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Highlights

Similar structural effects were observed for both peptides in the monolayer and bilayer
models, however, the magnitude of the effect was greater in the presence of the
chemically modified peptide.

Improved hydrophobicity and electrostatic interactions with lipid head groups resulting in
thickening of the peptide layer, along with lipid translocation in the inner tail region of
the bilayer, strongly suggests that the modified clupeine may use the carpet mechanisms
to exert its effect on model membranes.

Simultaneous fitting of neutron reflectometry and x-ray reflectometry data from
PE:PG:CL monolayer model systems, resulted in quantitative determination of surface
excess values for both native and modified clupeine.
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ABSTRACT: Clupeine, a cationic antimicrobial peptide found in fish, is of interest as a food
additive but non-specific binding of the peptide to anionic molecules reduces its antimicrobial
activity. The overall positive charge of clupeine can be reduced by blocking 10% of its arginine
residues with 1,2-cyclohexanedione (CHD). The modified peptide retains antimicrobial activity
but it is not known if its effect on the structure of Gram-negative model membranes is the same as
the native peptide. In the presented paper, neutron reflectometry (NR) and X-ray reflectometry
were used to investigate the effect of native and modified clupeine on the structure of model
monolayer membranes composed of Phosphatidylethanolamine (PE), Phosphatidylglycerol (PG),
and Cardiolipin (CL). The effect of the peptides on the structure of 1,2-dipalmitoyl (d62)-sn-
glycero-3-phosphocholine (DPPC)/PE:PG:CL bilayers were also examined by NR. In both model
systems, modified clupeine demonstrated a greater effect on the lipid structure. Charge reduction
in the modified sample also resulted in improved hydrophobicity, and the formation of thicker
peptide layers in the membrane models. Some lipid translocation was observed in the inner tail
region (~69 £ 0.24% DPPC and ~24 + 0.02% PE:PG:CL); and in the outer tail region (~24 = 0.02%
DPPC and ~56 £ 0.01% PE:PG:CL). Improved hydrophobicity and electrostatic interactions with
lipid head groups, strongly suggests that the modified clupeine may use the carpet mechanisms to
exert its effect on model membranes. These findings suggest that changing the charge on the native

peptide changes the way in which the modified peptide disrupts Gram-negative model membranes.

Keywords: Clupeine, cationic antimicrobial peptide, Gram-negative bacteria, neutron
reflectometry, and X-ray reflectometry, and protamine.
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1 Introduction

Bacteria can have both beneficial and harmful effects in food systems. For example, their
use as probiotics (lactic acid bacteria) in fermented foods provide beneficial effects on human
health (Ohashi & Ushida, 2009; Doyle, Steenson, & Meng, 2013). On the other hand, approaches
to ensure the safety of food components and to combat illnesses caused by food-borne pathogens
must confront the global problem of bacterial resistance (Manyi-Loh, Mamphweli, Meyer, &
Okoh, 2018). Molecular studies have emphasized that the remarkable ability of bacteria to
undermine the efficacy of antimicrobial agents is due in part to their ability to adapt under selective
pressure and develop resistance through mutations or by acquiring genes from other bacteria
(Canu, A., Malbruny, B., Coquemont, M., Davies, T., Appelbaum, P., & Leclercq, 2002; Spratt,
Bowler, Zhang, Zhou, & Smith, 1994). Thus, for the past three decades, a major scientific priority
has been the pursuit of new sources of antimicrobial agents with alternate mechanisms of action,
which can limit the development of bacterial resistance (Munita & Arias, 2016).

In this context, cationic antimicrobial peptides (CAPs) have attracted interest as potential
alternatives to conventional antimicrobial agents because they have exhibited broad spectrum
inhibitory activity against several foodborne pathogens, and there have only been a few reports of
developed resistance (Anaya-Lopez, Lopez-Meza, J., & Ochoa- Zarzosa, 2013). CAPs are found
in many organisms including plants and fish (Omardien, Brul, & Zaat, 2016), and some can be
cheaply extracted from waste streams (Gill, Singer, & Thompson, 2006). In spite of differences in
their overall structure and sequence, many CAPs are characterized by their amphipathic domains,
and their polycationic nature due to the presence of lysine, arginine or histidine residues (Wu,
Maier, Benz, & Hancock, 1999).

