrofluorimeter (Varian, Inc., Palo Alto, CA) using an excitation
wavelength of 350 nm and emission at 500 nm, employing a
bandwidth of 5 nm.*®

Assay for Membrane Depolarization. Overnight stationary-
phase Gram-negative E. coli BL21 (DE3) cells were subcultured
into Luria—Bertani broth for 2—3 h at 37 °C to obtain midloga-
rithmic phase cells, centrifuged at 2500 xg for 10 min at 25 °C,
washed, and resuspended into respiration buffer (5 mM HEPES,
20 mM glucose, pH 7.4) to obtain a diluted suspension of ODggo
~ 0.05. Membrane potential-sensitive dye, 3,3'-dipropylthiadicar-
bocyanine iodide (DiS-Cs-5),%° 0.2 uM (prepared in DM SO) was
added to 500 uL aliquot of the resuspended cells and allowed to
stabilize for 1 h. Before the addition of the dye, afinal concentration
either of 0.1 mM or 1 mM EDTA was added to each aliquot of
resuspended cells in order to allow penetration of the dye through
the outer membrane of bacterial cells. Baseline fluorescence was
acquired using a Cary Eclipse spectrofluorimeter (Varian, Inc., Palo
Alto, CA) by excitation at 622 nm and emission at 670 nm,
employing a bandwidth of 5 nm, respectively. Subsequently,
increasing concentrations of native MSI-594 and variant MSI-
594F5A ranging between 0.1 and 30 uM were added to the
stahilized cells and the increase of fluorescence on account of the
deguenching of DiS-C3-5 dye was measured after every 5 min to
obtain the maximal depolarization. Percent depolarization was
calculated by using F — Fo/F, — Fo x 100; where F is the
fluorescence intensity 5 min after addition of peptide, Fy istheinitial
basal fluorescence intensity, and Fy, is the maximum fluorescence
intensity for MSI-594 peptide. Percent depolarization was plotted
versus increasing peptide concentrations, respectively.

Calcein Leakage Assay. In brief, small unilamellar vesicleswere
prepared by combining lipids POPC/POPG (in 2:1 chloroform/
methanol) in a molar ratio of 3:1 to obtain a combined mass of
~20 mg and dried further to obtain athin film followed by overnight
lyophilization. The dried lipid film was further rehydrated by
addition of self-quenching buffered calcein solution (70 mM calcein,
10 mM Tris-HCI, pH 7.4), incubation in water-bath at 40 °C for
1 h and vortexed the lipid suspension to obtain multilamellar
vesicles (MLVs). MLV suspensions were further subjected to
sonication for 3 min, followed by centrifugation at 14000 rpm for
10 min and extrusion for 21 times in small-volume extrusion
apparatus using two stacked polycarbonate filters with 50 nm
membrane pores (Avanti Polar Lipids, Alabaster, AL). The calcein
entrapped SUV's were separated from the free calcein using gel-
filtration based, hydrated, Centri-Sep spin columns and eluting light-
orange, iridescent lipid suspensions by spinning at 750 xg for 2
min. A fina concentration of 50 uM of 3:1 POPC/POPG SUVs
were suspended into 500 uL of extra-vesicular buffer (10 mM Tris-
HCI, 100 mM NaCl, pH 7.4) and its fluorescence intensity was
measured on a Cary Eclipse spectrofluorimeter (Varian, Inc., Pao
Alto, CA) by excitation at 490 nm and emission at 520 nm,
employing a bandwidth of 1.5 nm. After the stabilization of calcein
fluorescence, increasing concentrations of native MSI-594 and
variant MSI-594F5A, ranging between 1 and 30 uM were added
to above SUVs aliquots and the increase in fluorescence intensity
on account of the dequenching of calcein dye was measured after
every 5 min to obtain the maximal leakage. A 5-uL portion of 10%
(v/v) aqueous Triton X-100 was employed to get the maximal
fluorescence intensity. Percent leakage was calculated by using F
— Fo/Fr — Fo x 100; where F is the fluorescence intensity 5 min
after addition of peptide, Fo is the initial basal fluorescence, and
Fr is the total fluorescence (after Triton X-100 addition).

Antibacterial Susceptibility Assay. The antibacterial suscep-
tibility assays for antimicrobial peptides were conducted following
procedure previously been used.* Briefly, 1 mL of stationary phase
cultures of the test organisms namely Escherichia coli DH5q,
Bacillus subtilis, Pseudomonas aeruginosa ATCC 27853, Staphy-
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lococcus aureus ATCC 25923, Klebsiella pneumoniae ATCC
13883, Salmonella enteritis ATCC 14028, and Enterobacter fecalis
ATCC 29212 were sub cultured into fresh Mueller-Hinton broth
for 2—4 h a 37 °C to obtain midlogarithmic phase cells. The
bacterial cells were centrifuged at 4000 xg for 5 min, washed by
repeated centrifugation and resuspended in 10 mM sodium phos-
phate buffer, pH 7.2 and diluted 10° fold to obtain a cell density,
Asoo &~ 0.01. 50 uL of above bacterial suspensions were incubated
in a sterile 96-well microtiter polypropylene plate along with 50
uL fina volume of the native MSI-594 and variants M SI-594F5A
or controls in each well. The test range for two peptides was
between 0.25 to 250 uM. Positive (Polymyxin B sulfate) and
negative (assay buffer) controls were also tested. The reaction
mixture was incubated for 3 h at 37 °C; thereafter, it was plated
onto Mueller Hinton agar plates and incubated for 24 h at 37 °C to
estimate minimal inhibitory concentration (MIC) values.

Circular Dichroism (CD) Spectroscopy. Secondary structure
was determined for the native MSI-594 and mutant M SI-594F5A
peptides by far UV CD method. Peptides were dissolved at 25 uM
ina10 mM sodium phosphate buffer at pH 5.0, either in the absence
and presence of 50 uM LPS from E. coli 0111:B4. CD data were
collected using a Chirascan spectropolarimeter (Applied Photo-
physics Ltd., UK). The far-UV steady state CD spectra were
scanned over the range of 190—240 nm in a 0.01 cm path length
sandwich quartz cuvette (Hellma), with an averaging of three scans.
Baseline scan was obtained using the same parameters on buffer
alone and was subtracted from the scan of peptides. The corrected
data obtained in millidegree (6) were converted to molar ellipticity
in deg cm? dmol~%; using the Chirascan version 1.2 (Applied
Photophysics) provided by the manufacturer.

