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Abstract

Amphiphilic alpha-helices are common motifs used in numerous biological systems including
membrane channels/pores and antimicrobial peptides (AMPs), and binding proteins, and a variety
of synthetic biomaterials. Previously, an amphiphilic peptide with lysine-containing motifs was
shown to reversibly bind the anionic porphyrin meso-Tetra(4-sulfonatophenyl)porphyrin
(TPPS,427) and promote the formation of excitonically coupled conductive J-aggregates. The work
presented here focuses on the use of this amphiphilic peptide and derivatives as a potential
antimicrobial agent. AMPs are naturally occurring components of the innate immune system,
which selectively target and Kill bacteria. Sequence derivatives were synthesized in which the
position of the Trp, used as a fluorescence reporter, was changed. Additional variants were
synthesized where the hydrophobic amino acids were replaced with Ala to reduce net
hydrophobicity or where the cationic Lys residues were replaced with diaminopropionic acid
(Dap). All peptide sequences retained the ability to bind TPPS,2~ and promote the formation of J-
aggregates. The peptides all exhibited a preference for binding anionic lipid vesicles compared to
zwitterionic bilayers. The Trp position did not impact antimicrobial activity, but the substituted
peptides exhibited markedly lower efficacy. The Dap-containing peptide was only active against £.
coliand P, aeruginosa, while the Ala-substituted peptide was inactive at the concentrations tested.
This trend was also evident in bacterial membrane permeabilization. The results indicate that the
amphiphilic porphyrin binding peptides can also be used as antimicrobial peptides. The cationic
nature is a driver in binding to lipid bilayers, but the overall hydrophobicity is important for
antimicrobial activity and membrane disruption.
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1. Introduction

In recent years, significant interest has been paid to the development of new antibacterials
due to the rapid and widespread development of antibiotic resistance. Resistance
development in bacteria has been attributed to the overuse and misuse of antibiotics which
allows surviving bacteria, that is those with an evolutionarily programmed increased
tolerance to the drug, to propagate (). The World Health Organization recently released a
report evaluating the clinical pipeline of antibiotics and determined this pipeline is
inadequate to address the coming needs for new and better antimicrobials (@). In addition to
the traditional small molecule approaches, natural products (3), metals (43, polymers 6. 7),
bacteriophage (®, and peptides have all been areas of development to address the need for
new therapies.

Antimicrobial peptides (AMPs) are a class of naturally occurring peptides, which are found
in the innate immune system of all higher organisms and exhibit high selectivity for
targeting bacteria over host cells. This class of molecules has diverse structural and amino
acid sequence characteristics, making prediction and design of AMPs an area of great
interest. Generally, AMPs exhibit an amphiphilic chemical / amino acid composition, a net
positive charge, and often adopt very simple 3D structures, in many cases as simple as a
single, facially amphiphilic a-helix. The mechanism of action is widely believed to include
bacterial membrane disruption (9, but more studies are identifying additional or alternate
mechanisms by which the AMPs may bring about bacterial cell death. Some AMPs are also
known to be involved in immunomodulatory processes (19) or the disruption of bacterial
signaling pathways (11).

While peptides are naturally occurring molecules, the chemical flexibility and the relative
ease of synthesis and purification have fostered the development of peptides for applications
in non-biological settings such as biomaterials development (12:13), The literature contains
numerous examples of peptides as the functional building blocks in hydrogels (3),
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nanoparticles (14, structural scaffolds (13, and in energy capture/storage (16: 17). Energy
capture, transfer, and storage applications have often built on naturally occurring motifs,
such as iron-sulfur clusters, chelated metal ions, or porphyrins and porphyrin aggregates, as
the foundation of these designed materials (18-20), Specifically, proteins and peptides have
been used as scaffolds to orient the photon absorbing or electron transfer components in
these materials, similar to the naturally occurring photosynthetic or electron transfer
machinery in cells.

Previously, our group reported the development of peptide based scaffolds for the binding
and orientation of an anionic porphyrin, meso-tetra(4-sulfonatophenyl)porphyrin (TPPS427),
into an excitonically coupled J-aggregate structure(@b). This peptide scaffold was originally
synthesized based on the amphiphilic AMP ISM-78 also referred to as r-pexiganan(®2). This
peptide was shown to promote J-aggregate formation over a wider range of pH values than
previously reported (21). The J-aggregate is defined as a dye or other absorptive species that
exhibits an absorption peak which red-shifts upon supramolecular organization (23, These J-
aggregates are characterized by excitonically coupled oligomers in which contain multiple
coupled transition dipoles(23). This peptide-induced stabilization of the J-aggregate allowed
for the measurement of the inter-porphyrin electron transfer dynamics (24). The peptide
scaffold used in our study, and similar designed scaffolds by other groups, revolved around
developing soluble, cationic, facially amphiphilic helices which use cationic side chains to
bind the anionic sulfonate groups of the TPPS,2~ porphyrin (. 25). At low pH in aqueous
solutions, TPPS,2~ adopts the J-aggregate formation, the Soret band shifts ~55 nm from 434
nm to ~490 nm, while the Q-bands shift and collapse into a single peak at ~705 nm (1),
Notably, the peptides used in our studies did not form helices under pH conditions where
TPPS,2~ formed a J-aggregate, but did adopt a helical conformation at neutral pH. While
TPPS42~ has been studied by many groups as a possible photosensitizer in photodynamic

therapy, the peptide-scaffolded TPPS,2~ aggregates were not developed for this application
(26, 27).

