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List of Abbreviations:

hRBCs, human red blood cells; Fmoc, N-(9-fluorenyl) methoxycarbonyl; Chol,
cholesterol; HPLC, high performance liquid chromatography; CFU, colony forming unit;
PC, egg phosphatidylcholine; PG, egg phosphatidylglycerol; NBD, 4-fluoro-7-nitrobenz-
2-oxa-1,3-diazole; MALDI-TOF, matrix-assisted laser desorption ionization time-of-
flight; PBS, phosphate-buffered saline; MICs, minimum inhibitory concentrations; MTT,
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; FRET, fluorescence
resonance energy transfer; ANS, 1-anilino-8-naphthalene sulfonate.

ABSTRACT:

BMAP-27 is a cathelicidin-derived bovine anti-microbial peptide, which shows
moderate cytotoxicity and potent antibacterial activity against a wide variety of
microorganisms. Despite a number of studies, very little is known about the amino acid
sequences of this peptide that controls its antibacterial and cytotoxic activities. A small
stretches of phenylalanine and leucine zipper sequences were identified at the N- and C-
terminals of the molecule respectively. In order to understand the structural and
functional roles of these sequence elements several analogs of BMAP-27 were
synthesized and characterized after substituting leucine/phenylalanine residue(s) at ‘a’
and/or ‘d’ positions of the leucine and phenylalanine zipper sequences respectively by
alanine. The BMAP-27 analogs exhibited significantly reduced cytotoxicity against the
human red blood (hRBC) and murine 3T3 cells as compared to that of the wild type
peptide. Interestingly, BMAP-27 and its analogs exhibited comparable antibacterial
activity against the selected Gram (+)ve and (-)ve bacteria. Moreover, BMAP-27 and its
analogs showed similar localization, assembly onto the selected bacteria and induced
comparable permeability in these cells. However, only BMAP-27 but not its analogs
assembled and bound strongly onto the hRBCs and permeabilized them. The results
indicated that not only a leucine zipper but also a phenylalanine zipper sequence plays an
important role in maintaining the assembly of BMAP-27 onto the mammalian cells
examined here and cytotoxic activity against them. To our knowledge this is the first
report on the evaluation of structural and functional roles of a phenylalanine zipper
sequence in a naturally occurring antimicrobial peptide.
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Cationic antimicrobial peptides are an integral part of host immune system, which
constitutes cathelicidins, defensins and other family of peptides (1-8). The term
cathelicidin was introduced to encompass bipartite molecules containing a cathelin
domain and a C-terminal antimicrobial peptide domain (2, 4-6, 8). Cathelin was first
isolated as a 96 residue porcine peptide. The cathelicidin family shares considerable
amino acid sequence homology with the cathepsin family of cysteine protease inhibitors

Cathelicidin derived peptides have a diverse range of activity against Gram-
negative and Gram-positive bacteria, parasites and enveloped viruses (9-13). Besides
activities against different microorganisms these peptides also exhibit other important
biological activities that include wound healing, inhibition of tissue injury, angiogenesis,
repair of skin disorder, etc (14-17).

To date cathelicidin derived antimicrobial peptides have been described in wide
variety of vertebrates including humans (18-20) cattle, fish, birds etc (4, 13, 21). Recent
studies on human cathelicidin-derived antimicrobial peptide LL-37 and its primate
orthologues revealed interesting data (22, 23). Macaque and leaf-eating monkey RL-37
peptides contain more positive charges like other helical antimicrobial peptides found in
insect, frog, and were monomeric and unstructured in bulk solution and had a potent, salt
and medium independent antimicrobial activity in vitro (22). In contrast, Human LL-37
is less cationic and showed a salt-dependent structuring and aggregation that influenced
its antimicrobial activity and mode of action (22, 23). The structurally diverse
cathelicidin derived antimicrobial peptides of animals provide interesting and potential
models for pharmaceutical development. Several properties of the cathelicidin-derived
peptides make them attractive candidates for research and drug development (24). They
are effective killer of many microorganisms. More advantageous is their retaining
bactericidal activity even at physiological or elevated salt concentration. Their synthesis
is economically viable owing to the absence of disulphide bridges. Moreover their
speedy rate of killing is an added merit in topical usage.

BMAP-27, an antimicrobial peptide of bovine origin also exhibits a potent and
broad-spectrum anti-bacterial activity and is also cytotoxic to human erythrocytes and
neutrophils (25). The cytotoxic property of these peptides is an indication of their poor
discrimination power between the prokaryotic and eukaryotic membranes. Effort has
been made to increase the selectivity of these molecules toward the microbes. BMAP-27
(1-18) was virtually devoid of cytotoxic activities and displayed antimicrobial potency
slightly lower than the parent molecule (25). The structure-function correlation studies
implied that the hydrophobic C-terminal tail is the major determinant of the cytotoxicity
of BMAP molecule toward mammalian cells (25).

Recently, we identified and characterized an amphipathic leucine zipper motif in
melittin (26). Substitution of heptadic leucine(s) by single or double alanine residue(s)
appreciably reduced the cytotoxic activity of melittin without significantly affecting its
antibacterial activity. Moreover, novel antibacterial peptides were designed on the basis
of classical amphipathic leucine zipper sequence with or without alanine substitution at
‘a’ and/or ‘d’ position of the heptad repeat, which showed remarkable variation in
hemolytic activity against human red blood cells but exhibited almost similar
antibacterial activity (27). However, still it is not clear whether the leucine zipper or the
heptad repeat sequences possess any role in controlling the cytotoxicity in other naturally
occurring antimicrobial peptides. Toward this end, a long heptad repeat sequence was
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identified in bovine antimicrobial peptide BMAP-27. The C-terminal of the sequence
contains a small leucine zipper sequence and the N-terminal, a phenylalanine zipper
sequence. Several alanine-substituted analogs of BMAP-27 were designed in order to
investigate the role of these phenylalanine and leucine zipper sequences.

The mechanism of killing of prokaryotic and eukaryotic cells by BMAP-
27 is not clear although it is believed that the peptide-induced membrane
permeabilization of target cell could be the key step behind it. In order to understand the
mode of action of BMAP-27 and its novel analogs peptide-induced depolarization and
integrity of bacterial and mammalian cell membrane was directly measured. Also the
localization and assembly of BMAP-27 and its analogs onto bacterial and human red
blood cells were studied to understand the basis of their cytotoxic and antibacterial
activities against the mammalian cells and bacteria.
MATERIALS AND METHODS:
Materials: Rink amide MBHA resin (loading capacity, 0.63 mmol/g) and all the N-a
Fmoc and side-chain protected amino acids were purchased from Novabiochem,
Switzerland.  Coupling reagents for peptide synthesis like 1-hydroxybenzotriazole
(HOBT), N, N'-di-isopropylcarbodiimide  (DIC), 1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU) and N, N'-diisopropylethylamine (DIPEA) were purchased
from Sigma, India while Dichloromethane, N, N dimethylformamide (DMF) and
piperidine were of standard grades and procured from reputed local companies.
Acetonitrile (HPLC grade) was procured from Merck, India whereas trifluoroacetic acid
(TFA) was purchased from Sigma, India. Egg phosphatidylcholine (PC), egg
phosphatidylglycerol (PG) were procured from Northern Lipids Inc., Burnaby, British
Columbia, Canada while cholesterol (Chol) was purchased from Sigma. 3,3-
Dipropylthiadicarbocyanine iodide (diS-Cs-5) and NBD (4-fluoro-7-nitrobenz-2-oxa-1,
3-diazole) -fluoride were purchased from Invitrogen (Molecular probes) (Eugene, OR).
Rests of the reagents were of analytical grade and procured locally; buffers were prepared
in milli Q (USF*%) water.
Peptide Synthesis, Fluorescent labeling and Purification: Stepwise solid phase syntheses
of all the peptides were carried out manually on rink amide MBHA resin (0.15 mmole)
utilizing the standard Fmoc chemistry, reported earlier (28, 29). Labeling at the N-
terminus of peptides with a fluorescent probe, cleavage of the labeled and unlabeled
peptides from the resin, their precipitation and purification by reverse phase HPLC were
achieved by standard procedures (26, 29). The purified peptides were ~95%
homogeneous. Experimental molecular mass of the peptides, detected by MALDI-TOF
or ESI-MS analysis, corresponded very close to the desired values.
Assay of antibacterial activity of the peptides: The antibacterial activity of the peptides
was assayed in sterile 96 well plate in 100ul final volume under aerobic conditions (26,
30, 31). In brief, 50 uL bacterial culture, grown in LB medium with 10° CFU/ml were
added to 50uL of water containing two fold serially diluted different peptides in each
well and incubated for 18-20 h at 37°C. The peptides’ antibacterial activities, expressed
as their MICs (the peptide concentration which results 100% inhibition of microbial
growth), were assessed by measuring the absorbance at 492 nm. The microorganisms
used were Gram-positive bacteria, Bacillus subtilis ATCC 6633 and Staphylococcus
aureus ATCC 9144 and Gram-negative bacterium, Escherichia coli ATCC 10536 and
DH5a.
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Bactericidal activity of BMAP-27 and its analogs were tested against Escherichia coli
ATCC 10536 and Bacillus subtilis ATCC 6633 in the presence of heat inactivated serum
as described by others (32) except FBS was used instead of human serum. The final
concentration of serum in the antibacterial activity assay media was 25% v/v.