Isothermal Titration Calorimetry (ITC) Experiments. The
energetics of the binding interactions for native M SI-594 and M SI-
594F5A variant with LPS were analyzed. All ITC experiments were
performed on a MicroCal iTC200 micro calorimeter (MicroCal,
Northampton, UK). Peptides and LPS samples were prepared in
10 mM sodium phosphate buffer, pH 6.0. All samples were filtered
and degassed. Prior to titration, LPS solution was vortexed for 15
min, heated at 60 °C for 5 min, and sonicated for 2 min. The
molecular mass for E. coli 0111:B4 LPS was considered to be 10
KDa> A typical titration involved 15 injections of 1 mM peptides
(0.4 uL per injection, at an interval of 240 s) into the reaction cell
having a volume of 200 uL containing 50 uM LPS. The reaction
cell was stirred continuously at 350 rpm. The high feedback mode/
gain was selected. The titrations were continued until saturation
was achieved at 293 K. Raw data were corrected for the heat of
dilution of peptides in buffer. All of the binding isotherms were
fitted using Origin v7.0 (MicroCal), assuming a single-site binding
model.

Dynamic Light Scattering (DL S) Experiments. Dynamic light
scattering experiments carried out on Malvern Zetasizer Nano ZS
(Mavern, UK) equipped with a He—Ne laser (A = 635 nm) and a
back scattering detection at 173°. LPS micelles, of E. coli 0111:
B4 strain, at a fixed concentration of 1 uM, prepared in 10 mM
sodium phosphate, pH 6.0, either in the absence or in the presence
of peptides, at a concentration of 2 uM, were exposed to dynamic
light scattering to examine apparent particle size distributions. All
samples were filtered, degassed prior to use and measured at 298
K using disposable polystyrene UV cells. Viscosity (0.8924) and
refractive index (1.330) of phosphate buffer at 298 K were used
for data analysis. The viscosity of 10 mM sodium phosphate buffer
was estimated using viscometer accessories available with the
instrument. Each value was the average of three independent
measurements. Normalized intensity autocorrelation functions were
analyzed using the size distribution agorithm for CONTIN
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method,*? yielding a distribution of diffusion coefficient (D). The
hydrodynamic diameter (d,, nm) was yielded from the measured
diffusion coefficient (D) using Stokes—Einstein equation d, = KT/
3myD; where k is the Boltzmann constant, T is the absolute
temperature, and 7 is the viscosity of the solvent.

Fluorescence Spectroscopy Studies. The effect of peptides on
the LPS disaggregation was analyzed by monitoring the fluorescence
of the FITC-labeled LPSin the presence of different concentrations
of peptides. In brief, 0.5 uM of FITC conjugated LPS from E. coli
LPS 055:B5 was excited at 480 nm in 10 mM sodium phosphate,
pH 6.0 at 298 K in the absence and presence of native MSI-594
and mutant M SI-594F5A, ranging from 0.1 to 15 M. Fluorescence
emission spectra at 515 nm were recorded using Cary Eclipse
fluorescence spectrophotometer (Varian, Inc., Palo Alto, CA, USA),
employing bandwidths of 5 nm, respectively.

NMR Experiments. All of the NMR spectra were recorded on
a Bruker DRX 600 spectrometer, equipped with actively shielded
magnet with a cryo-probe and pulse field gradients. Data acquisition
and processing were performed with the Topspin software (BRUK-
ER) running on a Linux workstation. Sequence specific assignments
of the MSI-594F5A mutant peptide was achieved from two-
dimensional TOCSY (mixing time 80 ms) and NOESY (mixing
time 400 ms) spectra, acquired in agueous solution containing 10%
D,0O and at pH 4.5 and 298 K. All chemical shifts were referenced
using DSS (2,2-dimethyl-2-silapentane-5-sulfonate sodium salt) as
an internal standard and NMR data analysis was carried out using
the program SPARKY (Goddard, T. D., and Kneller, D. G,
University of California, San Francisco). The interaction of the
peptide with LPS was examined by recording a series of one-
dimensional proton NMR spectra. A typical NMR sample contain-
ing 0.5 MM of peptide was titrated with various concentrations of
LPS ranging from 5 to 12 uM at pH 4.5 and 298 K. However, the
2-D tr-NOESY experiments were performed at the molar ratio of
[LPS]:[peptide] = 1:20 with three different mixing times; 100, 150,
and 200 ms. 2-D NOESY experiments in aqueous solution and tr-
NOESY experiments for MSI-594F5A in the presence of LPS were
performed with 456 incrementsin t; and 2K data pointsin t, using
the WATERGATE®? procedure for water suppression and States-
TPPI®* for quadrature detection in the t; dimension. The spectral
width was normally 12 ppm in both dimensions. After 16 dummy
scans, 72 scans were recorded per t; increment. After zero-filling
inty, 4K (t;) x 1K (t;) data matrices were obtained.

Deter mination of L PS-Bound Structure. On the basis of cross-
peak intensities from two-dimensional tr-NOESY spectra acquired
with a mixing time of 150 ms, the tr-NOEs were categorized
qualitatively to strong, medium, and weak, which was then
trandated to upper bound distance limits to 2.5, 3.5, and 5.0 A,
respectively. The lower bound distance was restricted to 2.0 A, to
avoid van-der-Waals repulsion. The LPS-bound structures were
calculated solely based on tr-NOE derived distance cal culation and
no hydrogen bond constraints were used for structure calculation.
However, to limit conformational search the ¢ dihedral angles were
restricted between —30° to —120° for all residues except for Gly.
DYANA program (version 1.5)°° was used for NMR derived
structure calculation. For refining the NMR derived structure
calculation, several rounds of structure calculation were carried out
and depending on NOE violations, the distance constraints were
adjusted. Out of the 100 structures, 20 lowest energy structures

(52) Provencher, S. W. Comput. Phys. Commun. 1982, 27, 229-242.