Due to the structural parallels to AMPs and previous reported activity of the parent
sequence, the porphyrin binding peptide and sequence derivatives (referred to as PBP
herein) were tested for antimicrobial activity against a variety of Gram-positive and Gram-
negative strains. Two variants of PBP in which the position of the Trp residue was altered
were also investigated. A series of fluorescence based binding assays were performed to
characterize the interactions with bilayers and the structure of peptides were monitored
using circular dichroism. PBP contains nine lysine residues imparting a +9 charge, which
should promote binding to bacterial cell surfaces, and 7 hydrophobic residues (Leu, lle, Val,
and Phe) which imparts hydrophobic character and can drive insertion of the peptide into
lipid bilayers. Investigation of two additional sequences in which the hydrophobic amino
acids were replaced with Ala (PBP-A) or the Lysine residues were replaced with a lysine
analog containing a shortened side chain (PBP-X), were used to probe the role of membrane
penetration and perturbation on activity. The antimicrobial and biophysical characterization
were performed on the free peptides, in the absence of TPPS,2~. However, all peptides
retained the ability to bind and promote TPPS,2~ J-aggregate formation, but only PBP,
PBP-11W, and PBP-18W had broad spectrum antimicrobial activity while PBP-X exhibited
selective activity against selected Gram-negative strains.
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2. Materials and Methods

2.1 Materials

Lipids were obtained from Avanti Polar Lipids Inc. (Alabaster, AL). All other chemicals
were from Sigma-Aldrich (St. Louis, MO) or VWR (Radnor, PA). Meso-tetra(4-
sulfonatophenyl)porphyrin dihydrochloride was from Frontier Scientific (Logan, UT). PBP-
A and PBP-X were synthesized by Anaspec, Inc (Fremont, CA). PBP and Trp variant
peptides were synthesized in-house using FMOC-based solid phase peptide synthesis
followed by purification. Peptides were cleaved from the resin using a mixture of
92.5:2.5:2.5:2.5 trifluoroacetic acid (TFA)/H,O/triisopropyl silane/ethanedithiol. Crude
peptide samples were precipitated from the cleavage mixture in cold diethyl ether, followed
by centrifugation. Pellets containing the peptide was dissolved in 9:1 H,O:Acetonitrile and
were purified by reversed phase HPLC using a linear gradient of water and acetonitrile
supplemented with 0.1 % TFA. All peptides were purified using a Jupiter 300 C4 column
(Phenomenex, Torrance, CA) at a flow rate of 10ml/min. Peptide identity and purity were
confirmed by ESI-MS. Eluted HPLC fractions containing peptide were pooled and
lyophilized for storage. Working stock solutions were made in 3:1 H,O:Ethanol in the range
of 100-200pM and stored at —20° C. Lipids: (16:0-18:1) 1-palmitoyl-2-oleoyl-srglycero-3-
phosphatidylcholine (POPC), (16:0-18:1) 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphotidylglycerol (POPG), and 10-doxyl nonadecane (10-DN) were used without further
purification and stored as stocks in chloroform at —20°C. Buffers used in all assays were
PBS (150 mM NaCl, 50 mM sodium phosphate; pH 7.0), 10X diluted PBS (for CD
measurements), Z-Buffer (0.1 M NaoHPO4/NaH,POy4, 10 mM KCI, 1 mM MgSQy, 0.05 M
B-mercapthoethanol, pH 7.0), or 20mM sodium acetate (Co,H3NaO») pH 3.5.

2.2 Methods

2.2.1 Absorbance Spectroscopy—Absorbance spectra of TPPS,2~ were collected as
reported previously (21). Briefly, TPPS,2~ was dissolved in 6mM KOH as a stock solution.
An aliquot of the stock was added to 1mL of sodium acetate buffer for a final TPPS,2~
concentration of 3uM. Absorbance spectra were recorded on the TPPS,2~ samples before
and after the addition of 1uM peptide using a Genesys 10S UV-Vis spectrophotometer.

2.2.2 Lipid Vesicle Preparation—Appropriate volumes of lipid in chloroform were
transferred to test tubes with desired volume and ratio of lipid, being either 100% POPC or
75/25 POPC/POPG. Lipid mixtures were dried under flowing N gas followed by vacuum
dessication of the lipid film for 60 minutes to remove any remaining solvent. The lipid film
was resuspended in PBS for a total volume of 1400 pL at 1000 uM. Resuspended lipid
solutions were sonicated using Special Ultrasonic Cleaning Sonicator for 20 minutes. For
CD and quenching experiments, SUVs were created using the ethanol dilution method (28).
Briefly, lipid films were dissolved in 10 L of ethanol to which the appropriate volume PBS
were added while vortexing to a total volume of 800 pL accounting for the future addition of
peptide. In the case of 10-DN quenching experiments, the final concentration of lipids was
250 uM, with 10% of the POPC replaced with 10-DN in those samples.
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2.2.3 Lipid Binding Assay—Samples containing 2uM peptide in PBS at a final volume
of 800uL were prepared. Background samples lacking peptide were also prepared.
Fluorescence emission spectra were collected using a Horiba FluoroMax-4
Spectrofluorometer with Aex = 280 nm and emission over the range 300-400 nm. Sonicated
lipid vesicles were titrated into each cuvette and remeasured after each titration step. The
barycenter and ABarycenter were calculated as previously described (29). All samples were
performed at least in duplicate. All spectra were recorded in semi-micro style quartz
cuvettes.