Hemolytic activity assay: Hemolytic activity of these designed peptides was assayed
against fresh hRBCs that were collected in the presence of an anti-coagulant from a
healthy volunteer and washed 3-4 times by PBS by a standard procedure (26, 27, 30).
Peptides, dissolved in water, were added to the suspension of red blood cells (6% final in
v/v) in PBS to the final volume of 200 uL and incubated at 37 °C for 30 min. The
samples were then centrifuged for 10 min at 2000 r.p.m. and the release of hemoglobin
was monitored by measuring the absorbance (Asampic) Of the supernatant at 540 nm. For
negative and positive controls, hRBCs in PBS (Apank) and in 0.2% (final concentration
v/v) Triton X-100 (Agitn) Were used respectively. The percentage of hemolysis was
calculated according to the following equation (26, 30).

Percentage of hemolysis = [(Asample-Ablank)/(Atriton-Ablank)] X 100

MTT assay: MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay
was performed to check the toxic activity of peptides against murine 3T3 cells by a
standard procedure as reported earlier (33). 10000 cells per well were seeded in 96 well
plates and overnight incubation was done in CO2 incubator for adherence. The complete
media were discarded from the plate and incomplete media were added. After that,
different concentration of peptides were added and incubated for 2 hrs. Then 10 pl of
MTT (conc. Smg/ml) solutions were added in each well and again incubated for 2 hrs.
Incomplete media were discarded from 96 well plates and 200 pl of DMSO were added
in each well to dissolve the crystal. The well in which no peptide was added was
considered as control. Reading of these samples was recorded at 550 nm by a microplate
reader.

Analysis of peptide-induced membrane damage of 3T3 and E. coli cells by flow
cytometry: Peptide-induced membrane damage of 3T3 cells was determined by staining
the cells with propidium iodide after the treatment with the peptides at 37°C for 15 min.
These cells were then analyzed by flow cytometry in the form of dots plot with respect to
the control cells, not treated with any peptide. In order to check the membrane integrity
of bacteria after peptide treatment, the cells (E. coli DH5« or E. Coli ATCC 10536) at
mid-log phase were incubated with BMAP-27 and its alanine substituted analogs for 30
min at 37°C with constant shaking. The cells were collected by centrifugation, washed
two times with PBS, and incubated further with propidium iodide at 4°C for 30 min,
followed by removal of the unbound probe through washing with an excess of PBS and
re-suspended in buffer. Peptide-induced damage of bacterial cells was then analyzed by
flow cytometry.

Assay of peptide-induced depolarization of hRBC and E. coli cell membrane: Peptide-
induced depolarization of hRBCs and E. coli DH5a (mentioned as E. coli throughout the
text unless stated otherwise) membrane was detected by its efficacy to dissipate the
potential across these cell membranes (34, 35). Fresh human red blood cells (hRBCs)
were collected in the presence of an anti-coagulant from a healthy volunteer and washed
three times in PBS and re-suspended in the same buffer with a final cell density of ~ 3.0x
107 cells/ml. Human red blood cells were incubated with diS-Cs-5 probe for 1hr. When
the fluorescence level (excitation and emission wavelengths set at 620 and 670 nm
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respectively) of the hRBCs became stable, different amounts of each of the peptides were
added to these suspensions and incubated at 37°C for 30 min. After that peptide-induced
membrane depolarization of human red blood cells were recorded. While the bacteria
were grown at 37°C until it reached to its midlog phase and centrifuged followed by
washing with buffer (20 mM glucose, 5 mM HEPES pH 7.3). Then bacteria were
resuspended (final ~2x10° CFU/ml) in the similar buffer containing 0.1M KCL) and
incubated with diS-C;-5 probe for lhr. When the fluorescence level of bacterial
suspension became stable, different amounts of each of the peptides were added to these
suspensions in order to record the peptide-induced membrane depolarization of bacterial
membrane. Membrane depolarization as measured by the fluorescence recovery (F,) was
defined by the equation (29, 36, 37), F; = [(I; - Lp)/(It - Iy)] x 100 %. Where I, the total
fluorescence, was the fluorescence levels of cell suspensions just after addition of diS-Cs-
5; I, observed fluorescence after the addition of a peptide at a particular concentration
either to hRBCs or to E. coli suspensions, which were already incubated with diS-Cs-5
probe for lhr and Iy, is the steady fluorescence level of the cell suspensions after one hr
incubation with the probe. Fluorescence was monitored at 670 nm with respect to time
(sec) with excitation wavelength of 620 nm. Excitation and emission slits were set at 8
and 6 nm respectively.

Assay of peptide-induced depolarization of zwitterionic and negatively charged lipid
vesicles: The ability of the peptides to destabilize the phospholipid bilayer was detected
by their efficacy to dissipate the diffusion potential across the membrane. For this
purpose both zwitterionic PC/Chol (8:1, w/w) and negatively charged PC/PG (1:1 w/w)
(38-40) lipid vesicles were prepared in K buffer (50 mM K,S0,/25 mM HEPES-sulfate,
pH 6.8). Required amounts of the lipid vesicles were mixed with isotonic (K '-free) Na'-
buffer (50 mM Na,SO4/25 mM HEPES-sulfate, pH 6.8) followed by the addition of the
potential sensitive dye diS-Cs-5. Addition of valinomycin created a negative potential
inside the lipid vesicles by the selective efflux of K' ions from the lipid vesicles. As a
result of that a quenching of the fluorescence of the dye occurred. When the dye
exhibited a steady fluorescence level in the presence of lipid vesicles, peptides were
added. Membrane-permeability of the peptide was detected by the increase in
fluorescence, which resulted from the dissipation of diffusion potential. The peptide-
induced dissipation of diffusion potential was measured in terms of percentage of
fluorescence recovery (F;) by the same equation as shown in the previous section of assay
of peptide-induced depolarization of hRBC and bacteria. Here I=the observed
fluorescence after the addition of a peptide at time t (~5 min after the addition of the
peptide), Iy = the fluorescence after the addition valinomycin and If = the total
fluorescence observed before the addition of valinomycin. Excitation and emission
wavelengths of diS-Cs-5 and excitation and emission slits were the same as above.
Detection of calcein release from the calcein-entrapped lipid vesicles:

Peptide-induced calcein release from calcein-entrapped lipid vesicles has been
often employed to detect the pore-forming activity of proteins and peptides. Calcein-
entrapped lipid vesicles were prepared with a self-quenching concentration (60 mM) of
the dye in 10 mM HEPES at pH 7.4 as reported earlier (29, 41). Briefly, thin film of lipid
(PC/PG or PC/Chol) was re-suspended in calcein solution, vortexed for 1-2 min and then
sonicated in a bath-type sonicator. The non-encapsulated calcein was removed from the
liposome suspension by gel filtration using a sephadex G-50 column. Usually lipid
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vesicles get diluted to approximately 10 fold after passing through a G-50 column. The
eluted calcein-entrapped vesicles were further diluted in the same buffer to a final lipid
concentration of ~3.0 uM for the experiment. Peptide-induced release of calcein from
the lipid vesicles was detected by increase in fluorescence due to the dilution of the dye
from its self-quenched concentration. Fluorescence was monitored at room temperature
with excitation and emission wavelengths fixed at 490 and 520 nm respectively. Calcein
release as measured by the fluorescence recovery is defined by the same equation as used
to determine the peptide-induced depolarization of hRBC and bacteria or the dissipation
of diffusion potential in lipid vesicles in the previous sections. However, in this case I,
the total fluorescence, was determined after the addition of triton X-100 (0.1% final
concentration) to the dye-entrapped vesicle suspension. Excitation and emission slits
were fixed 8 and 6 nm respectively.

Circular dichroism experiments: CD spectra of the peptides were recorded in PBS, and in
the presence of 40% TFE (in water v/v) and 1% SDS (in water w/v) by utilizing a Jasco
J-810 spectropolarimeter. The samples were scanned at room temperature (~30° C) in a
capped quartz cuvette of 0.20 cm path length in the wavelength range of 250-195 nm.
The fractional helicities were calculated with the help of mean residue ellipticity values at
222 nm by the following equation (42, 43).

[0] 222 — [0]%22

Where lfé];zz sothe experimentally observed mean residue ellipticity at 222 nm. The
values for [0 2222%1nd [ 1222 that correspond to 100 and 0% helix contents were
considered to have mean residue ellipticity values of —32,000 and —2,000 respectively at
222 nm.