Several membrane disruption models including the barrel-stave, carpet, and the toroidal

pore models have been proposed for CAPs. The validity of these models, and therefore
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antimicrobial activity largely depend on the cationic charge and amphipathic nature of CAPs
(Straus & Hancock, 2006). In the barrel-stave model (BSM), the amphipathic nature of CAPs is
utilized, here their hydrophobic peptide regions align into the lipid environment, whereas the
hydrophilic side chains are aligned inward to form trans-membrane pores (Brogden, 2005). It is
through these pores that cytoplasmic contents can leak from the cell, and result in cell death.
Similarly, in the toroidal pore model, CAPs are inserted into the bilayer and cause the latter to
bend and form a pore. As a result, phospholipid head groups and polar peptide surfaces line the
pore lumen and local aggregations of varied numbers of peptide molecules within the membrane
provide a route of passage of ions (Brogden, 2005). On the other hand, in the carpet model, the
peptides bind to the cell surface in an electrostatic manner, and form a layer that alters membrane
fluidity and or reduces the barrier properties of the membrane (Pelegrini, del Sarto, Silva, Franco,
& Grossi-de-Sa, 2011).

Among CAPs, protamine, is a small peptide (4112 Da) which may be extracted from the
sperm cells of fish such as herring (clupeine) and salmon (salmine). Similar to most CAPs
protamine is very cationic and consists of 31 amino acids, with 20 of those residues being arginine
(Suzuki & Ando, 1972). However, unlike most CAPs, protamine is not amphipathic, and lacks
secondary structure due to the even distribution of positive charges along the peptide backbone
(Bonora, Ferrara, Paolillo, Toniolo, & Trivellone, 1979). Protamine has also exhibited
antimicrobial activity toward food-borne pathogenic bacteria but widespread applications in foods
are made difficult due to non-specific interactions with food components (Truelstrup Hansen &
Gill, 2000; Ueno, Fujita, Yamamoto, & Kozakai, 1988). These non-specific interactions can be
overcome by chemically blocking arginine residues with 1,2-cyclohexanedione (CHD), which also

reduces the surface charge of the peptide (Potter et al., 2005). The CHD-treated peptide also has
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improved antimicrobial activity as demonstrated by reduced growth of Listeria monocytogenes in
milk as well as in ground beef (Potter, Truelstrup Hansen, & Gill, 2005) but the effects of the
peptides on bacterial membrane structure is not fully known. Accordingly, our objective was to
use two complementary biophysical techniques, neutron reflectometry (NR) and X-ray
reflectometry (XRR), to investigate the effect of native and modified clupeine on the structure of
model monolayer membranes composed of zwitterionic (Phosphatidylethanolamine, PE), and
anionic phospholipids (Phosphatidylglycerol, PG and Cardiolipin, CL). These phospholipids are
present in the natural, cytoplasmic membrane of Gram-negative bacteria in an approximate 79:17:4
mole % ratio (Sohlenkamp & Otto, 2016). The effect of the peptides on the structure of 1,2-
dipalmitoyl (d62)-sn-glycero-3-phosphocholine (DPPC)/PE:PG:CL bilayers was also investigated
by NR. Understanding the initial steps involved in native and modified clupeine membrane
interactions will begin to define characteristics of the peptides and the target bacteria that will be
useful in understanding the peptides’ mode of action.

2 Materials and Methods

2.1 Materials

DPPE, 1,2-dipalmitoyl-glycero-3-phosphoethanolamine, MW 691.97 (zwitterionic and
synthetic purity > 99%); DPPG, 1,2-dipalmitoyl-sn-glycero-3-[phosphor-rac-1-glycerol] (anionic
sodium salt), MW 744.96; and 1,1°2,2’-tetramyristoyl cardiolipin (anionic sodium salt), MW
1,285.62 were all purchased from Avanti Polar Lipids (Alabaster, AL, USA). Stock solutions of
all lipids were prepared using a 3:1 mixture of HPLC grade chloroform to methanol (Sigma-
Aldrich, Oakville, ON, Canada) in a ratio (PE:PG:CL; 79:17:4 mole %), hereafter referred to as
PPC and stored at -20°C.. Native clupeine (clupeine sulfate (MW 4112 Da, P4505)), L-arginine,