2.2.4 Fluorescence Quenching—Samples of 800uL containing 5uM peptide in PBS or
a blank lacking peptide were prepared. All intensity measurements were measured with a
Horiba FluoroMax-4 Spectrofluorometer. Initial intensity values (Fg) were recorded prior to
addition of acrylamide using Aex = 295 and Aem = 340 to reduce inner filter effects of the
acrylamide. Samples were titrated with 10uL aliquots from a stock of 4 M acrylamide in
water and the fluorescence was remeasured after each addition. Intensity values were
corrected for dilution and inner filter effects as reported previously 39). Ksv was calculated
from averaging the slope of the best fit line for each replicate and is reported as the average
and standard deviation of these linear fits.

Quenching with 10-DN was performed by preparing vesicles with and without 10-DN
imbedded in the bilayer. For these experiments, Aex = 280 and Aem = 340. The average FO
intensity was used in the calculation of the Fp / F values. The Q-ratio was calculated as
described previously (31), Briefly, the Q-ratio is calculated by the following formula:

Q - ratio = ((Fo/P)__ LT VIEYP =D

rylamids DN

where the acrylamide quenching ratio is calculated from samples containing 0.235 M
acrylamide.

2.2.5 Circular Dichroism Spectroscopy—Circular dichroism (CD) spectra were
recorded on a Jasco J-810 Spectropolarimeter over the range 190-260 nm at 50 nm/min.
Samples were prepared under four different conditions: 10x diluted PBS, 10x diluted PBS
with 100 mM SDS, and 1:1 10x diluted PBS:trifluoroethanol, or 250 uM PC:PG vesicles in
10x diluted PBS. In all cases containing no vesicles, peptide concentration was 5 pM. Scans
containing vesicles possessed 3 UM peptide. Samples lacking peptide were measured as
background scans. All samples were scanned 64 times and averaged before background
subtraction.

2.2.6 Minimum Inhibitory Concentration—Bacterial strains £. co/i D31 (the
chromosomal penicillin V-resistant isolate in the 1968 study by Burman et al (2, K.
pneumonia (ATCC: 700603), P aeruginosa (ATCC:10145), and S. aureus (ATCC: 27660)
were incubated in separate Mueller Hinton broth for ~18 hours at 37°C. Aliquots of the
overnight cultures were diluted 1:200 in 25 mL fresh MH broth. The diluted cultures were
incubated with shaking at 37°C until the optical density at 600nm (ODgqg) was within the
range 0.2-0.6. After reaching optimal absorbance, the cultures were diluted into more fresh
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MH broth to a final density of ~ 105 CFU/mL. 90 pL the diluted cultures were pipetted into
wells of a 96-well plate containing serial dilutions of peptides for a final sample volume of
100 pL. No peptide controls were included where 10puL of distilled was supplemented. The
plates were covered and incubated for 18 hours at 37°C. After incubation, ODggg Was
measured for each plate and MIC determined by the lowest concentration with no visible
growth. Data reported are the average of 3 independent samples.

2.2.7 Outer Membrane Permeabilization Assay—A single colony of £.coli D31was
transferred into LB broth with 100 pg/mL ampicillin (LB-Amp) and incubated at 37°C with
shaking for 18 hours. The culture was diluted in fresh LB-Amp at a 1:240 ratio. The diluted
culture was placed back in incubation at 37°C with shaking until ODgqq reached 0.2-0.6.
Once the appropriate ODggo was reached, the culture was centrifuged at 2500 rpm for 15
minutes in a benchtop clinical centrifuge. The supernatant was discarded, followed by
resuspension of the bacterial pellet in an identical volume of PBS. Nitrocefin solution was
prepared through dissolving 1 mg nitrocefin in 100pL DMSO and subsequently diluting
with 1.9 mL PBS to achieve a final stock concentration of 500 pg/mL nitrocefin. The
nitrocefin solution was covered in aluminum foil and stored at 4°C before dispensing into
plates.

Solutions were dispensed into a 96 well plate in the subsequent order: 10 pL of peptide with
serial dilutions starting from 15 uM (excluding the last row which had 10 pL distilled H,0O
as a negative control), 80 uL £.co/iD31 in all wells, and finally 10 pL nitrocefin stock
solution. Following the addition of nitrocefin to the wells, the absorbance was immediately
recorded at 486 nm and was recorded every 5 minutes over the next 90 minutes. Data
reported are the average of 3 independent samples.

2.2.8 Inner Membrane Permeabilization Assay—A single colony of £.co/i D31 was
inoculated into 3 mL of LB broth. The culture was incubated for 18 hours at 37°C with
shaking, followed by a 240-fold dilution into fresh LB broth supplemented with 100 uL of
100 mM Isopropy! p-D-1-thiogalactopyranoside (IPTG) to induce expression of the —
galactosidase gene. The diluted culture was incubated with shaking until an ODggg of 0.2—
0.5 was reached.

The following solutions were transferred into each well of a 96 well plate in the order listed:
56 pL of Z-buffer, 10 uL of serial diluted peptide starting from 15 pM (except the last row
containing 10uL distilled H,0), 19 L £.co/iD31, and 15 pL of 4 mg/mL ortho-
Nitrophenyl-p-galactoside (ONPG) in Z-buffer. Immediately after adding ONPG absorbance
was recorded at 420nm and was recorded every 5 minutes over the next 90 minutes. Data
reported are the average of 3 independent samples.