(53) Sklenar, V.; Piotto, M.; Leppik, R.; Saudek, V. J. Magn. Reson. Ser.
A 1993, 102, 241-245.

(54) Marion, D.; Ikura, M.; Tschdin, R.; Bax, A. J. Magn. Reson. 1989,
85, 393-399.

(55) Guntert, P.; Mumenthaler, C.; Wuthrich, K. J. Mol. Biol. 1997, 273,
283-298.

(56) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J. M.
J. Appl. Crystallogr. 1993, 26, 283-291.
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Figure 1. Structure of MSI-594 in LPS micelles. (A) Amino acid sequences
of MSI-594 and a mutant peptide MSI-594F5A, replacing residue Phe5
with Ala. (B) Helical hairpin structure of MSI-594 in LPS micelles showing
packing interactions between aromatic residue F5 with other diphatic
residues between two helices.

were used for further analysis and the average structure of the 20
ensemble structures were verified using PROCHECK-NMR.>®

Results

Designing Mutant of M SI-594 and Antimicrobial Activities.
The helical hairpin structure of 24-residue MSI-594, derived
by NMR spectroscopy, in LPS micellesis characterized by two
helices, a short N-terminal helix, residues 12-A9 and a longer
C-terminal helix, residues 113-T21, inter connected by a loop,
residues K10-G12 (Figure 1). The unique hairpin structure in
LPS appears to be stahilized by nonpolar packing interactions
whereby the lone aromatic residue F5 of MSI-594 is in close
proximity with a number of hydrophobic residues A9, 113, L17,
and L20 from two helices (Figure 1). The helical hairpin
structure of MSI-594 is highly amphipathic, displaying all of
the six positively charged Lys residue at one face of the
molecule with an optimum distance separation that may render
facile interactions with the phosphate groups of LPS. It is,
therefore, likely that the compact structure and geometrical
compatibility of L PS/peptide, provided by the orientation of the
side chain of basic residues, could be related to an efficient
permeabilization of an LPS membrane of Gram-negative
bacteria. In order to understand plausible consequences of the
hairpin structure of MSI-594 in outer membrane interactions
and broad-spectrum of antibacterial activities, the critical residue
Phe5 has been mutated to Ala, resulting in an analogue termed
MSI-594F5A (Figure 1). The antibacterial activities of MSI-
594 and MSI-594F5A have been tested against four Gram-
negative and three Gram-positive strains (Table 1). The mutant
peptide MSI-594F5A exhibited a marked increase in MIC
values against the Gram-negative organisms (Table 1).
However, MSI-594 and MSI-594F5A both demonstrated
comparable MIC values against Gram-positive strains (Table
1). Surprisingly, a 2-fold higher activity of the mutant peptide
was measured against E. feacalis (Table 1). Therefore, these
results illustrate that the mutation (F5A) has selectively
reduced activities of MSI-594F5A peptide against Gram-
negative bacteria. Such a decrease in activities may occur
due to the inefficient permeabilization of the LPS membrane
of Gram-negative strains.

Table 1. MIC Values (in uM) of Native MSI-594 and a Mutant
MSI594F5A against Various Gram-Negative and Gram-Positive
Bacteria

test strain MSI-594 MSI-594F5A
E. coli DH5a 1 15
P. aeroginosa ATCC 27853 2 45
K. pneumoniae ATCC 13883 1 8
S enteritis ATCC 14028 2 8
S aureus ATCC 25923 2 4
E. feacalis ATCC 29212 64 32
B. subtilis 4 8

Outer Membrane Permeability of Native MSI-594 and
Mutant M SI-594F5A. Permeabilization of the outer membrane
of E. coli cellsin the presence of the native MSI-594 and its
variant MSI-594F5A was examined on the basis of the
fluorescence of 8-anilinonapthal ene-1-sulfonic acid (ANS) and
1-N-phenylnaphthylamine (NPN) dyes. Hydrophobic ANS and
NPN molecules are excluded by cell wall of E. coli and thereby
emission intensity is quenched in agueous solution. Disruption
of outer membrane integrity by antimicrobial peptides promotes
entry of dyes into the hydrophobic environment of perturbed
cell membranes resulting an enhanced emission of fluorescence
intensity. Figure 2A compares fluorescence of ANS at different
concentrations of MSI-594 and M SI-594F5A peptides in pres-
ence of E. coli cells. The additions of native MSI-594 peptide
had caused a dramatic increase in the emission intensity of ANS
with amarked blue shift (Figure 2A). By contrast, enhancement
of fluorescence intensity of ANS observed for the mutant
peptide, MSI-594F5A, was found to be highly limited (Figure
2A). A differentia increase in fluorescence intensity of NPN
dye had aso been detected for MSI-594 and MSI-594F5A
(Figure 2B). The fluorescence intensity of NPN shows alarger
increase upon inclusions of MSI-594 peptide as compared to
the variant one (Figure 2B). These results demonstrate that
mutant peptide M SI-594F5A has a markedly reduced efficacy
in perturbing integrity of the outer membrane or cell wall in
comparison to the native M SI-594.

Depolarization of Cytosolic Membrane of E. coli and
Liposome L eakage. DiS-C3-5, a potential sensitive dye, has been
used to examine changes in plasma membrane integrity in
response to AMPs. The fluorescence of DiS-C3—5 would be
guenched in the cytosolic membrane due to self-association,
upon gaining access through the cell wall barrier. A dissipation
of membrane potential caused by the disruption of membrane
integrity will release DiS-C3—5 into solution yielding an
increase in fluorescence intensity.*® The inner membrane
depolarization of E. coli cells produced by MSI-594 and M SI-
594F5A is examined as a function of peptide concentrations
and at two different concentrations of EDTA (Figure 3A). EDTA
has been known to destabilize the outer membrane through
chelating of LPS bound divalent metal ions that enhances the
intracellular entry of the DiS-C3—5 dye.*® At alow concentra-
tion (0.1 mM) of EDTA, MSI-594F5A showed a limited
fluorescence recovery of DiS-C3—5, by contrast, MSI-594 had
exerted a significantly higher level of depolarization of the inner
membrane (Figure 3A). The mutant peptide MSI-594F5A
appeared to be effective in depolarizing the inner membrane
only at higher EDTA concentrations, as revealed by a progres-
sive increase in fluorescence recovery of DiS-C3—5 dye with
an increase in peptide concentrations (Figure 3A). The native
peptide MSI-594 aso demonstrated an increase in inner
membrane depolarization in the presence of 1 mM EDTA
(Figure 3A). However, as can be seen, the mutant peptide M SI-