0.1 M HCL solution, CHD (MW 112.13 g/mol), 8-hydroxyquinoline, sodium hydroxide, liquid
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bromine, and HPLC grade chloroform were obtained from Sigma-Aldrich (Oakville, Oakville,
ON, Canada):
2.2 Clupeine Modification

To reduce the surface charge of arginine CHD (2.8 g) was dissolved in 500 mL of 0.2 M
boric acid buffer (pH 8.5) then 2.5 g of native clupeine was added and the contents of each flask
stirred for 20 s (Potter et al., 2005). The samples were incubated at 37°C for 2.5 min and then 500
mL of cold 5 % (v/v) acetic acid was added. Control samples were prepared in a similar manner
except that no CHD was added to the reaction flasks. The modified samples were concentrated to
200 mL, and then exhaustively dialyzed in a Prep/Scale Millipore Model P34404 ultrafiltration
apparatus (Millipore, Toronto, ON, Canada) equipped with 900 cm?, 1000 Da tetrafluoroethylene
(TFE) filters and flushed with five volumes of 1% (v/v) acetic acid and ten volumes of distilled,
deionized water (DDW) and concentrated once again to 200 mL as described by Potter et al.
(2005). Finally, the purified samples were frozen at -30°C and then freeze dried (Labconco,
Missouri, USA). Stock solutions were prepared by dissolving 0.1 g of the powder in 40 mL of 1%
(v/v) acetic acid. Working solutions were prepared by diluting the stock solutions 1:50 with DDW.
The Sakaguchi reaction (Sakaguchi, 1950; Potter et al., 2005), which is specific for arginine, was
used to determine the unmodified arginine residues in the CHD-treated clupeine. The percent
modification of arginine residues was determined using an arginine-HCl standard curve and taking
into account that ~20 of the 30 amino acid residues in clupeine are arginine (Ando et al., 1973).
Only CHD-treated clupeine with 10% of the arginine residues modified was chosen for further
testing because it has been reported that moderate reductions in charge led to improved

antimicrobial efficacy (Potter et al., 2005).

2.3 Peptide Surface Hydrophobicity
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The surface hydrophobicity (So) of the native and modified samples was measured using
a fluorescent probe, 6-propionyl-2-(N,N-dimethylamino) naphthalene (PRODAN) as outlined by
Alizadeh-Pasdar and Li-Chan (2000) with modifications. A PRODAN standard curve was
developed using concentrations ranging from 0 to 0.95 uM. Using this PRODAN binding curve,
it was possible to measure the amount of PRODAN bound to the peptide samples. PRODAN (20
uL, 7.6 mM) was added to 4 mL of peptide in a 0.01 M phosphate buffer (pH 7). After 15 min
incubation in the dark, the relative fluorescent intensity (RFI) was measured using a Photo
Technology International (PTI) fluorescence spectrophotometer, with excitation and emission

wavelengths set at 390 and 470 nm, respectively.

2.4 ZetaPotential

The net charge density of the peptides was measured as zeta potential (mV) using a Zetasizer
Nano Model ZS (Malvern Instruments, Derbyshire, UK) as outline by Paulson and Tung (1987)
with modifications. Measurements were made at 20°C in triplicate. The zeta potential was
calculated from the electrophoretic mobility of individual particles, measured using laser Doppler
velocimetry (Malvern Instruments Ltd, 2004).
2.5 Surface Pressure Measurements

Surface pressure measurements on a Langmuir trough (model 611 Nima Technology,

Coventry, England) interfaced with a computer data acquisition system were carried out by the
Wilhelmy plate method as described by Lad, Birembaut, Clifton, Frazier, Webster, & Green,
(2007). Clean troughs were filled with 80 mL of 0.02 M phosphate buffer (pH 7), and 20 pL of
the lipid solution in chloroform was spread dropwise using a Hamilton syringe (Hamilton
Company, Reno, NV) on the surface of the buffer to form a monolayer. The lipid monolayer was

compressed to a target surface pressure of ~25 mN m™!. Control checks were carried out for ~ 4.2
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h on the bare PPC monolayers to determine their stability. For each experiment, the compressed
film was relaxed for 20 min at ~25 mN m™' prior to the addition of 1 mL of native or modified
clupeine solution to the subphase (final peptide concentration of 0.48 pM). Compression isotherms
were recorded as surface pressure () vs. area (A) curves prior to the addition of the peptides and
on addition of the peptide to the subphase, and plots of surface pressure vs. time were recorded to
follow adsorption of the peptides to the lipid layer. All compressions were repeated until a
reproducible trace was obtained and the final surface pressure values had a standard deviation of
+1 mN m'!. Similar experiments were carried out using the negatively charged phospholipid,
DPPG, as a control.
2.6 Neutron Reflectometry Measurements on PPC