2.2.9 Flow Cytometry—Flow cytometry was used to identify cell permeability by
incorporation of propidium iodide (PI) into S. aureus under various concentrations of CTAB
detergent, PBP, PBP-11, PBP-18, PBP-X, PBP-A peptides using a BD FACSCelesta flow
cytometer. Approximately 10,000 cells per sample in 100 pL of PBS, permeabilization
reagent, and 5 ug/mL PI solution, were incubated for 30 min at 23°C counted in duplicate,
and fluorescent signal was evaluated Ex 488nm laser, Em 575 filter. Percentage of cells
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found to be permeable for all samples was established by gating around cells on histogram
illustrating P1 signal with known permeabilization CTAB 102 uM (Sup Fig 1).

2.2.10 Hemolysis—Hemolysis of sheep red blood cells (RBCs) was used to identify cell
permeabilization by leakage of hemoglobin at various concentrations of CTAB detergent,
PBP, PBP-W11, PBP-W18, PBP-X, or PBP-A. A 5ml aliquot of defibrinated sheep blood
(HemoStat Laboratories) was mixed with 5ml sterile PBS. The cells were isolated via
centrifugation for 5min in a benchtop clinical centrifuge. The upper layer was aspirated and
the cell pellet was resuspended to a final volume of 10ml. This was repeated for a total of 3
washes/isolations. Next, 135 uL of RBCs was added to wells of a 96-well plate containing
15 uL of serially diluted peptide or CTAB. The plate was covered and allowed to incubate at
37°C with gentle shaking for 60 min. The plate was then subjected to low speed
centrifugation for 10 min to pellet the RBCs. The analysis was performed by carefully
mixing 6 UL of the supernatant with 94 L of fresh PBS and measuring the absorbance at
420 nm using a Molecular Devices M5 plate reader. Percent hemolysis was calculated based
on the absorbance of each well compared to those wells with no peptide/CTAB and those
with the highest concentration (2mM) CTAB.

2.2.11 Cytotoxicity of peptides toward HelLa Cells—Cytotoxicity of PBP peptide
variants on HeLa cells was assayed by CellTiter-Blue reagent from Promega. In this assay,
active cellular metabolism is measured by the enzymatic conversion of resarzurin to
resorufin (fluorescent at 590 nm). HeL a cells were seeded into a 96-well flat bottom cell
culture plate at 100,000 cells per well and grown for 24hrs in 180uL of DMEM 10% FBS,
1% Pen/Strep, 1% L-Glut. After 24 h, cells were exposed to various concentrations (20uL)
of PBP peptides beginning at 15um final concentration and serially diluted 2-fold. As a
positive control for cytotoxicity, CTAB reagent was used at a starting concentration of 8.2
mM and serially diluted 2-fold. Following 24 h of exposure to peptides, 20uL of CellTiter-
Blue reagent was added directly to plate, mixed and incubated at 37°C for 2 h and analyzed
on Synergy HT fluorescent plate reader, Ex. 485, Em. 590.

3.1 Peptide sequences

Peptides were synthesized using solid-phase methods and purified using reversed phase
HPLC. Fractions containing the peptide were isolated and analyzed via ESI-MS to confirm
the identity of the peptide in the fractions (Table 1). The peptide sequences are based on the
peptide scaffold used previously to promote TPPS,2~ J-aggregate formation (2). The
peptides are highly cationic (+9 charge) which facilitates the 3:1 TPPS,42-:peptide
stoichiometry observed. When in a helical conformation, the peptides will adopt a facially
amphipathic structure (Figure 1). The original scaffold PBP contained a Trp at position 7
which was switched to position 11 (PBP-W11) or 18 (PBP-W18) to serve as a reporter for
different positions in the peptide. The PBP-X variant replaced all of the Lys residues with
diaminopropionic acid, a non-proteinogenic lysine analog (Figure 1). The PBP-A variant
replaced all of the hydrophobic residues with alanine, reducing the net hydrophobicity of the
molecule.
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3.2 TPPS,2~ Binding

The PBP peptide was originally designed to serve as a scaffold to promote J-aggregate
formation of TPPS42~ molecules under elevated pH conditions. The scaffold activity at pH
3.6 exhibited a 3:1 TPPS42~:peptide stoichiometry, translating to a 1:3 TPPS42™:Lys
stoichiometry (21). The peptides used in the study presented here were first analyzed for the
ability to bind TPPS,2~ and form J-aggregates at pH 3. The formation of J-aggregate
structures was monitored by the appearance of the characteristic absorbance peak at 490nm
(Figure 2). All five peptides exhibited the ability to promote J-aggregate formation in the
expected 1:3 peptide: TPPS,2~ stoichiometry at pH 1.8. Additional peptide: TPPS42~ spectra
highlighting the Soret and Q-bands at pH 1.8 and 7.0 are shown in Supplemental Figures 5
and 6.

3.3 Antibacterial Activity

The antibacterial activity of the peptides was evaluated determining the minimal inhibitory
concentration (MIC) by the broth microdilution method. Briefly, a series of serial dilutions
of the peptide are prepared and exposed to a culture of bacteria with known density (~10°
cfu/ml) and the ability to inhibit bacterial growth is determined after 18h. The peptides were
tested against Gram-positive (S. aureus) and Gram-negative (E. coli, K. pneumoniae, and P,
aeruginosa) strains in the MIC assay. The results are shown in Table 2. These results show
the PBP parent sequence and the two Trp-position variants were similarly active against all
strains tested, exhibiting MIC values in the range of 0.46-1.88 uM. Interestingly, the PBP-X
containing peptide showed slightly reduced activity against £. colfand P aeruginosa but
exhibited no Killing of K. pneumoniae or S. aureus. PBP-A was inactive against all strains
tested over the range of concentrations examined (Table 2).