J. AM. CHEM. SOC. m VOL. 132, NO. 51, 2010 18421



ARTICLES Domadia et al.
(A) — Free ANS A)
400 e 0.5 UM MSI-594 -
=3
£ 1007 =]
wese 1O SI-594 -
350 1.0 pM MSI-5 § )
— 5.0 uM MSI-594 kS
300 <=+ 10.0 M MSI-594 %"
‘E’ —_ = 15.0 pM MSI-594 g
5 ‘2- 250 | / ¥ ~=- 0.5 UM F5A E
E - ‘\ cese LO WM FSA % -B-MSI-594 + 1 mM EDTA
gz 200 by E -#-F5A + 1 mM EDTA
eg —— S5.0uMFsSA 2 -6-MSI-594 + 0.1 mM EDTA
5 :é 150 === 10,0 pM F5A é: ~®-FSA +0.1 mM EDTA
s < — 15.0 uM F3SA O ok i . ,
N e " s 70 10 20 30
= 100 Concentration pyM
®B)
>
2 1007
g
Wavelength (nm) S g0
&
®
160+ Z5 60
% 1 o 3 g
S 140 ® 2 401
& £
3] g -o-MSI-594
= 1204 ° § 201 *F5A
7] 1 o 5
£ 100 £
g S T s w25 3
2 0l B 0 5 10 15 20 25 30
E ® Concentration pM
2 604 9
b= ° Figure 3. Cytoplasmic membrane depolarization of E.coli cells and dye
2 40 ° leakage from POPC/POPG vesicles by native MSI-594 and M SI-594F5A
'{3 s L] peptides. (A) Plot showing membrane depolarization of E. coli cells, in the
= 204 P ® presence of two concentrations of EDTA, as a function of concentrations
< i of MSI-594 and MSI-594F5A peptides. Membrane depolarization was
0 0 Il -2 y :’» — 5 determined from fluorescence dequenching of the potential sensitive dye

Concentration (uM)

Figure 2. Permeabilization of E. coli outer membrane by native M SI-594
and M SI-594F5A. (A) Fluorescence emission spectraof ANS as afunction
of concentrations of MSI-594 and M SI-594F5A peptides. (B) Plot showing
increase in fluorescence intensity of NPN dye in presence of E. coli cells
with various concentrations of MSI-594 (in green) and MSI-594F5A (in
red) peptides. A large increase in intensity of ANS or NPN fluorescence
can be seen for M SI-594 peptide as compared to mutant peptide showing
that MSI-594F5A has a reduced ability to induce outer membrane
permeabilization.

594F5A delineated a higher degree of dependence toward EDTA
concentrations to achieve inner membrane depolarization. These
experiments establish once again that the MSI-594F5A has a
lower ability to disrupt the integrity of the outer membrane.
However, once the outer membrane barrier has been perturbed,
as occurred by inclusion of high concentrations of EDTA, MSI-
594F5A is effective in disrupting inner membrane integrity. We
have further examined the effect of native and mutant MSI-
594 peptides to induce dye, calcein, leakage from POPC:POPG
(3:1) lipid vesicles as a model of bacteria inner membrane
mimic (Figure 3B). Figure 3B shows the release of vesicle
entrapped calcein dye upon additions of peptides. In this assay,
both peptides MSI-594 and MSI-594F5A show comparable
ability to release entrapped calcein from lipid vesicles (Figure
3B). Therefore, it is likely that MSI-594 and the mutant M SI-
594F5A may permeabilize the inner membrane of bacteriain a
similar fashion.
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DiS-Cs-5, at 0.2 uM, in 5 mM HEPES, 20 mM glucose, pH 7.4 using a
cell density of ODggo ~ 0.05 with different concentrations of peptides. (B)
Efficacy of calcein dye leakage from small unilamellar vesicles (SUV)
composed of 3:1 POPC:POPG lipids as a function of concentrations of MSI-
594 and M SI-594F5A peptides.

Binding Energetics of MSI-594 and MSI-594F5A with
LPS Micdlles. The above-mentioned studies have implicated that
alower activity of MSI-594F5A against Gram-negative bacteria
is a consequence of an inability of the peptide to disrupt the
outer membrane or LPS layer. In this regard, it is likely that
the mutation (F5A) might have altered the binding of MSI-
594F5A peptide to LPS lipids. Thereby, we have quantified
interactions of M SI-594 and mutant peptide with LPS micelles
by use of by isothermal titration calorimetry (ITC) studies. The
ITC profiles of native MSI-594 (Figure 4A) and variant MS|-
594F5A (Figure 4B) demonstrate discernible differences in
saturation behavior while interacting with LPS micelles. The
binding induced heat release was found to be saturated at alower
peptide:LPS ratio for MSI-594 (Figure 4A), whereas a higher
peptide concentration was required for the mutant M SI-594F5A
(Figure 4B). LPS-peptides interactions were observed to be
endothermic in nature, as shown by the upward arrangement
of titration peaks and the consequent positive integrated heats
(Figure 4A,B). For both peptides, a positive change in TAS, a
positive change in AH, and a negative change in AG were
determined (Table 2). This clearly demonstrates that the binding
reactions are driven primarily by afavorable change in entropy
and the dominant interactions are hydrophobic in nature. Similar
observations were made for the interaction studies of LPS/AMPs
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Figure 4. Binding energetics for peptide—LPS interactions by ITC.
Calorimetric titration profiles (A and B) for native MSI-594 (A) and MSI-
594F5A variant (B). The upper panel shows the titrated peaks plotted as
power (in uca s1) against time (in min). The lower panel shows the
corresponding integrated heats of the interaction. Each 1 mM of peptide
titrated against E. coli LPS 0111:B4 at a concentration of 0.05 mM in 10
mM sodium phosphate, pH 6.0 at 293K.