NR measurements were carried out using the white beam SURF reflectometer at the
Rutherford Appleton Laboratory (Didcot, Oxfordshire, UK), using neutron wavelengths from 0.5
to 6.5 A. The beam intensity was calibrated with respect to a clean DO surface. The sample
preparation and NR method were carried out as described by Clifton, Sanders, Hughes, Neylon,
Frazier, & Green (2011) with some modifications. Briefly, all the NR experiments were performed
at room temperature and the lipid films were prepared by spreading the PPC lipid mix (from the
stock solution) in a 200 x 400 mm Langmuir trough (Nima Technology, Coventry, UK) containing
a 20 mM phosphate buffer (pH 7.0). Films were compressed to a surface pressure of 23 mN m’!
and the films were relaxed for 20 min at 23 mN m! prior to the addition of native or CHD-treated
clupeine solutions (0.48 pM) to the lipid monolayer. NR curves were recorded at two angles of
incidence (0 = 1.5 and 0.8°) to yield a momentum transfer range of ~0.01 — 0.6 A™! both before and
after the addition of native or CHD-treated clupeine. NR was measured under multiple isotopic

contrasts and this was achieved by using hydrogenated and deuterated lipids in a non-reflecting
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water subphase compared to air, NRW (8% D0, 92% H>0), and D>O. Measurements using
hydrogenated lipids (h-lipids) on NRW were done to observe protein binding since the h-lipid will
be largely non-reflecting (p(h — lipid) = —0.39 x 107°A~2), where p represents the scattering
length density (SLD). Repeat experiments using isotopic contrasts with d-lipid (p(d — lipid) =
7.5x 107°A2) on NRW were also done to reveal any changes in lipid layer structure caused by
the interaction. Contrasts of h-lipid on D>O were also done to enable differentiation between
peptide adsorbed beneath the interface and the lipid head group (Clifton, Neylon, & Lakey 2013a).
2.7 X-Ray Reflectometry Measurements on PPC

X-ray reflectometry experiments were performed at the [07 beamline at the Diamond Light
Source (Harwell Science and Innovation Campus, Didcot, Oxfordshire, UK). The sample
preparation and method described by Clifton et al. (2012) was carried out. Experiments were
performed at room temperature and the lipid films were prepared by spreading the PPC lipid mix
(from the stock solution) in a 200 x 400 mm Langmuir trough containing a 20 mM phosphate
buffer (pH 7.0). The films were compressed to a surface pressure of 23 mN m™' and then relaxed
for 20 min at 23 mN m™! prior to the addition of native or CHD-treated clupeine solutions (0.48
uM). A monochromatic X-ray wavelength of 0.992 A (corresponding to a photon energy, E of
12.5keV) was used and a fast shutter was applied to avoid over-exposure to the X-ray beam.

The experiments were also performed in a helium atmosphere, the reflectivity profiles were
measured in a Q, range of 0.01 to 0.8 A™! and data were collected on a Dectris Pilatus 100 k
detector. XRR data were reduced by performing a normalisation and a “footprint correction” step.
There were three parts to the normalisation, the first part involved dividing by the incident flux
since this varies with the incident angle. The second part involved stitching the three regions

together; by overlapping points at the extremes of each region. The third part involved scaling the



225

226

227

228
229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

data so that reflectivity at the critical edge was equal to one. The detector also used two ‘regions
of interest’ (ROI) to simultaneously measure the signal, and this background was subtracted from
all the data sets (Clifton et al., 2012).

2.8 Bilayer Deposition and Neutron Reflectometry Measurements

Gram-negative model, single bilayer membranes were prepared at the ISIS Biological
Sample Laboratory (Rutherford, England) as outlined by Clifton et al. (2013b). NR measurements
were carried out using the white beam SURF reflectometer, using neutron wavelengths from 0.5
to 6.5 A. The collimated neutron beam was reflected from the silicon-liquid interface at three
different glancing angles of incidence, 0.35°, 0.65° and 1.5°.