3.4 Binding & Interaction with Lipid Bilayers

Based on the proposed membrane-active mechanism of action among AMPs, binding or
interacting with the bacterial membrane is the first step in this process. However, due to the
complexity of bacterial membranes and the abundance of membrane proteins present in
them, it is difficult to measure direct binding to bacterial cell surfaces. Additionally, the
presence of native membrane proteins prevents the use of Trp fluorescence as a reporter. As
such, a model lipid vesicle system was used to directly probe the peptide-lipid interactions.
A vesicle composition containing 100% POPC lipids was used as a zwitterionic surface to
represent a mammalian or host cell, while vesicles composed of 75%POPC and 25% of the
anionic POPG lipid was used to reflect the anionic character of the bacterial cell surface.
When the Trp containing peptides bind to the bilayer, the Trp undergoes a change in the
polarity of the local environment, resulting in a shift in the fluorescence emission spectrum,
which is analyzed using the change in the barycenter (ABarycenter) (29, As seen in Figure
3A, there was no shift detected for any of the peptides when titrated with the zwitterionic PC
vesicles. On the other hand, there were significant differences in binding to the PC:PG
vesicles among the peptides over the range of the titration (Figure 3B). The PBP Trp variants
and PBP-X all exhibited dramatic shifts in barycenter >15nm while the PBP-A peptide
exhibited ~7nm in barycenter shift at the highest lipid concentration tested (Figure 3,
Supplemental Figure 1). The barycenter shifts are consistent with the shifts in Amax of

Pept Sci (Hoboken). Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shirley et al.

Page 9

emission (Table 3). The full-width at half-maximum (FWHM) which can inform about
population heterogeneity was also calculated for the emission spectra in solution and at
350uM lipid (Table 3). If two populations of peptides existed, such as bound and unbound or
deeply inserted in the bilayer and shallowly inserted, the FWHM would dramatically
increase as the steady state fluorescence emission would be a composite of emission spectra
from two differently emitting populations, one blue shifted and one red shifted. However, if
the peptides adopt a homogeneous population, the spectrum would be narrower. The values
in Table 3 indicate that when bound to PC:PG, all the peptides adopt a relatively uniform
population distribution except PBP-A, which displays a somewhat higher FWHM (~75nm).
The broader spectrum is consistent with the binding data that exhibited an intermediate
barycenter shift for PBP-A, likely indicative of incomplete binding.

In order to gain more insight on the peptide interactions with model membranes,
fluorescence quenching approaches were used. Acrylamide was chosen as it effectively
quenches Trp residues exposed to the aqueous environment, crosses bilayers, and does not
significantly quench Trp residues buried in the bilayer 31). Quenching is analyzed using the
Stern-Volmer equation in which the slope of the linear equation (Ks,) is related to the
quenching and hence the exposure of the fluorophore to the quencher. The K, values for the
peptides are shown in Table 3 for both peptide free in solution and when bound to PC:PG
vesicles. As expected, the Ksv for the peptide in solution was higher than when bound to
vesicles. This confirms that the peptide is indeed binding to the bilayer and adopting a
conformation that shields the Trp from the acrylamide quencher.

The experiments were extended with the application of the Dual-Quencher Analysis (DQA)
method. Briefly, this approach relies on the combination of quenching by the aqueous
quencher acrylamide and the membrane-imbedded quencher 10-doxyl nonadecane (10-DN)
(1), The ratio of quenching by these molecules (Q-ratio) is directly related to the depth of
the Trp in the bilayer (28.31). A Trp located near the center of the bilayer would exhibit a Q-
ratio near 0.1, while a Trp at the surface of the bilayer can exhibit Q-ratios >2 (28, 34, 35),
Additionally, monitoring the Amax or barycenter of the quenched spectra in comparison to
the unguenched can yield similar information to the FWHM, in this case referred to as
quencher induced shift (QIS). These results are shown in Table 3. The Trp variants exhibit
remarkably similar Q-ratios, indicating these three peptides likely adopt a similar orientation
in the bilayer and the Trp is located at an intermediate depth. However, the PBP-X and PBP-
A peptides exhibit much higher Q-ratios, indicative of shallow, surface conformations.
Again, the PBP-X exhibits the highest QIS, indicative of some extent population
heterogeneity, although the net value is relatively small.

3.5 Secondary structure analysis

Many antimicrobial peptides adopt an a-helical conformation upon binding to lipid bilayers
(36), Considering the small size of the peptides and thus the inability to form higher order
folded conformations, circular dichroism (CD) spectroscopy can be used to gain a good
understanding of the secondary structural elements present in these peptide. CD spectra were
recorded of the peptides dissolved in dilute PBS, in the presence of SDS micelles (a
membrane mimetic), in the presence of PC:PG vesicles, or dispersed in 50:50 PBS:TFE (a
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helix promoting solvent). In all cases, the peptides exhibited CD spectra corresponding to
disordered or random coil conformations when dissolved in PBS buffer (Figure 4, black
lines). Similarly, all peptides exhibited a-helical spectral signatures dispersed in PBS:TFE
(Figure 4, purple lines). In the SDS micelles (Figure 4, blue lines) and PC:PG vesicles
(Figure 4, green lines), only the PBP and Trp variants exhibited the canonical helical spectral
signature. Both PBP-X and PBP-A exhibited very weak helical spectra in SDS, but appear to
be generally lacking structure when bound to vesicles.