Detection of binding of ANS to peptides:

ANS (~ 20 uM) fluorescence was recorded in the presence of each of the peptides at ~ 47.0 uM
concentration. The excitation wavelength and emission wavelength range for ANS were set at
365 nm and 410-600 nm (44). The excitation and emission slits were fixed at 6 and 4 nm
respectively.

Confocal microscopic Experiments. Localization and binding of the peptides onto the
hRBCs and E. coli DH5a was determined with the help of their Rho-labeled analogs by
employing a Zeiss LSM-510 META confocal microscope using 63x1.4 NA (oil) Plan
apochromate lens. Fresh hRBCs (6% in PBS) as used in peptides’ hemolytic activity
assays were incubated with the same concentration of either Rho-labeled BMAP-27 or
Rho- Mu-1 BMAP-27 and Rho- Mu-4 BMAP-27 for 15 min at 37°C. Cells were washed
and fixed with 2% paraformaldehyde (10 min.) after extensive washing with PBS and
then confocal microscopic images of cells were taken with argon ion laser set for Rho-
excitation at 561 nm. Setting of the photomultiplier was constant during the whole
experiments.

Localization and binding of the peptides onto the bacterial cells was also
examined with the help of Rho-labeled peptides by employing a confocal microscope. E.
coli (~10° CFU/ml) in LB medium were incubated in the absence and presence of Rho
labeled BMAP-27 and its analogs at their MICs for half an hour and then centrifuged,
washed and analysed by the confocal microscope as described above.

Fluorescence energy transfer experiments onto the live cells. FRET experiments were
performed by utilizing the NBD- and Rho-labeled peptides onto the live hRBCs and E.
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coli and analyzed by flow cytometry as reported (45) with the excitation and emission
wavelengths set at 488 and 533 nm respectively for NBD. Equimolar amounts of NBD-
labeled/unlabeled peptide (donor) and Rho-labeled peptide (acceptor) were added to the
hRBCs (~3x 107 cells/ml) and E. coli (~5x10°CFU/ml) and incubated at 37°C for 30 and
10 min. respectively. In FRET experiments fluorescence of a particular kind of cells in
the presence of NBD-labeled peptide (donor) and unlabeled peptide (U) was compared to
the fluorescence of the cells that was recorded in the presence of NBD-labeled peptide
and the corresponding Rho-labeled peptide (acceptor).

The percentage of energy transfer exhibited by a peptide onto a particular cell was
calculated by the following equation.

E= {(FD+U — FD+A)/FD+U} x 100

Where E is the percentage of energy transfer, Fp.y is the fluorescence of the cells
in the presence of NBD-labeled peptide (D) and the unlabeled peptide (U) and Fpia
fluorescence of the cells in the presence of NBD-labeled peptide and the corresponding
Rho-labeled peptide (A).
Confocal microscopic experiments to detect the self-assembly of peptides onto bacteria
and hRBCs:
To analyze the molecular proximity (aggregation) of NBD and Rho labeled peptides onto
live RBCs and E.coli, by confocal microscopy (46-49) these cells were plated on poly-L-
Lysine coated glass surface for adherence. In order to include more number of bacteria in
the experiment of self-assembly of these peptides, E. coli ATCC 10536 was employed in
this experiment. Equimolar amounts of NBD-labeled/unlabeled peptide (donor) and
Rho-labeled peptide (acceptor) were added to the hRBCs (~3x 10" cells/ml) and E. coli
(~5x10°CFU/ml) and incubated at 37°C for 30 and 10 min. respectively and washed
vigorously with PBS. Confocal microscopic images were scanned by using a Zeiss LSM-
510 META confocal microscope using 63x1.4 NA (oil) Plan apochromate lens. Images
were scanned by adjusting offset and voltage gain of NBD (excitation ;488nm) and
Rhodamine (excitation,561nm) fluorescence. The appropriate bandpass was selected to
record images. Pre-bleach NBD and Rho images were collected simultaneously
following excitation at 488 nm for NBD (10.1% for E.coli and 9.1% for RBCs laser
intensity) and at excitaion 561 nm for Rho (8.1% for E.coli% and 7.1% for RBCs laser
intensity). The selected regions of interest were irradiated with the 561-nm laser line
(100% intensity, 100 iterations, using a 488-nm/561-nm dual dichroic mirror) to
photobleach rhodamine. Post-bleach NBD and rhodamine images were collected
simultaneously immediately following photobleaching in line mode. FRET was
measured as an increase in NBD fluorescence intensity following rhodamine
photobleaching. Acceptor photobleaching method was used to assess FRET in NBD and
Rhodamine labeled peptides. Co-localization of NBD and Rhodamine led to yellow
images in the merged images and served as the plausible site to select the ROI (region of
interest) for acceptor photobleaching. Scattered and random sites in a field were chosen
as ROIs for each scan. Imgaes before acceptor photobleaching was recorded as pre-
bleaching control experiment. 100% laser power was endowed for the efficient acceptor
photobleaching. Two scan images after photobleaching was set to record by the
software. FRET efficiency was considered positive when Fluorescence intensity of

Donor postleaching — Fluorescence intensity of Donor prebieaching: Following formula was
utilised to calculate FRET efficiency. FRET efficiency= (Fluorescence intensity of Donor
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postbleaching - Fluorescence intensity of Donor prebieaching) / Fluorescence intensity of Donor
postbleaching) % 100.

RESULTS

Design of BMAP-27 analogs

Phenylalanine zipper sequence has been recently reported in a protein (50), which
possesses phenylalanine residue in place of leucine in the leucine zipper sequence. The
‘a’ and ‘d’ amino acids of leucine or phenylalanine zipper sequences play a crucial role in
the assembly of proteins or peptides by participating in the intermolecular side chain
interactions. Thus the substitution of amino acids at ‘a’ and ‘d’ positions provides a
suitable way to introduce structural changes in the proteins/peptides having these
sequences and also to look into its implications in the functional activity of the
molecules. In order to assess the role of the phenylalanine or leucine zipper sequences,
amino acids at ‘a’ and/or ‘d’ position of these heptads were substituted by alanine (Table-
1). Alanine was chosen since it is known to abrogate the assembly/oligomeric properties
of a protein when it is placed instead of a leucine/isoleucine at the ‘a’ and/or ‘d’ position
of the heptads. Moreover, since it is a hydrophobic amino acid, amphipathic properties
of the original peptide is maintained to a large extent. Among the designed analogs, the
first two possess single phenylalanine or leucine residue substituted by alanine whilst in
the other two analogs, two phenylalanine/leucine residues in ‘a’ and ‘a’ or ‘d’ positions
were replaced by two alanine residues.
BMAP-27 and its analogs exhibited similar and appreciable antibacterial activity
In order to determine the antibacterial activity of BMAP-27 and its analogs peptides were
tested for growth inhibiting activity in liquid cultures against Gram-positive and Gram-
negative bacteria. Tetracycline was used as a positive control. Interestingly, the
antibacterial activities of alanine-substituted analogs were close to that of BMAP-27
(Table-2). The results showed that the antibacterial activity of BMAP-27 was almost
intact after the substitution of leucine/phenylalanine residue(s) by alanine residue(s) in its
‘a’ and/or ‘d’ position of leucine/phenylalanine zipper sequence. Antibacterial activities
of these peptides were evaluated against one Gram positive (B. subtilis ATCC 6633) and
one Gram-negative (E. Coli ATCC 10536) bacteria in the presence of serum. BMAP-27
and its analogs showed comparable bactericidal activity against these selected bacteria in
the presence of serum (Supplementary Table-1). However, the MIC values of the
peptides in the presence of serum against E. Coli ATCC 10536 were around double to
that in the absence of serum while the MIC values against B. subtilis ATCC 6633 in the
presence of serum were almost four times to that in the absence of serum. The data
indicated that serum proteins inhibited the anti-bacterial activity of BMAP-27 and its
analogs against these selected bacteria to varying degree. Furthermore, bactericidal
activities of these Rho-labeled peptides were assayed against the selected Gram-positive
and Gram-negative bacteria (Supplementary Figure-1), which suggested that Rho-
labeling did not significantly affect the activity of BMAP-27 and its analogs.
Alteration of cytotoxic activity of BMAP-27 after substitution of phenylalanine/leucine by
alanine at ‘a’ and/or “‘d’ position of phenylalanine/leucine zipper sequence
Cytotoxic activity of BMAP-27 and its analogs was determined by measuring their
hemolytic activity against the human red blood cells and the viability of murine 3T3 cells
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in their presence. BMAP-27 exhibited the maximum hemolytic activity against hRBCs
(Figure 1A). However, the hemolytic activity drastically reduced in the BMAP-27
analogs in which single or double phenylalanine/leucine residue(s) was replaced by
alanine residue(s). Thus the data clearly suggested that these phenylalanine or leucine
residues at the ‘a’ and/or ‘d’ position of the BMAP-27 heptads play a crucial role in
maintaining the hemolytic activity of the peptide.