A neutron flow-cell was placed at the bottom of a clean Langmuir-Blodgett (LB) trough
(KSV-Nima, Biolin Scientific, Finland) and the cell was flushed with ultrapure water (Millipore,
18.2 MQ cm™) to remove air bubbles and was then filled with 20 mM phosphate buffer (pH 7.0)
A Piranha-cleaned (H202/H2SO4/H>O 1:4:1) silicon (SiO2) crystal was then mounted onto the
dipping mechanism of the trough in a vertical position and with the active face away from the
center, then the block was submerged under the buffer. Two bilayers were prepared and 150 puL
of tail-hydrogenated or deuterated 1,2-dipalmitoylphosphatidylcholine (h-DPPC and d-DPPC) in
I mg/mL in chloroform, was spread onto the clean water surface. The lipid was compressed to an
initial pressure of 10 mN m™! and then equilibrated for 15 min. The lipid layer was then compressed
to 35 mN m™ at a rate of 3 mm min’'. Pressure-area isotherms were recorded to confirm the
homogeneity of the film.

For LB deposition of the inner bilayer leaflet, the submerged silicon crystal was lifted
through the air-water interface at a rate of 3 mm/min and at a constant pressure of 35 mN m™'. The

entire LB deposition procedure took 45 min. For Langmuir Schaefer (LS) transfer, a clean neutron
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flow-cell was placed in the bottom of the trough before it was filled with cold 20 mM Hepes buffer
(pH 7.2). A monolayer was formed on the surface by adding 150 pL of the PE:PG:CL (79:17:4
mole %) lipid mix, and the latter was compressed to 35 mN m™'. The silicon crystal containing the
LB-deposited DPPC monolayer was placed on the dipping mechanism of the trough, with the
crystal face parallel to the water surface. The silicon crystal with the deposited LB film was then
dipped through the interface at a constant rate of 3 mm min™! and lowered into the neutron flow-
cell at the bottom of the trough. Native or CHD-treated clupeine (0.48 pM) were added to the cell
in a 20 mM Hepes buffer (pH 7).
2.9 Reflectivity Data Analysis for Monolayers

NR and XRR data were analyzed using a Matlab version of RasCal (version 1.1.2, Hughes,
A., ISIS Spallation Neutron Source, Rutherford, Appleton Laboratory). In RasCal, structures
across the interface were modeled as a series of layers and each layer was described by three main
parameters: thickness (t), SLD (p), and roughness (Clifton et al., 2013a). The SLD of the lipids

(head groups and tails), solvents and peptides were calculated using equation 1:

a
Where b represented the SL for each element and V represented the molecular volume (Lad, 2006).
The XRR and NR data were first fitted individually then fitted simultaneously as described by
Nelson (2006) and Clifton et al. (2012) to place restrictions on the NR fit. The thickness and
roughness parameters were linked in a single model and the SLD and background values were
allowed to vary (Nelson, 2006).

Bare lipid monolayers with no peptides were divided into two layers, the first, a lipid chain

layer containing CH3z and CH> groups and the second, a head group layer containing the lipid head
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groups (Dabkowska, Fragneto, Hughes, Quinn, & Lawrence, 2009). This classification was based
on two assumptions: (1) the first layer contained only lipid component and the second layer
contained only the head group; (2) the second assumption was related to the area per molecule and
assumed that this value was the same for both the lipid head group and the tail region (Clifton et
al., 2011). However, in order to measure peptide binding to the monolayer, a third layer was
included in the model to represent the presence of the peptides below the lipid monolayer
(Saunders, Clifton, Frazier, & Green, 2016). A set of reflectivity profiles measured under the three
isotopic contrasts hydrogenated (h)-lipid in NRW; h-lipid in D>O and deuterated (d)-lipid in NRW
were fitted together and the large difference between the scattering lengths of hydrogen (-0.56 x
10° A2) and deuterium (6.35 x 10® A-2) was used to detect the location of different components
in the monolayer. The parameters of the measured data were then fitted to the theoretical model
until the best fit was achieved. The quality of the fit was also assessed visually. The fitted SLD for
each isotopic contrast was related to the volume fraction of each component using equation 2,
where @ represented the volume fraction, p represented the SLD, pm)and pmy represented the
fitted SLD and p(p-r) - p-r) represented the calculated SLD.
Eq. 2

p(D) — p(H)
p(D—L)—p(H—-L)