Table 2. Thermodynamic Parameters of Interactions between
MSI-594 and MSI-594F5A Peptides with LPS Micelles

parameters MSI-594 MSI-594F5A
Ka (uM™1) 13.20 3.10
AH (kcal -mol %) 11.8+ 0.8 5.07
TAS (kcal - mol ~*deg ™) 21.36 13.8
AG (kcal -mol %) —9.56 -8.73

conducted below the phase transition temperature of LPS.>’
Most notably, analyses of ITC datareveded that the native M SI-
594 has a higher affinity of interactions (K, ~ 13.2 uM %) with
LPS than the mutant peptide MSI-594F5A (K, ~ 3.1 uM™1)
(Table 2).

Conformations of Native MSI-594 and MSI-594F5A in
LPS by CD. In aqueous buffer, free native MSI-594 as well as
the variant M SI-594F5A showed a strong negative band at ~200
nm, indicating the free peptides adopt unordered conformations
(Figure 5A,B, solid lines). In the presence of LPS, both peptides
disclose a strong positive band near 192 nm and two negative
maxima near 208 nm and ~222 nm, which are reflective of
formation of a-helix conformations (Figure 5A,B dotted lines).
These observations demonstrate that native M SI-594 and M SI-
594F5A have random conformations in free solution; but they
show a marked ability to adopt largely a-helical structures in
the presence of hydrophobic LPS micelles. NMR studies had
previously shown random conformations and helical hairpin
structure of MSI-594 in aqueous solution and in the context of
LPS micelles, respectively. Further, CD studies indicated that
the mutation did not affect the acquisition of the helical
secondary structure of the of MSI-594F5A peptide in LPS
micelles.

NMR Studies of MSI-594F5A in LPS Micelles. Sequence
specific resonance assignments of MSI-594F5A were achieved
from combined analyses of 2D 'H—'H TCOSY and NOESY
spectra acquired for the free peptide. The NOESY spectra of
the free peptide showed only intra and sequential NOEs,
indicating extended or random conformations (data not shown).

(57) Bhunia, A.; Domadia, P.; Torres, J.; Hallock, K. J.; Ramamoorthy,
A.; Bhattacharjya, S. J. Biol. Chem. 2010, 285, 3883-3895.
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Figure 5. Secondary structures of peptides in free and LPS bound forms
by CD spectroscopy. Far-UV CD spectra of native MSI-594 (A), and MSI-
594F5A (B), each 25 uM in the absence (solid line) and presence of 50
uM of E. coli 0111:B4 LPS (dashed line) in 10 mM sodium phosphate, pH
5.0 at 298 K.

The LPS-bound conformation of M SI-594F5A was investigated
by use of tr-NOESY method as described for MSI-594% and
other LPS interacting peptides.?>? tr-NOESY experiments are
successful for determining bound conformations of ligands
undergoing a fast chemical exchange with the cognate
macromol ecules.>®° NOEs corresponding to the bound state
of the ligand are detected at the resonances of the free ligands,
as unbound ligands are characterized by few NOE interactions.
Intermolecular NOEs between ligand and binding macromol-
ecule are usually not detectable due to significantly lower
concentrations of macromolecules used in this experiment. 223233

As expected, the 2-D *H—'H tr-NOESY spectra obtained in
presence of LPS micelles, at a peptide:LPS ratio of 20:1, yielded
a large number of NOE cross-peaks correlating backbone/
backbone and backbone/side chain resonances of M SI-594F5A
(Figure 6A,B). Analyses of tr-NOESY spectra of M SI-594F5A
revealed the presence of diagnostic medium-range NOEs (C*H
toNH, i toi+2, i+3 andi+4) (Figure 6A), along with sequential
NH/NH NOEs for most of the residues (Figure 6B). The pattern
of NOE connectivities demonstrates that M SI-594F5A acquires
helical conformations in LPS micelles. A close inspection of
the per residue NOE distribution indicated that residues lle2,
[1e13, Leul?, Leu20, and Thr21 of MSI-594F5A are character-
ized by a higher number of NOE contacts in the LPS micelles
(Figure 6C). However, at the middle of the sequence residues
Lys 10 and Gly 12 appeared to show only sequential NOEs in
LPS micelles (Figure 6C). It is noteworthy that in the context
of LPS, the mutant peptide MSI-594F5A did not exhibit any
detectable long-range NOEs. Several long-range NOE interac-
tions, primarily involving residue Phe5, were observed for the
native MSI-594 in LPS micelles defining the helical hairpin
structure.®® The mutated residue Ala5 of MSI-594F5A showed
only medium range NOEs akin to helical conformations (Figure
6).

Three-Dimensional Structure of MSI-594F5A in LPS
Micelles. The atomic-resolution structure of MSI-594F5A in LPS
micelles was determined from 174 tr-NOE driven distance

(58) Clore, G. M.; Gronenborn, A. M. J. Magn. Reson. 1982, 48, 402—
417.

(59) Post, C. B. Curr. Opin. Sruct. Biol. 2003, 13, 581-588.

(60) Mayer, B.; Peters, T. Angew. Chem. Int. Ed. 2003, 42, 865-890.
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Figure 6. Analyses of tr-NOESY spectra of MSI-594F5A in LPS micelles.
(A) 'H—H two-dimensional tr-NOESY spectrum of MSI-594F5A showing
NOE connectivities in the fingerprint region for NH-C*H resonances. The
medium range NOEs are marked in blue, while sequential NOEs are
indicated in red. (B) Bar diagram summarizing short-range and medium
range NOE contacts, in the tr-NOESY spectra of MSI-594F5A, among
backbone/backbone and backbone/side chain resonances. The thickness of
the bars indicates the intensity of the NOESY peaks. The primary amino
acid sequence of MSI-594F5A is shown at the top. (C) Plot showing number
of NOEs observed for MSI-594F5A in complex with LPS micelles as a
function of residues. tr-NOESY spectrawere obtained in an agueous solution
at peptide:LPS molar ratio of 1:20 at 150 ms mixing time and 298 K.