The viability of 3T3 cells in the presence of BMAP-27 and its analogs was
detected by measuring the mitochondrial dehydrogenese activity of these cells by MTT
assay. 3T3 cells were least viable in presence of BMAP-27 as compared to the other
peptides indicating higher cytotoxicity of the wild type peptide than its analogs. Thus the
designed analogs with substitution of phenylalanine/leucine in the phenylalanine /leucine
zipper sequences exhibited a similar trend in the reduction of cytotoxicity against the 3T3
cells (Figure 1B) as was observed in case of determining their hemolytic activity against
the hRBCs. The results thus suggested that the substitution of phenylalanine/leucine at
‘a’ and/or ‘d’ position in the phenylalanine or leucine zipper sequence not only altered
the toxic activity of BMAP-27 against the hRBCs but also against the mouse fibroblast
3T3 cells probably implicating a role of these sequences in maintaining cytotoxic activity
of this antimicrobial peptide. Altogether the data indicated a possible role of both leucine
and phenylalanine zipper sequences in the cytotoxic activity of BMAP-27.

Unlike BMAP-27 its analogs selectively damaged the membrane organization of bacteria
but not the mammalian cells

The changes in membrane organization of murine fibroblasts 3T3 cells and bacteria, E.
coli in the presence of BMAP-27 and its analogs was probed by incubating the peptide-
treated cells with the DNA intercalating dye propidium iodide (PI). PI is impermeable to
normal viable cells and it can enter only into those cells and interact with their DNA
whose membranes are damaged. PI staining of 3T3 cells following the treatment of the
peptides showed that BMAP-27 damaged the membrane organization of these cells to the
highest extent, while its analogs were appreciably less active (Figure 2).

However, interesting results were obtained when E. coli cells were stained with PI
following the treatment of BMAP-27 and its alanine substituted analogs. Unlike in case
of PI staining of 3T3 cells after the treatment of the peptides, E. coli cells treated with
either BMAP-27 (3.5 uM) or its analogs showed an almost similar shift (~80%) of the
dots to the upper right side (Figure 3) indicating a similar damage of membrane
organization of the bacteria by each of these peptides. The data suggested that the
substitution of phenylalanine and leucine by alanine in the phenylalanine and leucine
zipper motifs respectively impaired the ability of BMAP-27 only to damage the
membrane organization of 3T3 cells but not bacteria, E. coli. Furthermore, peptide-
induced membrane damage of E. Coli ATCC 10536 was studied in the presence of the
NBD-labeled BMAP-27 and its selected alanine substituted analog and compared it with
the damage induced by their unlabeled versions (Supplementary Figure-1). The results
indicated that no significant difference was observed between the membrane damage
caused by the unlabeled peptide and the corresponding unlabeled version.

Contrasting differences between BMAP-27 and its analogs in depolarizing hRBCs while
these peptides depolarized E. coli to a similar extent

Membrane depolarization of bacterium, E. coli and mammalian cell, hRBCs was
determined in the presence of BMAP-27 and its analogs in order to understand the
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possible mode of action and the molecular basis of their contrasting cytotoxic activity but
very similar antibacterial activity. BMAP-27 and its analogs induced depolarization of E.
coli and hRBCs membrane was determined with the help of a potential sensitive dye diS-
Cs-5. Depolarization of each of these cell membranes in the presence of BMAP-27 and
its analogs was measured with respect to fluorescence recovery induced by these peptides
at different concentrations as described in Materials & Methods section. BMAP-27 and
its analogs induced very similar membrane depolarization in E. coli (Figure 4A) as
indicated by the similar fluorescence recovery induced by these peptides. However, onto
human red blood cells alanine substituted analogs of BMAP-27 induced significantly
lower membrane depolarization than that of wild type BMAP-27 (Figure 4B). Thus the
results indicated that although the substitution of leucine or phenylalanine by alanine had
almost negligible effect toward the peptide-induced depolarization in E. coli it
significantly impaired the BMAP-27 induced depolarization of hRBC membrane.
Differences between BMAP-27 and its analogs in permeabilizing the zwitterionic lipid
vesicles but not in negatively charged lipid vesicles

Often lipid vesicles with zwitterionic (like PC/Chol) and negatively charged lipids (like
PE/PG or PC/PG) are employed to mimic the eukaryotic and prokaryotic cell membrane
respectively. Therefore, to understand the basis of differences and similarities in BMAP-
27 and its alanine-substituted analogs induced depolarization of hRBCs, and bacteria
respectively, permeabilization of both zwitterionic PC/Chol and negatively charged
PC/PG in the presence of these peptides was examined by measuring the peptides
induced depolarization of these lipid vesicles as depicted in the Materials and Methods.
Increase in fluorescence of the probe, which resulted from the dissipation of diffusion
potential across the membrane indicated the peptide-induced permeability of a particular
kind of lipid vesicles. Panel A of Figure 5 shows experimental profiles of depolarization
of PC/Chol vesicles by BMAP-27 and its analogs at a particular peptide concentration
while the plot of fluorescence recovery, which is a measure of peptide-induced
permeabilization of these lipid vesicles vs peptide concentration has been presented in
Panel C Figure 5. It is evident from the fluorescence enhancement of the probe following
the addition of the peptides that wild type BMAP-27 appreciably permeabilized PC/Chol
vesicles. However, all the single and double alanine substituted analogs were
significantly less active than the wild type molecule clearly suggesting that alanine
substitution significantly impaired the ability of BMAP-27 to permeabilize the
zwitterionic lipid vesicles. Interestingly, contrasting results were observed when the
depolarization of negatively charged lipid vesicles was measured in the presence of these
peptides. As evident from the representative fluorescence profiles at a particular peptide
concentration (Panel B, Figure 5) and the plot of fluorescence recovery vs peptide
concentrations (Panel D), BMAP-27 and its analogs possess significant and almost
similar efficacy to permeabilize the PC/PG lipid vesicles.

In order to further characterize BMAP-27 and its analogs induced permeability of
zwitterionic and negatively charged lipid vesicles, release of calcein from calcein-
entrapped both kinds of lipid vesicles in the presence of these peptides were examined.
BMAP-27 appreciably induced release of calcein from calcein-entrapped both
zwitterionic PC/Chol and negatively charged PC/PG lipid vesicles as evidenced by the
representative calcein release profiles (Supplementary Figure 2A and B) and plot of
fluorescence recovery data (Supplementary Figure —2C and D). On the other hand,
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alanine-substituted BMAP-27 analogs were as efficient as the wild type molecule in
releasing calcein from calcein entrapped PC/PG lipid vesicles (profiles at a particular
concentration, Supplementary Figure-2B; fluorescence recovery plot, Supplementary
Figure-2D). However, similar to membrane depolarization study these analogs induced
the release of calcein from zwitterionic PC/Chol vesicles to a much lesser extent than to
BMAP-27 (calcein release profiles, Supplementary Figure-2A-; fluorescence recovery
plot, Supplementary Figure-2C). Altogether the results of membrane-depolarization and
calcein release from calcein-entrapped lipid vesicles indicated that the alanine-substituted
BMAP-27 analogs induced reduced permeabilization only in zwitterionic lipid vesicles
but not in the negatively charged lipid vesicles.

Induction of alpha helical structure of BMAP-27 and its analogs in the membrane
mimetic environments

Circular dichroism (CD) experiments were performed to study the secondary structures
of BMAP-27 and its analogs in aqueous environment (phosphate buffered saline, PBS,
pH 7.4) and in the membrane mimetic environments like SDS micelles and 40% TFE
(v/v in water). The peptides did not adopt significant helical structures in PBS (data not
presented). However, both in 40% TFE and 1% SDS BMAP-27 and its analogs adopted
appreciable helical structures as evident from the shape of the spectra (Figure 6).
Considering the mean residue ellipticity values at 222 nm it appears that in 40% TFE
BMAP-27 and it analogs adopted 30-45% helical structures whereas in 1% SDS the
peptides showed 33-43% helicity.

Significant difference in ANS fluorescence of BMAP-27 and its analogs

ANS is a hydrophobic fluorescent probe, which is practically non-fluorescent in aqueous
environment. However, in hydrophobic environment its fluorescence enhances
significantly with shift of emission maximum to shorter wavelength. Self-association of
BMAP-27 and its analogs in aqueous environment was probed by ANS as reported
earlier (44). In PBS ANS showed negligible fluorescence. However, in the presence of
BMAP-27, fluorescence of ANS increased significantly with emission maximum at
shorter wavelength at ~485 nm, indicative of binding of the probe to the hydrophobic
peptide environment probably resulted by the aggregation of the peptide (Supplementary
Figure-3). Interestingly, a totally distinct result was observed when ANS fluorescence
was recorded in the presence of BMAP-27 analogs. Single and double alanine
substituted BMAP-27 analogs induced much lesser enhancement of ANS fluorescence
and lesser shift of its emission maximum (~500.5 nm) toward the shorter wavelength as
compared to that observed for the parent molecule (Supplementary Figure-3). The data
clearly indicated that BMAP-27 was much more self-aggregated than its alanine
substituted analogs in aqueous environment. In other words, substitution of leucine and
phynylalanine by alanine in the corresponding zipper sequences disturbed the self-
association of BMAP-27. Interestingly, a scrambled BMAP-27 analog (SCR-BMAP-27)
having the same amino acid composition as BMAP-27 with only minor alteration in the
zipper sequences also induced lesser shift towards shorter wavelength (emission
maximum, ~494 nm) and significantly lesser enhancement of fluorescence of ANS than
that in the presence of BMAP-27, suggesting a possible role of these zipper sequences in
the self-association of BMAP-27 in aqueous environment.