@ (lipid) =

The SLDs and the molecular volume for the native and CHD-treated peptides were calculated as

outlined in the ISIS Biomolecular SLD Calculator (http://psldc.isis.rl.ac.uk/Psldc/). To calculate

the SLD for the lipid mixture of PPC, the SLD of each individual lipid head and tail was calculated
and then multiplied by its fraction in the mixture. The molecular volumes of the lipid components
were calculated using the Molinspiration Property Calculator

(http://www.molinspiration.com/cgi-bin/properties). The area per molecule (4) occupied by the
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peptide and the lipid in each layer and the surface excess (I') for each component in the system
were calculated using equations 3 and 4, where b represented the scattering length, p represents

the SLD, and 1 represented the layer thickness obtained from the model fit (Clifton et al., 2011).

¥b
aA=2b Eq.
T$p q-3
r=—>% _ Eq. 4

T A%6.02 g /mol

2.10 Reflectivity Data Analysis for Bilayers

Model biomembranes systems composed of either tail deuterated or tail hydrogenated
DPPC as the inner leaflet and hydrogenated-PPC as the outer leaflet were prepared, then NR
experiments were carried out using three different solution subphases; (1) D>O (100%, p=6.35 x
10 -6 A2); (2) silicon matched water (SMW, 38% D>0 and 62% H,0, p=2.07 x 10 ¢ A?); and (3)
100% water (p=-0.56 x 10 ° A-2). Each deuterated and hydrogenated lipid bilayer was measured
under all three isotopic contrasts (D.0O; SMW and H>O) thus resulting in a total of six different
reflectivity profiles. The large difference between the SLD for deuterated-DPPC (7.45 x 10 A%)
and hydrogenated-DPPC (-0.39 x 10% A?) tail regions made it possible to determine structural
parameters from the tail region within each individual bilayer. Reflectivity data were obtained for
the six contrasts before and after the addition of native and CHD-treated clupeine and the data
were analyzed as described in Clifton et al. (2013) using a Matlab version of RasCal. The three
membrane components in the bilayer were DPPC, PPC and water and their individual

contributions to the bilayer were determined from the fitted values obtained for the tail deuterated-
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DPPC SLDs in the three subphase mixtures (100% D20, SMW (30% D-0O and 100% water). The
SLD (p) of a given layer was related to the three membrane components by the following equation:

Eq.2
p = (prrc)(Pperc) + (Pepc) (Prepcc) + (Pwater) (Pwater)

Where p represented the SLD of a given layer and ppppc, Prpc and pyqrer represented the SLD
of DPPC, PPC and water respectively, while ¢ppppc Pppc and ¢y qeer represented the volume
fractions of the same components. Because the DPPC and PPC lipid tail regions do not contain
labile hydrogens and would not undergo solvent-contrast-related changes in SLD (Clifton et al.,

2013b), the volume fraction of water was determined from the following equation:

Pwater contrast1 — Pwater contrast2

¢Water -

Pwater1™ Pwater2

Where pyater contrast1 a4 Pwater contrast2 represented the SLDs of the same layer in any two of
the three contrasts (H2O, SMW or D,0) used, while pyateri— Pwaterz represented the SLDs of
each solvent mixture. Once the volume fraction of water (¢, 4terr) Was determined, then the DPPC
fraction in the d-DPPC/h-PPC bilayer system was determined using equation 6.

Eq.7
p— (pwater¢water) = (pDPPC tails)(¢DPPC tails) + (pPPC tails)(d)PPC tails)

Equation 7 was used to find the value of p — (py ater Pwater)> Which was needed in order to fully
complete equation 8:

Eq. 8
(p - (p(water)q)water) - (pPPC tails(]- - ¢water)))

(Pd-DPPC tails — PPPC tails)

bprpc tails =
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Once the relative contribution of the ¢pppc tairs Were determined, then the relative contributions

of the PPC tails to the bilayer were determined by using equation 9:

Pppc =1— (¢DPPCtails + ({bwater)

2.11 Model to Experimental Data Fitting Analyses

The ‘bootstrap’ error analysis function in RasCal was used to obtain model to experimental data
fitting errors as previously described by (Clifton et al., 2012; Clifton et al., 2013b). The original
data set was resampled, then new data sets were fitted using the methods described earlier. “The
parameter value distributions obtained across these fits were used to estimate errors, and these
values were then propagated through the calculations of the derived parameters according to
error treatment methods” (Clifton et al., 2013b).