Number of NOEs
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congtraints (Table 3). Figure 7A shows superposition of
backbone atoms (N, C*, and C’) of 20 lowest energy structures
of MSI-594F5A. The rmsd values for backbone atoms and heavy
atoms from the mean conformation were estimated to be 0.72
A and 1.15 A, respectively (Table 3). The LPS-bound structure
of MSI-594F5A is characterized by a “V” shaped helical
structure (Figure 7B). There are two segments, residues 12—K 10
and residues 113-T22, of the peptide adopting canonical a-heli-
cal conformations in LPS micelles (Figure 7B). The helical
conformation turns out to be disrupted at residues K11-G12,
whereby G12 assumes nonhelical backbone dihedral angles (@
= —90.5°, W = 16.0°). In the helical hairpin structure of the
parent MSI-594 in LPS micelles, these residues were al so found
to be at the intervening loop connecting two helices.® The 3D
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structures of M SI-594F5A and native M SI-594 in LPS micelles
suggest that the central region, at residues K11-G12, of the M SI-
594 sequence has an intrinsic tendency to form aloop or bend
in the context of outer membrane lipids. The helical hairpin
structure of MSI-594 is thus stabilized by interhelical packing
involving aromatic side chain of Phe5 with other aliphatic
residues (Figure 1). The mutant MSI-594F5A structure in LPS
micelles has diminished side chain/side chain packing interac-
tions between the N- and C-termini helices owing to the
replacement of aromatic Phe5 to Ala (Figure 7B). In other
words, residue Phe5 of MSI-594 appears to be involved in a
critical “lock” zipping the two helices into a compact conforma-
tion. The curved and open helical structure of MSI-594F5A is
predominantly amphipathic in which al of the six positively
charged Lys residues are occupying the concave surface of the
“V" shaped conformation (Figure 7C). The inner face or the
convex side of the structure isrich in nonpolar residues (Figure
7D).

Perturbation of L PS Micelles by M SI-594 and M SI-594F5A.
The ability to perturb micelle structure of LPS by AMPs could
becorreatedwiththeantimicrobial andantiendotoxicactivities>*5%7
Dynamic light scattering (DLS) and fluorescence of FITC
labeled LPS experiments were carried out to determine structural
perturbation of LPS lipids by MSI-594 and MSI-594F5A
peptides. Figure 8 shows the DLS measurements of LPS
aggregate size in the absence (panel A) and in the presence of
MSI-594 (panel B) and MSI-594F5A (panel C) peptides. The
hydrodynamic size, in terms of diameter, of LPS aggregates is
logarithmically plotted along the x-axis. The vertical bars typify
the relative percentage of intensity of the LPS particle size
distribution. It was observed that in free solution LPS micelles
are assembled into larger aggregates showing distribution of
sizes up to 6000 nm (Figure 8A). However, in the presence of
native M SI-594 peptide, the larger clusters of LPS aggregates,
with hydrodynamic diameter more than 500 nm, were observed
to be completely absent (Figure 8B). However, in the presence
of MSI-594F5A variant, a small population of LPS aggregates
having larger sizes of 2000 to 6000 nm are still observed;
although most other LPS aggregates illustrated a diameter of
less than 500 nm (Figure 8C). The polydispersity index
parameter derived from DLS experiments is an indication for
the homogeneity of size distribution that may range from values
0 (monodisperse) to 1 (polydisperse). The polydispersity index
for free LPS aggregates was estimated to be 0.95, indicating a
high degree of polydispersity. As can be seen, LPS aggregates
exhibited a drastically reduced polydispersity index of 0.31 in
the presence of MSI-594. However, the polydispersity index
of LPS solution was observed to be relatively higher, 0.41, in
the context of the MSI-594F5A peptide. Thus, M SI-594 bound
LPS micelles showed characteristics of monodisperse solution,
whereas free LPS solution and M SI-594F5A bound L PS samples
were polydisperse in nature. The observed disruption of LPS
aggregates to smaller-size particles and a marked change in
polydispersity demonstrates the ability of the native MSI-594
peptide to reduce the aggregation state of LPS.

The higher extent of LPS micelle perturbation by the MSI-
594 AMP has also been perceived from FITC fluorescence.
Upon excitation at 480 nm, soluble aggregates of free FITC-
LPS micelles demonstrated very low, self-quenched fluores-
cence. Further, upon additions of native MSI-594 and variant
MSI-594F5A, in increments from nanomolar (100 nm) to
micromolar (15 «M) range, a significant enhancement in
fluorescence emission intensities of FITC-LPS were conse-
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Table 3. A Summary of Structural Statistics for the 20 Final Structures of MSI-594F5A in LPS Micelles

distance restraints intraresidue (i — j| = 0) 45
sequentia (i —j| = 1) 83
medium-range (2 < |i — j| < 4) 46
total 174
angular restraints () 23
distance restraints violations number of violations 1
average violations <029 A
maximum violations <0.29 A
deviation from mean structure all residues (N, C*, C) 0.72
heavy atoms 115
Ramachandran plot for the mean structure® % residues in the most favorable and additionally allowed region 100
% residues in the generously allowed region 0
% residues in the disallowed region 0

@ Based on PROCHECK-NMR.
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Figure 7. Three-dimensiona structure of MSI-594F5A. (A) Superposition of backbone (C% N, and C’) atoms of the 20 lowest energy structures of MSI-
594F5A in LPS micelles. (B) A representative LPS-bound structure of MSI-594F5A showing disposition of cationic and nonpolar residues. The backbone
of MSI-594F5A has been depicted as aribbon. (C) The orientation of the side chain of six basic Lys residues in LPS-bound structure of MSI-594F5A. (D)
The electrostatic surface potential of the curved helical structure of MSI-594F5A in the context of LPS micelles.
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Figure 8. Effects of MSI-594 and M SI-594F5A on LPS micelles. (A) Bar diagrams showing size distribution of LPS particles in free (A) and in presence
of peptides, MSI-594 (B) and MSI-594F5A (C) by DLS measurements. DLS experiments were carried out at 1:2 molar ratios of LPS:peptide in 10 mM
sodium phosphate, pH 6.0 at 298 K. Standard deviation calculated from 3 runs is shown as error bars. (D) Plot showing enhancement of FITC fluorescence
of FITC-labeled LPS with increasing concentrations of MSI-594 and M SI-594F5A peptides. Percentage of fluorescence enhancement observed for 0.5 uM.
E. coli 055:B5 FITC-LPS as a function of increasing concentrations of peptides (0.1 to 15 uM) in 10 mM sodium phosphate pH 6.0 at 298 K is shown.