Contrasting localization of BMAP-27 and its analogs onto hRBC cells but not in bacteria
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The effect of substitution of leucine/phenylalanine by alanine in the
leucine/phenylalanine zipper sequence of BMAP-27 on its localization onto hRBCs was
studied (left hand side, Figure 7) by confocal microscopic technique. Bright red
fluorescence of Rho-BMAP-27 was observed onto the hRBCs indicating strong binding
of BMAP-27 molecules to these cells. However, the hRBCs after incubation with Rho-
Mu-1 BMAP-27 showed much weaker fluorescence and the cells after treatment with
Rho-Mu-4 BMAP-27 exhibited the least fluorescence. The data clearly suggested that
substitution of phenylalanine and leucine residue(s) by alanine residue(s) in the BMAP-
27 heptad progressively disturbed the binding and localization of the molecule onto the
human red blood cells.

Interestingly, while looking at the localization of these peptides onto the bacteria,
strong red fluorescence of Rho-BMAP-27 as well as its Rho-labeled alanine-substituted
analogs was observed onto the E. coli cells (right hand side, (Figure 7). Thus confocal
microscopic studies showed a similar binding and localization of BMAP-27 and its
analogs onto bacteria when treated at ~70% of the MIC concentrations. Moreover, when
confocal microscopic images of E. coli were recorded after treatment with the Rho-
labeled peptides at MIC concentrations a damage of the bacterial cell membrane with
change in their morphology was observed. The data clearly indicated that these peptides
targeted the bacterial membrane and further suggested that Rho-labeling did not disturb
the activity of these peptides against the bacteria. Taken together confocal microscopic
studies revealed that the substitution of leucine/phenylalanine by alanine in the
leucine/phenylalanine zipper sequence had significant effect on the binding and
localization of BMAP-27 onto the hRBC cells although it had negligible influence on the
localization of the peptide onto E. coli cells.

Alanine substituted BMAP-27 analogs adopted weaker assembly onto hRBCs while they
assembled as good as BMAP-27 onto E. coli

The role of assembly of antimicrobial peptides onto bacteria and mammalian cells in
determining their antibacterial and cytotoxic activities is not well understood. Toward
this end the assembly of BMAP-27 and its selected analogs onto the live hRBCs and E.
coli was examined with the help of fluorescence resonance energy transfer experiments
by employing NBD- and Rho-labeled version of the peptides as energy donors and
acceptors respectively. Fluorescence of E. coli and hRBCs in the presence of different
fluorescent-labeled peptides was measured by a flow cytometer. NBD-BMAP-27
appreciably bound to the hRBCs as indicated by the significant fluorescence levels (X-
axis value) of these cells (Figure 8) when incubated with the labeled peptide. However,
when Rho-labeled BMAP-27 was added to NBD-BMAP-27-bound hRBCs, appreciable
energy transfer was observed as evidenced by the decrease in NBD-fluorescence of these
cells (the shift of fluorescence peak toward left hand side, lower value). Thus the data
suggested that BMAP-27 self-assembled onto the hRBC cells (Figure 8). In contrast, the
binding of both the NBD-labeled alanine-substituted analogs, Mu-1 BMAP-27 and Mu-4
BMAP-27 was appreciably weaker than the wild type BMAP-27 as indicated by the less
intense fluorescence level (the X-axis value) of the cells in their presence. Furthermore,
the decrease in NBD fluorescence of the hRBCs when these unlabeled BMAP-27 analogs
were replaced by their Rho-labeled version was less than that observed in case of the wild
type NBD-BMAP-27 indicating a weaker energy transfer events between the donor and
acceptor labeled BMAP-27 analogs as compared to that of wild type BMAP-27. Thus
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the results indicated that the alanine substituted BMAP-27 analogs did not self-assemble
appreciably onto live hRBC cells unlike their parent molecule. Interestingly, when the
assembly of BMAP-27 and its two selected analogs was examined onto live E. coli in a
similar way by fluorescence energy transfer experiments both BMAP-27 and its alanine
substituted analogs showed appreciable and comparable self-assembly onto the bacteria
(right hand side, Figure 8). This is evidenced from the observation that for all three
peptides, the NBD-fluorescence of E. coli cells decreased appreciably following the
addition of the corresponding Rho-labeled peptide in place of the respective unlabeled
peptide. A quantitative analysis of these FRET experiments was performed by utilizing
the mean fluorescence of the cells in the presence of NBD-labeled and the corresponding
unlabeled peptide (Fp.y) and the mean fluorescence of the cells in the presence of NBD-
and Rho-labeled peptides (Fpia), described in the Materials & Methods. As shown in
Figure-8G BMAP-27 showed an energy transfer of ~31% onto hRBCs whereas the
selected analogs (Mu-1 BMAP-27 and Mu-4 BMAP-27) showed only 4 and 2% energy
transfer onto the same cells indicating a significant difference between the wild type and
mutant peptides in their self-assembly onto hRBCs. In contrast, all three peptides
showed appreciable and very similar energy transfer (~55%) suggesting that all these
peptides self-assembled to a similar extent onto E. coli unlike in case of hRBCs.
Self-assembly of BMAP-27 and its analogs was further probed by confocal
microscopic studies (46, 47) by looking at the enhancement of donor (NBD-labeled
peptide) fluorescence as a result of photobleaching of the acceptor molecule
(corresponding Rho-labeled peptide) onto E. coli and hRBCs (Supplementary Figure-4).
A significant increase in the NBD fluorescence at the site of acceptor photobleaching was
observed for both BMAP-27 and its analogs onto E. coli(Supplementary Figure-4A and
B). The data clearly indicated energy transfer between NBD and Rho-labeled BMAP-27
as well as its analogs resulting from the self-assembly of these individual peptide
molecules onto E. coli. However, similar energy transfer experiments onto hRBCs
revealed self-association of only wild type BMAP-27 (Supplementary Figure-4C and D).
BMAP-27 analogs bound very weakly to hRBCs and did not self-assemble appreciably
onto hRBCs (Supplementary Figure-4C and D). Altogether confocal microscopic studies
supported the trend of FRET experiments data by flow cytometry onto the live E. coli and
hRBCs.
DISCUSSION:

The results showed the identification and characterization of a small stretch of
phenylalanine and a leucine zipper sequence at the N- and C-terminal of a long heptad
repeat in bovine antimicrobial peptide BMAP-27. It is evident from the data that the
substitution of either phenylalanine or leucine at the ‘a’ and/or ‘d’ position of
phenylalanine or leucine zipper sequences severely reduced the toxic activity of BMAP-
27 without affecting its antimicrobial activity. The results clearly suggested the role of
these sequences in maintaining the cytotoxic activity of cathelicidin-derived bovine
antimicrobial peptides BMAP-27. A decrease in bactericidal activity of BMAP-27 and
its analogs against the selected bacteria in the presence of serum (Supplementary Table-
1) indicated an interference by plasma proteins toward the antimicrobial activity of the
peptides as was also observed in case LL-37 (51). Labeled peptides retained the
antibacterial activity against the bacteria and also damaged their membrane organization
like their unlabeled versions suggesting that labeling of BMAP-27 and its analogs did not
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disturb their functional activities (Supplementary Figure-1). In order to explore further
evidence on the role of these zipper sequences on maintaining cytotoxicity of BMAP-27,
a scrambled BMAP-27 analog (SCR-BMAP-27) was designed which possess the same
amino acid composition as the original peptide except minor alteration in the zipper
sequence (Supplementary Figure-5). The positions of polar and charged residues in this
analog were the same as in the wild type peptide. Since SCR-BMAP-27 possesses the
same amino acid composition as the wild type peptide and only the positions of the
hydrophobic amino acids were interchanged with each other to include a minor
modification in the leucine and phenylalanine zipper sequences, this analog retains the
amphipathic properties of BMAP-27. Helical wheels of BMAP-27, SCR-BMAP-27 and
a double alanine substituted analog (Mu-3 BMAP-27) are shown in Supplementary
Figure-5. However, despite having the same amino acid composition as BMAP-27,
SCR-BMAP-27 showed drastically reduced hemolytic activity against hRBCs and
cytotoxicity against 3T3 cells (Supplementary Figure -5) confirming the crucial role of
the leucine and phenylalanine zipper sequences in maintaining the cytotoxicity of
BMAP-27. Yet SCR-BMAP-27 exhibited comparable antibacterial activity to BMAP-27
or its analogs. This peptide damaged the membrane organization of E. coli but not of
3T3 cells (Supplementary Figure-5).