3.6 Bacterial Membrane Permeabilization

The binding assays indicate the ability of 4 of 5 PBP peptides to interact with bilayers,
however as mentioned previously, the natural target membranes are significantly more
complex than simple lipid vesicles. The ability of these peptides to permeabilize intact
bacterial membranes was examined next. Permeability of £.coliwas measured using two
different enzyme-chromophore pairs: B-lactamase and nitrocefin for the outer membrane or
p—galactosidase and ortho-Nitrophenyl-B-galactoside (ONPG) for the inner membrane.
Briefly, the assay relies on the limited permeability of the substrates across the intact
bacterial membrane resulting in a low level of enzymatic conversion of the substrate into the
chromophoric product. However, if the peptides cause a disruption in the integrity of the
bacterial membrane, the small molecule chromophore substrates can more easily transit
across the membrane and be converted into the colored product. Assay progression is
monitored by absorbance spectroscopy.

The permeabilization of the £.coliouter membrane is shown in Figure 5A. The PBP parent
and the Trp variants exhibited similar permeabilization profiles, with maximum levels of
permeability reached at 7.5uM peptide(compared to the control molecule polymyxin B).
Interestingly, while the PBP-X binds to lipid bilayers in a similar fashion to PBP, this
peptide induced less permeabilization of the E.coli outer membrane, even at the highest
concentration tested of 15uM. The increase in permeability was dose dependent for these
four sequences. Alternatively, the PBP-A peptide induced no detectable permeabilization of
the outer membrane. The full time courses of the outer membrane permeabilization assay is
shown in supplemental Figure S2. In comparison to the outer membrane activity, none of the
peptides induced any measurable membrane permeabilization (Figure 5B). A comparison to
the positive control, the cationic detergent CTAB, is also shown. The full time course of the
inner membrane permeabilization assay is shown in supplemental Figure S3.

The permeabilization of the Gram-positive S.aureuswas investigated using flow cytometry
and the DNA-binding dye propidium iodide (PI). Briefly, if the peptides cause a disruption
in the S.aureus membrane, the normally impermeant PI can enter the S. aureus cytoplasm
and bind to DNA, resulting in fluorescence emission. The results of the S. aureus membrane
permeabilization assay is shown in Figure 6A. The peptides followed the same general trend
as the £. coli permeabilization with the Trp variants exhibiting significant permeabilization
at high peptide concentrations, PBP-X exhibiting a more intermediate profile, and PBP-A
inducing no detectable permeabilization of the S. aureus cells. Notably, the PBP peptide
induced ~50% permeabilization at 15uM while PBP-W11 and PBP-W18 both exhibited
>90% permeabilization at the same concentration. This contrasts with the nearly identical
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levels of £.coli OM permeabilization for these sequences across the range of concentrations
tested.

3.7 Hemolysis and Cytoxicity Assays

The high selectivity of AMPs for bacterial over host membranes is a critical functional
property of these molecules and is a discriminating factor between potentially therapeutic
AMPs and those that are simply broad spectrum membrane permeabilizing peptides. As a
means of testing the PBPs to disrupt mammalian membranes, we used a well characterized
hemolysis assay using sheep red blood cells. The results of this assay are shown in Figure
6B. The percent hemolysis was calculated in comparison to leakage from untreated RBCs
and that from RBCs treated with a detergent. In all cases, the PBP peptides induced very
little hemolysis at all concentrations tested. Only the PBP sequence exhibited any
meaningful hemolytic activity, ~10%, at the highest concentration tested of 15uM.

The cytoxicty of the peptides was directly measured against the commonly utilized HeLa
model system which is derived from human cervical cancer cells. Cells were treated for 24 h
with varying concentrations of the PBP peptides and cell viability was subsequently assessed
by the CellTiter-Blue (CTB) method, which measures the conversion of resarzurin to
resorufin (fluorescent at 590nm) by metabolically active and thus viable cells. The results of
this assay are shown in Figure 6C. In contrast to the hemolysis assay, PBP-11 and PBP-18
exhibited significant (~50%) toxicity toward HeLa cells at 15 uM and 3.75 uM while PBP
exhibited much less toxic effect (~20%) at 15 pM. PBP-X and PBP-A exhibited little to no
toxicity, very similar to PBS control. Interestingly, these results mimic those seen in PI
permeability flow cytometry assays with PBP-11 and PBP-18 having the most significant
effect followed by PBP, PBP-X, and PBP-A having no effect.

4. Discussion

The viability of AMPs as potential therapeutics has been an area of investigation since the
wider study of host-defense peptides took off in the late 1980’s. The relative ease of
synthesis, natural variation, controlled sequence as compared to random copolymers, and
selectivity for bacteria over host cells are all beneficial traits that would be ideal for
development into a therapeutic. Generally, naturally isolated and designed AMPs share the
common traits of being net cationic, possessing some hydrophobic side chains, and are
thought to act through a membrane-active mechanism. However, despite significant effort,
no consensus sequences have been identified, nor have any AMPs been successfully piloted
through clinical trials. While MSI-78 (aka pexiganan) and a variety of “MSI” peptides have
been studied®7), we could only find two reports on the revisimer efficacy(®2 38), and only
one of these has any biophysical characterization of the peptide(22)