3 Results and Discussion

3.1 Netcharge density and surface hydrophobicity

The native peptide was far less hydrophobic than the modified sample (P=0.02, n=3) at the
pH level tested (Figure 1A ). Since the native clupeine is highly cationic in nature, the use of an
anionic probe such as 1-anilinonaphthalene-8-sulfonic acid (ANS) would have resulted in greater
interaction with the positively charged sites on the peptide, thus overestimating the
hydrophobicity. This supports the use of the uncharged probe PRODAN which eliminated the
possible electrostatic contributions in the hydrophobicity measurements (Alizadeh-Pasdar & Li-
Chan, 2000). The measured zeta potential of the native clupeine was 7.2 £ 0.2 mV, which was
similar to the value reported by Arbab et al. (2004). Conversely, the modified sample registered a

zeta potential of 5.3 + 0.1 mV.

3.2 Peptide binding to lipid monolayer using surface pressure measurements
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The surface pressure change on addition of clupeine to a compressed PPC monolayer at
the air/water interface was investigated as a function of time (Figure 1). The data showed an
increase in surface pressure for CHD-treated clupeine that was not seen for the native peptide. The
maximum increase seen after 300 min from addition of the treated clupeine to the subphase was
approximately 11 mN/m. This suggests that the CHD-treated clupeine had penetrated into the lipid
layer leading to increase compression of the layer, an effect previously reported by (Abuillan et
al., 2013; Oliveira et al., 2009). For the native clupeine no increase in surface pressure was
observed, although a gradual decrease was seen that could be due to lipid removal at the surface,
but was more likely a consequence of the stability of the lipid layer and not an indication of any
clupeine interaction. Importantly, this could have been resolved if an equivalent volume of peptide-
free buffer was added to the subphase and the same decrease in surface pressure was observed.
Conversely, if no effect on surface pressure was observed over the same time period, this would
suggest that the peptide did not sit at the air-water surface (Dabkowska et al., 2009).

3.3 Impact of peptide on lipid monolayer structure

NR and XRR reflectivity data were fitted simultaneously to provide characterisation of the
interfacial layer structure before and after peptide addition. The PPC monolayer characterization
prior to peptide addition was determined using two reflectivity profiles, the d-PPC on an NRW
buffer subphase (NR) and the h-PPC on a H>O phosphate buffer subphase (XRR). Models of the
XRR fits are not shown. A two layer model was used to fit the data, where layer 1 was the acyl
chain region with a thickness () of 15 + 0.64 A and a volume fraction (®r) of 0.97 + 0.02, whereas
layer 2 was the lipid head group of the condensed PE:PG:CL monolayer, withatof 129+ 12 A

(Table A2). Ciumac et al. (2017) and Dabkowska et al. (2009) have also reported similarly thin
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hydrophobic chain regions for DPPC or DPPG and for 1,2-dioleoyl-sn-glycero-3-phosphocholine
or palmitoyl-oleoyl-glycero-3-phosphoserine (DOPC/ POPS) monolayers.

A third layer was included into the model to allow for fitting of clupeine adsorbed below the
lipid layer (Figure 2). In addition, the hydrogenated contrasts in NRW proved to be informative in
identifying the contribution of the peptide to the monolayer. As shown in Figure 2 A, the three
layer model proposed for native clupeine adsorbed to the condensed phase PPC monolayer, fitted
the data well. Peptide binding in the presence of native clupeine showed minimal adsorption in the
lipid layer (surface excess (I') = 0.005 £ 0.02), but a greater effect was observed in the lipid head
group region (I' = 0.297 £ 0.02) and a thickening of the peptide layer (1, increased from 15.0 +
0.01 A to 15.3 £0.07 A). Conversely, in the presence of the modified peptide a greater effect on
the structure of the monolayer was observed (Figure 3). For example, there was a 25% and 15%
increase in surface excess and a peptide layer thickness, respectively, compared to the measured
values in the presence of the native peptide (Table 1). Slight increases in SLD, 1.07 + 0.06 x 10
SA20r1.69 £ 0.05 x 10°A2 in the presence of native or CHD-treated clupeine, respectively, were
also observed (Table 1). Notable, the difference in the fitted SLDs and the total adsorbed peptide
was almost two-fold in the presence of the modified peptide compared to the native peptide.