Hydrophobicity of antimicrobial peptides is often utilized to explain the hemolytic
activity of the antimicrobial peptides, which is a measure of their cytotoxicity. However,
the molecular basis of reduction in toxicity of an antimicrobial peptide as a result of
decrease in its hydrophobicity is not well known. The substitution of single and double
leucine or phenylalanine residue(s) by single or double alanine residue(s) will not
drastically reduce the hydrophobicity of the twenty seven-residue BMAP-27. However,
even after single amino acid substitution a drastic reduction in hemolytic activity of
BMAP-27 was observed; practically all the single or double alanine-substituted BMAP-
27 analogs showed no detectable hemolytic activity (Figure 1) up to ~ 50 uM peptide
concentration used for this experiment. The results clearly suggest that the decrease in
hydrophobicity of BMAP-27 as a result of these amino acid substitutions cannot alone
explain the severely reduced toxicity of BMAP-analogs. The hemolytic activity data of
SCR-BMAP-27 confirms that just maintaining the composition or hydrophobicity or
amphipathic property is not enough to preserve the cytotoxicity of BMAP-27.

The possible mechanism of action of BMAP-27 and its analogs to kill the
microorganisms and mammalian cells was studied by directly looking into the ability of
the peptides to depolarize these cells. BMAP-27 depolarized both hRBC and E. coli with
significant efficacy, which also matched with its non-cell-selective both hemolytic and
antibacterial activities. All the alanine-substituted analogs also induced appreciable
permeability in the bacteria, which was comparable to that of the wild type BMAP-27.
Interestingly, the substitution of phenylalanine or leucine at the ‘a’ and/or ‘d’ position of
the phenylalanine or leucine zipper sequences drastically reduced the BMAP-27-induced
depolarization of hRBCs, which probably points out toward the basis of decrease in toxic
activity of BMAP-27 analogs against the hRBCs. Propidium iodide (PI) staining of 3T3
and bacterial cells after the treatment of BMAP-27 and its analogs support the peptide-
induced killing and depolarization of these cells.

The flow cytometric studies of PI staining (Figures 2 and 3) and peptide-induced
depolarization of E. coli and hRBCs (Figure 4) indicate that probably BMAP-27
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primarily interact with the membrane of the target cells in order to exhibit cytotoxic and
antibacterial activities and peptide-induced permeabilization of the target cells is the key
event associated with the killing of these cells. Furthermore, the observation of damage
of the cell membrane and change in morphology by confocal microscopic studies of E.
coli at MIC of BMAP-27 (Figure 7) and its analogs supported that these peptides could
target the cell membrane of bacteria to exhibit their antibacterial activity. The ability of
BMAP-27 to bind and localize onto the cell membrane of both mammalian and bacterial
cells probably assists in the permeabilization of both kinds of cell membrane. That
substitution of leucine/phenylalanine by alanine impaired the localization of BMAP-27
onto the hRBCs, could contribute in the weak permeability of these cells in the presence
of BMAP-27 analogs. The similarities of the results of the membrane permeability
studies of selected mammalian cells and bacteria (Figure 4) with the corresponding
mimetic lipid vesicles (Figure 5, Supplementary Figure-2) probably indicate a key role of
lipid-peptide interaction in determining the activity of BMAP-27 and its analogs.
Circular dichroism studies (Figure 6) indicated both BMAP-27 and its analogs adopted
appreciable helical structures in membrane mimetic environments. Nevertheless
differences between BMAP-27 and its analogs in their self-assembly onto hRBCs but not
E. coli was observed (Figure 8, Supplementary Figure-4), which could significantly
contribute in the distinct nature of peptide-induced permeability of the mammalian cells
and bacteria. However, the exact stage of interaction of BMAP-27 or its analogs with
bacterial membrane at which the peptides self-assemble onto bacteria is unclear. We
cannot rule out a possibility that these peptide molecule first bind onto the surface of
bacteria like carpet and then self-assemble with the neighboring molecules in course of
disrupting the bacterial membrane.

Altogether, the data suggest that the substitution of leucine/phenylalanine by
alanine at the leucine or phenylalanine zipper sequence of BMAP-27 impaired the
localization and assembly of the peptide onto the hRBCs, which could contribute in
impairing the ability of BMAP-27 to permeabilize these cells and probably therefore its
analogs exhibited weak hemolytic activities. In contrast, both BMAP-27 and its analogs
showed similar binding, localization and assembly onto E. coli, which probably resulted
in their similar ability to depolarize the bacteria and thus the peptides exhibited similar
lytic activity against the bacteria. Interesting differences were observed between BMAP-
27 and its alanine substituted analogs in their self-assembly in aqueous PBS. ANS
binding (Supplementary Figure-3) clearly demonstrated that BMAP-27 was significantly
more aggregated than its analogs supporting the role of these zipper sequences in the
assembly of a peptide in aqueous environment as already shown by others for
proteins/peptides. Moreover, that more aggregated peptide is more toxic than the less
aggregated peptide in aqueous environment showed similarity with previous studies (26,
27, 52).

The molecular basis of assembly of alanine-substituted analogs of BMAP-27 onto
bacteria is not well understood. The primary difference between the outer membrane of
mammalian cell and that of bacterial membrane is that the former contains zwitterionic
lipids and is electrically neutral while the latter is negatively charged due to presence of
LPS/lipoteichoic acid and negatively charged lipids. We speculate that the hydrophobic
interaction between the adjacent leucine and phenylalanine residues of the leucine and
phenylalanine zipper sequence of BMAP-27 is very crucial for maintaining self-assembly
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of the peptide onto the mammalian cell membrane. Since BMAP-27 is highly positively
charged (8 positive charges at physiological pH) the peptide molecules could be attracted
to the bacterial membrane. Probably, at some peptide concentration onto the bacterial
membrane surface they can come close to each other and self-assemble. Probably, the
electrostatic interaction between the cationic residues of the peptides and the negative
charge of the bacterial membrane compensate the loss of hydrophobic interaction
between the leucine residues and aromatic phenylalanine residues.

The results of reduction in hemolytic activity of BMAP-27 showed remarkable
similarity with our previously reported results on the hemolytic activity of alanine-
substituted analogs of melittin and LZP peptide (26, 27). Besides, hemolytic activity,
cytotoxic activity of BMAP-27 and its analogs was checked against murine 3T3 cells by
MTT assay, which also showed appreciable decrease after the substitution of
phenylalanine or leucine by alanine in the phenylalanine and leucine zipper sequence of
BMAP-27. Collectively, the data indicated towards a general role of these heptad repeat
sequences in maintaining the toxic activity of the antimicrobial peptides containing these
sequence elements. One of the salient features of the BMAP-27 sequence is the presence
of a phenylalanine zipper sequence. The results presented here demonstrated that the
phenylalanine zipper sequence also plays a similar role as the leucine zipper sequence in
the assembly of BMAP-27 onto hRBCs. A previous study showed that 21-residue
alanine, lysine and phenylalanine rich peptides containing phenylalanine zipper sequence
self-assembled in aqueous environment and exhibited toxicity against 3T3 cells (44). A
magainin variant, MSI-78 containing a phenylalanine zipper was reported to form dimer
in DPC micelle by NMR study (53). However, permeabilization of mammalian cells and
bacteria or assembly and localization of these peptides onto any of the cells are not
known to our knowledge.

In summary taking into the consideration of the previous results, it appears that
leucine or phenylalanine zipper sequence elements play a predominant role in
maintaining the cytotoxic activity of BMAP-27 against the mammalian cells. Thus the
presence of leucine/phenylalanine zipper sequence or probably a heptad repeat in general
provides a convenient way of incorporating a minor amino acid substitution to design
peptides with selective lytic activity against microorganisms.
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SUPPORTING INFORMATION AVAILABLE:

Antibacterial activity of BMAP-27 and its analogs against a Gram positive and a Gram
negative bacteria was examined in the presence of serum (Supplementary Table-1). The
data show a varying degree of inhibition of bactericidal activity of the peptides by the
plasma proteins present in the serum. Activity of labeled peptides was determined to
check whether labeling of BMAP-27 and its analogs by fluorescent probes disturbed their
functional property or not. Panel A to G (Supplementary Figure-1) show that E. coli.
ATCC 10536 bound to NBD-labeled peptides were also stained by PI, which was
comparable to the staining of bacteria by their unlabeled versions. Panel H shows that
rhodamine labeling of BMAP-27 and its analogs did not have significant effect on their
bactericidal activities. Pore-forming property of BMAP-27 and its analogs was
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determined by monitoring the peptides-induced release of calcein from calcein-entrapped
zwitterionic (PC/Chol) and negatively charged (PC/PG) lipid vesicles (Supplementary
Figure-2). ANS binding of peptides indicated that BMAP-27 was more aggregated in
aqueous environment than its analogs ((Supplementary Figure-3). Self-assembly of
BMAP-27 and its selected analogs onto bacteria and hRBCs was examined by confocal
microscopic studies with the help of photobleaching of acceptor molecules
((Supplementary Figure-4). BMAP-27 as well as its analogs self-assembled onto
bacteria. However, BMAP-27 analogs did not bind or self-assemble appreciably to
hRBCs. Amino acid sequence of a BMAP-27 analogs, which possesses the same amino
acid composition as the parent molecule with only minor amino acid modification in the
zipper sequences has been shown in Supplementary Figure-5 along with its bactericidal,
cytotoxic activities. Furthermore, the ability of this analog (SCR-BMAP-27) to induce
damages in membrane organization of bacteria and mammalian cell was studied
[Supplementary Figure-5 (5)]. The supporting information are accessed free of charge
online at http://pubs.acs.org . These materials are available free of charge via the Internet
at http://pubs.acs.org.
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Table-1: Amino acid sequences of BMAP-27 and its analogs

Peptides Amino acid sequences (X=H, NBD or Rhodamine)
(Amino acids at ‘a’ and ‘d’ positions are bold and substituted amino acids are boldface and
underlined)
fgabcde fgabcdefgabcde fga bc
BMAP-27 X-NH-GRFKRFRKKFKKLFKKLSPVIPLLHL CONH,
Mu-1BMAP-27 | X-NH-GRFKRFRKKAKKLFKKLSPVIPLL HL -CONH,
Mu-2BMAP-27 | X-NH-GRFKRFRKKFK KLFKKASPV IPLL HL -CONH,
Mu-3BMAP-27 | X-NH-GRAKRFRKKAKK LFKKLSPVIPLLHL-CONH,
Mu-4 BMAP-27 | X-NH-G R F RFRKKFKKAFKKASPVIPLLH L -CONH,
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Table-2: Antibacterial activity of BMAP-27 and its analogs

Minimal inhibitory concentration (MIC) in uM

Peptides / S.aureus ATCC | B. subtilis ATCC | E.coli DH5« E. Coli ATCC
antibiotic 9144 6633 10536
BMAP-27 2.7£0.8 2.6 £0.7 2.8+£0.6 3.2+0.9
Mu-1 BMAP-27 2.8+0.8 2.7+£0.7 29+0.6 3.2+0.9
Mu-2 BMAP-27 2.8+0.8 2.7+£0.7 29+0.6 29+0.9
Mu-3 BMAP-27 2.7+0.8 2.8+0.7 29+0.8 29+0.9
Mu-4 BMAP-27 2.7+£0.8 29+0.7 29+0.6 2.7+£0.9
Tetracycline 1.0£0.2 1.0£0.2 1.2+0.2 1.2+0.9

MIC values are the mean of three independent experiments each performed in duplicate

+SD.
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Figure Legends:

Figure-1: The decrease in toxic activity of the BMAP-27 against hRBC and murine 3T3
cells after substitution of leucine/phenylalanine residues at ‘a’ and/or ‘d’ position by
alanine. (A), Dose-dependent hemolytic activity assay of the BMAP-27, solid square;
Mu-1 BMAP-27, solid circle; Mu-2 BMAP-27, open circle; Mu-3 BMAP-27, solid
triangle; and Mu-4 BMAP-27, open triangle. (B), Dose-dependent MTT assay of 3T3
cells in the presence of BMAP-27, solid square; Mu-1 BMAP-27, solid circle; Mu-2
BMAP-27, open circle; Mu-3 BMAP-27, solid triangle; and Mu-4 BMAP-27, open
triangle. Each point represents the mean result of three independent experiments and
error bar indicates SD.

Figure-2: Determination of peptide-induced membrane damage of Murine 3T3 cells by
flow cytometric studies. Panels A to F show the PI staining of Murine 3T3 cells without
any peptide treatment and treated with ~10.0 uM of BMAP-27, Mu-1 BMAP-27, Mu-2
BMAP-27, Mu-3 BMAP-27 and Mu-4 BMAP-27 respectively. On Y axis, FSC-Height
is forward scattered height which shows the distribution of the cells. In X axis, FL2-
Height means fluorescence recorded by fluorescent filter 2 (red channel). 10,000 events
were counted for each experiment.

Figure 3: Determination of peptide-induced membrane damage of E. coli cells by flow
cytometric studies. Panels A to F show the PI staining of E. coli cells without any
peptide treatment and treated with ~3.5 uM of BMAP-27, Mu-1 BMAP-27, Mu-2
BMAP-27, Mu-3 BMAP-27 and Mu-4 BMAP-27 respectively. On Y axis, FSC-Height

(H) means forward scattered height which shows the distribution of the cells. In X axis,
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FL2-Height means fluorescence recorded by fluorescent filter 2 (red channel). 10,000
events were counted for each experiment.

Figure-4: Dose-dependent peptide-induced transmembrane depolarization of E. coli and
hRBC. (A) and (B) show the plot of the percentage of fluorescence recovery, which is a
measure of transmembrane depolarization, vs. peptide concentration in uM of E. coli and
hRBCs respectively. Symbols: solid square, BMAP-27; solid circle, Mu-1 BMAP-27,
open circle, Mu-2 BMAP-27, solid triangle, Mu-3 BMAP-27 and open triangle, Mu-4
BMAP-27. Each point represents the mean result of three independent experiments and
error bar indicates SD.

Figure-5: Permeabilization of zwitterionic and negatively charged lipid vesicles by
BMAP-27 and its analogs as studied by the dissipation of diffusion potentials induced by
the individual peptides. Panel A: shows the profiles of dissipation of diffusion potential
of zwitterionic PC/Chol lipid vesicles in the presence of BMAP-27 and its analogs with
peptide concentration for each of the peptides at ~6.1 uM. Panel B shows the profiles of
dissipation of diffusion potential of negatively charged PC/PG lipid vesicles induced by
BMAP-27 and its analogs with peptide concentration for each of the peptides at ~4.6 uM.
Symbols for panels A and B are: BMAP-27, solid; Mu-1 BMAP-27, dash; Mu2 BMAP-
27, dot; Mu-3 BMAP-27, dash dot and Mu-4 BMAP-27, dash dot dot line respectively.
Panels C and D show the column plots of fluorescence recovery induced by BMAP-27
and its analogs in PC/Chol and PC/PG lipid vesicles respectively. All the peptides were
employed at equal but five different concentrations as marked in the X-axis of the plots.
The columns a, b, ¢, d and e represent BMAP-27, Mu-1 BMAP-27, Mu-2 BMAP-27,

Mu-3 BMAP-27 and Mu-4 BMAP-27 respectively. Concentration of PC/Chol and
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PC/PG lipid vesicles was 68 uM. Each point represents the mean result of three
independent experiments and error bar indicates SD.
Figure-6: Determination of secondary structures of 21.0 uM of BMAP-27 and its analogs
in the presence of 40% TFE (in water, v/v) (A) and 1% SDS (B). Symbols are: BMAP-
27, solid; Mu-1 BMAP-27, dash; Mu2 BMAP-27, dot; Mu-3 BMAP-27, dash dot and
Mu-4 BMAP-27, dash dot dot.
Figure-7: Detection of localization of the Rho-labeled BMAP-27, Rho-labeled Mu-1
BMAP-27 and Rho-labeled Mu-4 BMAP-27 onto hRBCs and E.coli DH5a by confocal
microscopy. Each cell type has been marked on top of the figure and Rho-labeled
peptides, BMAP-27; Mu-1 BMAP-27 (in short Mu-1) and Rho-labeled Mu-4 BMAP-27
(in short Mu-4) that have been used to treat the cells are shown on the left hand side. For
each of peptide treatment fluorescence and DIC images of each cell type have been
shown. Peptide concentration of each of the Rho-labeled peptides for treatment with
hRBCs was ~12 uM whereas for treatment with E. coli at < MIC was ~ 2.0 uM and at
MIC was ~ 3.0 uM. hRBCs were plated on poly-L-lysine coated slide and incubated
with Rhodamine labeled peptides for 15 min in PBS. Afterward cells were fixed in 2%
paraformaldehyde (10 min.) and washed extensively with PBS. Before confocal
scanning (Oil immersion, 63x, crop size: 2) slides were mounted with 80% glycerol
containing antifade.

Similarly, log phase E. coli were incubated with Rhodamine labeled peptides for
15 min at different concentration (MIC and 70% of MIC) and placed on Poly-L-lysine

coated slides. Afterward cells were fixed with 2% paraformaldehyd (10 min.) and washed
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extensively. Before confocal scanning (oil immersion,63X, crop size:2) sample were
mounted with 80% glycerol containing antifade.