Focusing on the Trp position in the peptide, it is clear that the replacement of Phe with Trp
does not have a significant effect on any of the measured properties of the peptide. The
binding to lipid vesicles was almost identical for all three variants (PBP, PBP-W11, PBP-
W18), with the exception that the PBP exhibited a slightly higher Abarycenter (21 nm vs. 16
nm). These three peptides showed similar profiles in antibacterial activity (Table 2), spectral
properties (Table 3), secondary structure (Figure 4), and induction of bacterial membrane
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permeabilization (Figures 5, S2, and S3). This is not surprising as both Trp and Phe are
bulky, aromatic amino acids and are both very nonpolar 3% 40|t is well known that Trp
exhibits a strong preference for locating at or near the headgroup interface region in helical
proteins 1), however the data indicate this preference does not impact the behavior of the
PBP peptide when the Trp is relocated within the sequence. In all cases, the Trp appears to
locate at an intermediate depth, consistent with a facially amphiphilic helix with the
hydrophobic face buried in the lipid bilayer core (28:42), The data also indicate that the
peptide is relatively uniform in penetrating the bilayer. The Trp placement near the N-
terminus, center of the peptide, and near the C-terminus yielded very similar depth profiles,
indicating the peptide is likely adopting a uniform orientation, near parallel to the plane of
the bilayer. Interestingly, despite the similar properties, the PBP displayed a total barycenter
shift ~5nm greater than PBP-W11 and PBP-W18. It is not clear why the Trp emission would
be shifted if the overall depth in the bilayer and access to aqueous and membrane imbedded
quenchers is so similar. Nonetheless, the similarity in bilayer topography is also consistent
with the very similar antmicrobial activity, supporting the hypothesis that the peptides exert
the antimicrobial effect by disrupting bacterial membranes. However, the PBP sequence did
show both a decreased permeability in Pl assays in S. aureus as well as less cytotoxic
activity, so there appears to be a sequence dependent effect.

The effects of the more significant sequence changes in PBP-X and PBP-A are much more
dramatic than the Trp positional effects. The PBP-A lost all ability to kill bacteria at the
highest concentrations tested (15uM), which is consistent with the weaker binding to lipid
bilayers (Figure 3). The simplest explanation is because of the overall reduced
hydrophobicity in the PBP-A, the peptide cannot effectively partition into the bilayer core,
thus it cannot induce a significant disruption in the bilayer integrity. This is consistent with
the reduced barycenter shift exhibited at the highest lipid concentrations, and the very
shallow depth according to the Q-ratio. This is consistent with previous findings from our
laboratory using AMPs (29 and from other groups using polymeric mimics of peptides
(43,44) However, caution must be taken to prevent over interpretation of the Q-ratio. Very
large Q-ratios lose quantitative meaning relating to depth as the formula relies on a ratio of
acrylamide quenching to 10-DN quenching. As the quenching of Trp by 10-DN is distance
dependent, a very shallow or peptide not bound to the bilayer may experience little to no
quenching by the 10-DN, drastically reducing the denominator in the Q-ratio and thus
resulting in a very large Q-ratio value (28:31)_ In the case of PBP-A, the broadened emission
spectra and weak quenching by 10-DN indicate there may be some small fraction of
peptides bound to the bilayer at the highest lipid concentrations. It should also be noted that
during the experimental analysis, the PBP-A peptide appeared to show a propensity to
aggregate. This was evidenced by a biphasic Stern volmer plot, with minimal quenching at
low acrylamide concentrations (data not shown). Freshly dissolved PBP-A eliminated this
behavior and was used for all future experiments.

The PBP-X exhibited the most varied set of characteristics. The binding ad acrylamide
quenching alone indicate the peptides are binding with strong affinity for the anionic lipid
bilayers, shielding the Trp from quencher and exhibiting the expected shift in barycenter.
However, the Q-ratio indicated a more shallow depth profile compared to PBP, PBP-W11,
and PBP-W18. This may indicate a somewhat different topography or orientation in the
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bilayer that induces the large shift in barycenter while still being more protected from the
membrane bound quencher 10-DN. This altered topography may result from the shortened
side chains in Dap causing the peptide backbone to orient more closely to the bilayer
surface. A shallower topography is consistent with the Dap side chains being unable to
“snorkel” and the side chain amide remain in the polar environment (34. 43, 45-49) The
shortened side chains reduce the rotational flexibility of the helix as a whole, thus limiting
the orientations it can adopt on the bilayer surface to satisfy both the cationic groups and the
hydrophobic groups. Similar effects have been previously demonstrated with surface
associated peptides containing Asp (42). Most interestingly, the antimicrobial activity of the
PBP-X was mixed, with activity near PBP against £. coliand £, aeruginosa, but showing
markedly less activity against K. pneumoniae and S. aureus compared to PBP. The activity
against S. aureus is especially interesting as the PBP-X showed very low levels of S. aureus
membrane permeabilization, but still prevented bacterial growth. This may indicate the
mechanism does not require large-scale permeabilization to accommaodate large molecule
diffusion across the membrane to induce bacterial cell death. Alternatively, the difference in
bacterial cell density and therefore the number of peptides per cell, differs in the MIC and
flow cytometry experiments which may give rise to the differences. Additionally, PBP-X
peptide exhibited weak to no helical characteristics in the CD spectra when bound to
bilayers. This is not unexpected as previous reports have shown inclusion of Dap reduces
helical content®9). However, this will directly impact the way the peptide orients on/in the
bilayer, potentially reducing the role of the facial amphiphilicity of the AMP structure.

The results show that the balance of hydrophobicity and cationic charge is clearly important
for the antimicrobial activity of these peptides. These findings are consistent with previously
shown trends in antimicrobial polymers and peptide mimetics ®1). The cationic charge is
generally thought to provide AMPs the selectivity between bacterial and host membranes,
while the hydrophobicity drives membrane disruption. Additionally, the hydrophobicity of
membrane active antimicrobials is directly linked to the cytotoxic effects against host cells,
with increased hydrophobicity causing increased cytotoxicity (7: 51 52), The PBP peptides
follow this trend, with the most hydrophobic peptides causing the most, although minimal in
these studies, RBC lysis. Similarly, the least hydrophobic peptide had no antibacterial
activity, likely because it cannot partition into the bilayer core. However, more than the
balance of hydrophobics and cationic charge, the actual structure of these functional groups
may play a significant role in the activity. Because the peptides adopt an amphipathic a-
helix when bound to the lipid surface, the depth the peptide partitions into the bilayer core is
influenced by the side chain length, both hydrophobic and cationic. The ability of cationic
side chains to snorkel and the ability of the hydrophobics to partition into the nonpolar core,
as well as how the side chains orient when bound, are clearly important factors in the
activity of AMPs.