quently observed for the native MSI-594 (Figure 8D). At 15 effect as compared to native MSI-594 (Figure 8D). These
uM, the M SI-594F5A peptide showed only half the dequenching dequenching effects are observed due to disassembly of FITC-
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L PS aggregates, as the distance between its monomers increases
upon binding to the peptides. Collectively, these experiments
demonstrate that the M SI-594 has a higher ahility to bring larger
structural changes of LPS micelles as compared to the mutant
MSI-594F5A.

Discussion

The LPS layer of the outer membrane plays a vital role in
modulating entry and insertion of AMPs to the inner plasma
membrane.b~® As reported, several AMPs are found to be active
against model membranes or bacteria cytoplasmic membranes
but rather inactive toward intact bacterial cells.®*?831 Insect
cecropins, temporins, cathelicidins, protegrins, some defensins
are active only against Gram-positive bacteria.?”** The outer
membrane of Gram-negative bacteria has been attributed to be
responsible for inactivation of these AMPs.?6~3! More recent
studies, employing designed helical peptides and European frog
derived AMPs temporins, have found LPS induced oligomer-
izations as a leading cause of inactivity of temporins and
designed AMPs against Gram-negative bacteria.®3* Further-
more, lack of correlationsin structure—activity studies of AMPs
could potentially arise from inability to cross the LPS layer for
cell entry.?®3* Consequently, the permeability barrier imposed
by the outer membrane or polyanionic LPS must be overcome
by the broad-spectrum AMPs.*82%22 M againin and its analogues
had been shown to induce leakage and create lesions at the outer
membrane.® The analogues of magainin with higher cationic
residues demonstrated higher outer membrane permeabilization
activities.®* IR and CD studies revealed a helical structure of
magainin in LPS vesicles and perturbation of acyl chains of
lipid A domain of LPS.6*%% Helical secondary structures for
other AMPsin LPS micelles or dispersions were deduced from
CD spectroscopy.®+®° The S-hairpin AMP tachyplesin |, derived
from horseshoe crab, adopts L PS-specific structure, determined
by its disulfide bridges.®® The high-affinity interactions of
polymyxin B with LPS and plausibly outer membrane perme-
abilization had been proposed to be dependent on its cyclic
structure and N-terminal polyacyl chain.®” "% However, the
mechanisms by which highly active AMPs disrupt the outer
membrane LPS layer or limited activities of AMPs conferred
by the outer membrane barrier are yet to be fully understood.
In this regard, atomic-resolution structures and interactions
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studies of AMPs in LPS lipids might shed important insights
to glean knowledge of outer membrane permesbilization. 3270~ 72

MSI-594, obtained from magainin and melittin, is bestowed
with potent bactericidal activities with similar low MICs against
Gram-negative and Gram-positive bacteria. M SI-594 like many
other AMPs of its class, adopts an amphipathic helical structure
in phospholipid micelles and bilayers.**~4® The helical structure
has been thought to be responsible for cell lysis destabilizing
cytoplasmic membranes viacarpet or toroidal pore formations.**~*°
By contrast, a distinctly different structure or a helical hairpin
defined by packing of helix—loop—helix, has been realized for
MSI-594 in LPS micelles (Figure 1). It would be intriguing to
assume that such conformation may be a necessary requirement
to disrupt LPS mediated barrier of this broad spectrum AMP.2%32
In order to determine structure—activity correlation in LPS, the
aromatic residue Phe5 of MSI-594, involved in packing between
two helices in the hairpin structure has been replaced by Ala
yielding amutant analog M SI-594F5A (Figure 1). In thiswork,
the MSI-594 and MSI-594F5A were compared for their
bactericidal activities, outer membrane permeabilization, inner
membrane depolarization, LPS binding affinity, and micelles
perturbations and secondary structures. The 3-D structure of
the mutant M SI-594 F5A peptide determined in the context of
LPS micelles helps us to understand the consegquence of
interhelical interactions in LPS membrane disruption. It is
noteworthy that although L PS-bound structure of M SI-594 was
described earlier,*® several other experiments, e.g., NPN uptake,
membrane depolarization, interactions with LPS by ITC, DLS,
CD, and FITC-LPS fluorescence of MSI-594 have not been
previously reported. Our antibacterial assays showed that M SI-
594F5A has impaired activities particularly against Gram-
negative organisms, suggesting probable inability of the peptide
to overcome LPS mediated barrier (Table 1). ANS and NPN
uptake experiments had clearly established that F5A mutation
has indeed caused restricted ability of the MSI-594F5A to
translocate across the outer membrane barrier (Figure 2).
However, liposome leakage and EDTA dependent inner mem-
brane depolarization indicated that MSI-594 and M SI594F5A
have a similar ability to interact with phospholipid or cytoplas-
mic membranes of bacteria (Figure 3). ITC measurements
showed LPS/MSI peptides interactions are driven by favorable
changes in entropy or hydrophobic in nature (Figure 4, Table
2). However, the native MSI-594 binds to LPS micelles with
4-fold higher affinity than the MSI-594F5A mutant (Table 2).
Such a high binding affinity of MSI-594 with LPS is further
reconciled by disaggregation or destabilization of LPS micelles
as deduced from DLS and FITC fluorescence of LPS (Figure
8). The mutant peptide M SI-594F5A exhibited a limited effect
toward destabilization of LPS aggregates or micelles (Figure
8). The ability of the MSI-594 to disrupt the outer membrane
in NPN and ANS uptake can be correlated with its increased
affinity for LPS binding and a larger degree of structural
perturbation of LPS aggregates. CD studies delineated structural
transitions from random coil to helical conformations in LPS
micelles for both of the peptides (Figure 5). However, the NMR
structure of MSI-594F5A in LPS micelles has clearly established
adisruption of the helical hairpin structure determined for the
native peptide (Figure 7). In the context of LPS micelles, M SI-
594F5A assumes an amphipathic open type helical structure with
significant curvature at the central region (Figures 7B,C). The
electrostatic surface potential showed that the outer surface of
the bent helical structureis highly basic while the inner surface
is nonpolar (Figure 7D). On the basis of functional studies and
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Figure 9. Mode of interactions of MSI-594 and MSI-594F5A with LPS layer. (A) Distribution of cationic and hydrophobic residues of MSI-594 in the
helical hairpin structure determined in LPS micelles. The distances between the nitrogen atoms of the side chain N°Hs™ groups are indicated. (B) A model
of interaction between LPS layer and MSI-594 showing basic charge residues are congregated for plausible high-affinity interactions with the negatively
charged phosphate groups of LPS layer. (C) Distribution of cationic and hydrophobic residues of M SI-594F5A peptide in curved helical structure determined
in LPS micelles. The distances between the nitrogen atoms of the side chain N‘Hz* groups are indicated. (D) A model of interaction between LPS layer and
MSI-594F5A showing scattered basic charges in the open helical structure may cause a reduced cell wall permeabilization.