Figure 8: Detection of self-assembly of the BMAP-27, Mu-1 BMAP-27 and Mu-4
BMAP-27. onto the E. coli and hRBCs cells by FRET experiments with the help of flow
cytometry. Equimolar amounts of donor- (NBD) labeled peptides (D) and either the
corresponding unlabeled peptide (U) or acceptor- (Rho) labeled peptide (A) incubated
with hRBCs [(A) to (C)] and E. coli cells (D) to (F) at 37°C and then analyzed by flow
cytometry. Black (thinner) and gray (thicker) lines represent (D+U) and (D+A)
respectively. (A) to (C) show the FRET experiments onto hRBCs with BMAP-27, Mu-1
BMAP-27 and Mu-4 BMAP-27 respectively with ~12.0 uM of each of the peptides.
While (D) to (F) show the FRET experiments onto E. coli cells with the same peptides at
~ 3.0 uM concentration. The numerical values shown on the profiles represent the mean
fluorescence intensities. 10,000 events were counted for each of these experiments.
Panels G and H show the percentage of energy transfer (described in the Materials and
Methods) observed with different peptides as marked in the figure onto hRBCs and E.
coli respectively. Each % of FRET value represents the mean result of two independent

experiments and error bar indicates SD.
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Supplementary Table-1

Minimal inhibitory concentration (MIC) in uM in presence

Peptide of serum
E. coli B. subtilis
ATCC10536 ATCC6633
BMAP-27 7.4+0.7 15.1+0.5
Mu-1 BMAP-27 7.4+0.7 14.8+0.6
Mu-2 BMAP-27 7.310.6 14.7+0.6
Mu-3 BMAP-27 7.3+0.6 15.0£0.8
Mu-4 BMAP-27 7.2+£0.6 15.1+0.6

MIC values are the mean of three independent experiments each performed in
duplicate =SD.
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Supplementary Figure-1

PI staining of E. coli. ATCC 10536 after their incubation with BMAP-27, Mu-1 BMAP-
27 and Mu-4 BMAP-27 ( Panel B-D) and the corresponding NBD-labelled versions
(Panel E-F). Panel A shows the control experiment of staining of bacteria without any
peptide treatment. Concentration of the peptides was 4.2 uM. 10000 events were
counted in each experiment. Panel H shows the antibacterial activity of Rho-labeled
peptides. MIC values are the mean of three independent experiments each performed in
duplicate =SD.
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Supplementary Figure-2

Peptide-induced release of calcein from calcein-entrapped zwitterionic and negatively
charged lipid vesicles in the presence of BMAP-27 and its analogs. Panel A: shows the
profiles of fluorescence enhancement as a result of calcein release from zwitterionic
PC/Chol lipid vesicles in the presence of BMAP-27 and its analogs with peptide
concentration for each of the peptides at ~0.47 uM. Panel B shows the fluorescence
profiles of calcein release from negatively charged PC/PG lipid vesicles induced by
BMAP-27 and its analogs with peptide concentration for each of the peptides at ~0.47
uM. Symbols for panels A and B are: BMAP-27, solid; Mu-1 BMAP-27, dash; Mu2
BMAP-27, dot; Mu-3 BMAP-27, dash dot and Mu-4 BMAP-27, dash dot dot line
respectively. Panels C and D show the plots of peptide/lipid molar ratios vs. fluorescence
recovery induced by BMAP-27 and its analogs in PC/Chol and PC/PG lipid vesicles
respectively. Symbols: solid square, BMAP-27; solid circle, Mu-1 BMAP-27, open
circle, Mu-2 BMAP-27, solid triangle, Mu-3 BMAP-27 and open triangle, Mu-4 BMAP-
27. Each point represents the mean result of three independent experiments and error bar
indicates SD.
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Supplementary Figure-3

ANS binding experiment of the BMAP-27, Mu-1 BMAP-27, Mu-2 BMAP-27, Mu-3
BMAP-27, Mu-4 BMAP-27 and SCR-BMAP-27 in PBS. BMAP-27, solid; Mu-1
BMAP-27, dash; Mu2 BMAP-27, dot; Mu-3 BMAP-27, dash dot, Mu-4 BMAP-27, dash
dot dot and SCR-BMAP-27, short dash line respectively. Profile of only ANS in PBS
shown by short dot. Numerical values at the top of some profile indicate wavelength of
emission maxima. ANS concentration was ~ 20 uM and concentration of each of the
peptides was ~ 47.0uM. The excitation wavelength was 365 nm and the excitation and
emission slits were fixed at 6 and 4 nm respectively.
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SUPPLEMENTRY FIGURE-4:

Fluorescence resonance energy transfer (FRET) experiments by confocal microscopic studies
demonstrating the differential behaviour of BMAP-27 and its analogs towards E. coli (Figure 4A
and B) and hRBCs (Figure 4C and D). DIC (bright field) images of bacteria and hRBCs are
shown in left panels, NBD and Rho stands for the fluorescence of E. coli or hRBCs when they
were bound to NBD and rhodamine labelled peptides respectively and merged implies for the
collective fluorescence of the cells in the presence of Rho and NBD labelled peptides.

Figure 4A depicts the self-assembly of BMAP-27 and its selected analogs (Mu-1 BMAP-27 and
Mu-4 BMAP-27; peptide concentration, 1.5 uM) on the bacterial membrane. In BMAP-27
upper panel (pre-bleach) images show the binding of NBD and Rho labelled BMAP-27 peptides
onto E. coli. In merged images the co-localization of NBD and rhodamine labelled BMAP-27
peptides are shown. Numbers (1,2,3) in Rho images are the region of interests (ROI) that were
selected for photobleaching. In post-bleach panel bleached Rho are shown with arrows;
similarly enhanced NBD fluorescence are also shown in merged field with arrows. The FRET
efficiency was calculated by comparing the fluorescence intensities of NBD that indirectly
demonstrate FRET (quantam of energy transfer before photobleaching). Similar to the BMAP-
27, FRET analysis were performed in Mu-1-BMAP-27 and Mu-4-BMAP-27, numbers (1,2,3)
demonstrate the region of interest in pre-bleached state, and arrows in Rho images indicate the
bleached acceptor and enhanced NBD fluorescence in the merged images. All the images were
captured on scan zoom5 and multiple random regions of interests in each field were selected to
evaluate FRET. Data is the representative of 2 different experiments for each sample. The
average of the fluorescence intensity values (%FRET efficiency) calculated (described in
Materials and Methods) for BMAP-27, Mu-1 BMAP-27 and Mu-4 BMAP-27 peptides from each
region of interests shown in Figure 4B, which exhibits the comparable self aggregation
behaviour of BMAP-27 and its analogs.

Figure 4C shows the energy transfer of BMAP-27 and its analogs (peptide concentration, 6.0
uM) onto hRBCs. The pattern of pre- and post-bleach panels are the same as that described in
figure 4A. BMAP-27 peptide shows a considerable co-localization on RBCs membrane whereas
the Mu-1-BMAP-27 and Mu-4-BMAP-27 failed to do the same. The numbers of ROIs selected
in BMAP-27 are more than Mu-1- BMAP-27 to represent the energy transfer more significantly.
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To make the images more comprehensible in terms energy transfer we have also chosen the
larger zoom size (4) for BMAP-27 than analogs (scan zoom size 3). The extent of energy
transfer was calculated by similar method as in bacteria. The Figure 4D shows the average

numerical values of percentage energy transfer for different peptides onto hRBCs..
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Peptide Amino acids sequence
(Amino acids with interchanged positions are marked by
underline)
SCR- BMAP-27 H.N-ERFKRFRKKGKKLFKKYSPPI
LLLHL-CONH,

BMAP-27 Mu-3 BMAP-27 SCR-BMAP-27
Peptide Minimal inhibitory concentration (MIC) in uM
E.coli(DH5a) E. coli S. aureus B. subtilis
ATCC10536 ATCC9144 ATCC
6633
SCR-BMAP- 3.1+0.6 3.310.7 3.2+0.6 3.0+0.6
27 (8.1+0.7) (15.3+0.7)
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Supplementary Figure-5
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Legends of supplementary figure-5
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Amino acid sequence of SCR-BMAP-27

Helical wheel projections of BMAP-27, Mu-3 BMAP-27 and SCR-BMAP-27.
Mutated positions are shown as underlined.

Antimicrobial activity of SCR-BMAP-27 against different microorganisms and
values in parentheses shows MIC in presence of serum for E. coli ATCC 10536
and B. subtilis ATCC 6633. MIC values are the mean of three independent
experiments each performed in duplicate £SD.

Panel A shows the plot of hemolytic activity assay of SCR-BMAP-27against
hRBCs

Inset (Panel B) shows the plot of cell viability assay of SCR-BMAP-27 against

murine 3T3 cell lines

)

Panels A and B show PI staining of murine 3T3 cells in the absence and
presence of peptide respectively (Peptide concentration: 10 pM)
Panels C and D show PI staining of E. coli. DH5a in the absence and presence

of peptide respectively (peptide concentration: 3.5 uM)