Overall, the PBP peptides yield several interesting observations regarding AMPs. First, the
binding and quenching studies support the interfacial orientation of these peptides. The
leakage studies coupled with the MIC assays support the membrane disruption model for the
mechanism of action of these peptides, in both Gram positive and Gram negative strains.
Finally, the dual functionality of the PBPs, antimicrobial and porphyrin binding,
demonstrates the potential for the development of multifunctional peptides as the basis for
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materials and therapeutics. Taken together these observations can help guide the
development of new peptides with optimal efficacy and toxicity profiles for antimicrobial
applications but also have the potential to add functionality based on the specific demands of
the application.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Helical wheel of PBP
A helical wheel diagram of PBP is shown. Residue shapes correspond to hydrophobic

(diamonds), polar (circles), and cationic (pentagons). The color pattern is blue for cationic
residues and green to yellow for hydrophobics according to the internal scale of the HWP
program. Helical wheel projection was made using Helical Wheel Projection Creator by Don
Armstrong and Raphael Zidovetzki (33).
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Figure 2. Peptide-porphyrin binding by absorbance spectroscopy

The binding of the TPPS,2~ to the peptides (A) PBP, (B) PBP-W11, (C) PBP-W18, (D)
PBP-X, or (E) PBP-A was assessed by absorbance spectroscopy. In all panels the
absorbance of 3 uM TPPS,2~ alone is shown in black while the absorbance spectrum after
addition of 1 pM peptide is shown in green. (F) Chemical structure of TPPS,2~
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Figure 3. Effects of lipid binding on Trp emission barycenter
The change in the emission barycenter (ABc) of the Trp emission spectra were calculated

after each step in a titration of 2uM peptide with (A) 100 % PC vesicles or (B) 75:25 PC:PG
vesicles. In both panels colors represent PBP (red), PBP-W11 (black), PBP-W18 (green),
PBP-X (purple), and PBP-A (blue). All data represent the average of 2—-6 samples. Error
bars representing the standard deviation are included for all data points but are obscured by
the symbols in some cases. Representative spectra of PBP (C) and PBP-A (D) are also
shown. In both (C) and (D), red curves represent emission from the peptide in the absence of
lipid, while blue curves represent emission in the presence of 350uM lipid.
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Figure 4. CD spectra of peptides
CD spectra of peptides were collected in 10x diluted PBS (black), in the presence of 10mM

SDS (blue), in the presence of 250uM PC:PG vesicles (green), or dispersed in 50:50
PBS:TFE (purple). The graphs represent (A) PBP, (B) PBP-W11, (C) PBP-W18, (D) PBP-
X, (E) PBP-A. In all cases peptide concentration was 5 pM. All data represent the average of
64 scans after subtraction of background spectra lacking peptide.
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Figure 5. Peptide induced membrane permeabilization
Peptide induced leakage of substrate across (A) the £.coli outer membrane assayed by -

lactamase conversion of nitrocefin and (B) across the £.coliinner membrane assayed by -
galactosidase conversion of ONPG. The normalized absorbance reflects the absorbance (A)
at 486nm (the nitrocefin reaction product) or (B) at 420nm (the ONPG reaction product)
normalized by the initial absorbance of the sample. In both panels symbols represent PBP
(red), PBP-W11 (black), PBP-W18 (green), PBP-X (purple), and PBP-A (blue), and positive
control (orange; polymyxin B in panel A, CTAB in panel B). All data represent the average
of 36 replicates and error bars represent the standard deviations. In some cases the error
bars are obscured by the symbols.
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Figure 6. Membrane permeabilzation and cytoxicity assays
(A) Flow cytometry analysis of Pl leakage into S. aureus after treatment with peptides. The

percent permeabilization was determined from Pl intensity. (B) Hemolysis of sheep RBCs
by peptides PBP (red), PBP-W11 (black), PBP-W18 (green), PBP-X (purple), and PBP-A
(blue). The percent permeabilization was determined by comparing the absorbance at 415nm
in samples treated with peptides to that of samples treated with 8mM CTAB (set at 100%
leakage). Error bars are included but are obscured by the symbols in all cases. Standard
deviations were <1% in all cases. (C) Cytoxicity against HeLa cells measured by CTB assay.
Cells were incubated with varying concentrations of peptide for 24 h and cell viability was
assessed. Representative data from one of two biologicial replicates shown, all samples
normalized to cytotoxicity of positive control CTAB.
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Peptide Sequences and Properties

Table 1

Name Sequence MW calculated MW found Net Charge
PBP KKLIKVWAKGFKKAKKLFKGIG 2517.2 2515.5 +10
PBP-W11l KKLIKVFAKGWKKAKKLFKGIG 2517.2 2516.4 +10
PBP-W18 KKLIKVFAKGFKKAKKLWKGIG 2517.2 2516.4 +10
PBP-X XXLIXVWAXGFXXAXXLFXGIG 2139.2 2137.2 +10
PBP-A KKAAKAWAKGAKKAKKLAKGAG  2210.7 2209.6 +10
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