LPS binding affinity, the curved structure of the mutant M SI-
594, although amphipathic, demonstrated to possess a restricted
ability to premeablize the outer membrane compared to the
native peptide. Analysis of the hairpin structure of the MSI-
594 and open helical structure of the mutant MSI-594F5A
provides mechanistic insights into the superior activity of the
native peptide to disrupt outer membrane integrity. The helical
hairpin structure of MSI-594 displays severa of the cationic
side chains of Lys residues in a compatible geometrical
arrangement to the interphosphate distance (~13—14 A) of lipid
A moiety of LPS (Figure 9A). In particular, in the helical hairpin
structure of MSI-594 side chains H3N™ groups of Lys4/Lys18
and Lys7/Lys18 across the two helices are constrained to interact
favorably, salt-bridges or H-bonds, with the two phosphate
groups of lipid A (Figure 9A). Furthermore, in the helical hairpin
structure of MSI-594, al of the side chains of basic Lys residues
are pointed aong the same direction, creating a uniform surface
of cationic charges of high density (Figure 9B). Such disposition
of a positively charged surface rendered by the helical hairpin
structure of M SI-594 might lead to a facile permeabilization of
the outer membrane (Figure 9B). These structural features are
largely absent in the LPS-bound structure of the mutated MSI-
594F5A (Figure 9C). In the noncompact helical structure, the
positively charged residues are spread over whereby side chains
of Lys4/Lys18 and Lys7/Lysl8 are no longer in appropriate
proximity with the interphosphate distance of lipid A of LPS
(Figure 9C). By contrast to the native M SI-594, the L PS-bound
structure of MSI-594F5A also displays a diffused distribution
of basic surface charges over its curved helical structure that
may reduce the ability of the mutant peptide to permeabilize
the outer membrane barrier (Figure 9D). The electrostatic

interactions have been known to play dominant rolesin binding
between cationic AMPs and the highly negatively charged LPS
layer of the outer membrane.®***® Furthermore, a retarded or
dow trandocation efficiency of the mutant peptide M SI-594F5A
may occur as a result of an extended or open helical structure
exposing most of the hydrophobic residues (Figure 9). Further,
the exposed nonpolar residues may induce intermolecular
aggregations or become trapped as a consequence of interactions
with LPS molecules.

As such, the current work demonstrated a correlation between
the structure of a potent AMP in LPS with the outer membrane
permeabilization activity. However, a significant number of
studies have suggested that structure—function relationshipsin
AMPs are rather poorly defined.””® Most notably, incorpora-
tion of p-amino acids into the sequences of either helical or
[-sheet AMPs had been observed to destabilize conformations
while retaining much of the antibacterial activities.”>~ 58 More
recent studies utilizing short 3-sheet AMPs, screened from a
combinatorial library, delineated a lack of strong correlations
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between conformations and antibacterial activities.””"® However,
these studies had found that structural destabilization appeared
to be detrimental toward the broad spectrum activities of
AMPs.”""® Designed antimicrobial peptides containing non-
natural B-amino acids had shown an increasein helical content
does not lead to a higher microbial sterilization.” Collectively,
it has been postulated that the antimicrobial activities of AMPs
are largely governed by the optimized sequences, rather than
by specific structures, typified by a balanced amphipathicity,
solubility, and ability to disrupt membrane integrity. By contrast,
rational engineering starting from an existing scaffold of AMPs
has also yielded potent analogs with superior activities as
compared to the parent peptides® % We surmise that
structure—activity relationships of AMPs could be highly context
dependent, whereby specific structures might be stabilized at
various targets including outer membranes, plasma membrane,
or intracellular components of microbes. It is aso noteworthy
that low resolution structural methods like CD are frequently
being used in structure—activity studies. As shown here and
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elsewhere, active AMPs assume higher order secondary structures
with packing interactions in the LPS or outer membrane 33355384
Such intrapeptide packing interactions are demonstrated to play
critical roles®®®” and should be considered in order to elucidate
structure—activity correlations of AMPs.

Conclusions

The structural basis of outer membrane or LPS permeabili-
zation by antimicrobial peptidesisnot clearly understood. M SI-
594 represents a highly active broad-spectrum helical antimi-
crobial peptide that acquires a compact helical hairpin structure
in complex with LPS. Using a battery of methods including
functional, biophysical, and NMR, this work demonstrated that
potent AMPs, like M SI-594, may be acquiring specific structure
in the context of outer membrane lipid or LPSin order to disrupt
the outer membrane barrier of Gram-negative organisms. We
propose that atomic-resolution structures of AMPs in LPS and
correlations with activities would aid in the development of
potent antimicrobial and antiendotoxic compounds.
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