The requirement of a third layer below the monolayer supports the observation from the
surface pressure studies for the modified clupeine, and confirms that the peptide interacted with
the PE:PG:CL monolayer (Figure 1). More importantly, the advantage of using two different
techniques to characterize peptide interaction with the PPC monolayer is emphasized since, NR is
sensitive to the total amount of material at the interface. Thus although the presence of native
clupeine on the PPC monolayer led to a decrease in surface pressure change, NR measurements

clearly revealed a thickening of the layer (Tablel). Work with Puroindoline-b (pin-b) protein
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mutants has also shown little change in surface pressure when the proteins were inserted onto
DPPC or DPPG monolayers, however, similar to native and CHD-treated clupeine, NR revealed
most of the peptide situated below the lipid region (Clifton, Lad, Green, & Frazier, 2007; Clifton,
Green, Hughes, & Frazier, 2008). Moreover, NR and XRR methods were advantageous since
differences in the radiation source (XRR versus NR) result in different scattering length densities
(SLD), and selective SLD modification with deuterium (D>0) labeling made it possible to reveal
subtle changes in membrane structure in the presence of the peptides (Lopez-Rubioa, & Gilbert,
2009).
3.4 Impact of Peptides on Bilayer Structure

To validate that the trends observed with the monolayer work were not dependent on the
lipid layer model used, bilayer studies were performed. Figure 4 shows the NR profiles and data
fits of bilayers in the presence of native (4A), and modified clupeine (4B) examined under three-
solution contrasts (D20, SMW and H>0O). In the outer lipid head group region there was a change
in SLD from 2.5 to 2.2 or 2.3 x 10%A-2in the presence of native or modified clupeine, respectively
(Table 2). The decrease in SLD may be explained by lipid removal from the bilayer in the presence
of the peptides. Lipid loss was also accompanied by an increase in hydration of the lipid head
group, from 17.9 + 12.7% on the bare bilayer compared to 26.9 + 5.5% in the presence of native
clupeine and 48.2 + 11.5% in the presence of the modified clupeine. The greater degree of
hydration in the lipid head group region in the presence of modified peptide compared to the native
peptide is observed as a broader peak in Figure 4 D compared to Figure 4 F and may also indicate
greater solvent penetration.

The model used to fit the reflectivity data from the deuterated lipids (Figure 4B) showed

that it was possible to form asymmetric bilayers with ~90% DPPC inner leaflet composition and
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an outer layer of ~80% PPC. Although it is now known how closely the model membrane fits the
real membrane, similar percent coverages have been reported by Fernandez et al. (2013). Lipid
translocation was also observed in the inner tail region (~69 £ 0.24% DPPC and ~24 £ 0.02% PPC)
and in the outer tail region (~24 = 0.02% DPPC and ~56 + 0.01% PPC) (Table 2). Lipid
translocation may have resulted due to lateral heterogeneity in the bilayer which leads to the
formation of domains (Epand, 2013). Vorobyov and Allen (2011) discussed the importance of
bilayer charge in mediating peptide interaction and showed that adsorption of cationic peptides to
anionic bilayers is significantly higher than in zwitterionic membranes. Importantly, electrostatic
interactions between peptides and anionic lipids has also been postulated as another factor that
supports the formation of domains (Epand, 2013). In the present study it is possible that the
peptides could exert part of their effect by changing lateral organization in the membrane.
Increased hydrophobicity of the modified clupeine may also explain the increased magnitude of
the effect on the lipid structure. Furthermore, thicker peptide layers in the presence of the modified
peptide (11.04 £ 6.0 A versus 4.15 = 2.9 A in the presence of the native peptide) (Table 2), implies
the accumulation of peptides to form a layer that can interact with negatively charged components
in the membrane. Thus, it appears that both hydrophobic and electrostatic interactions may govern
the mode of action of the modified clupeine, and strongly suggests that the modified clupeine may
use the carpet mechanisms to exert its effect on model membranes. These observations support the
findings of Pink, Hasan, Quinn, Winterhalter, Mohan, and Gill (2014) who reported that native
clupeine can internalize and kill some Gram-negative bacteria without lysis or pore formation.
Conclusion

The initial interactions of native and CHD-treated clupeine in model membranes has been

investigated by combining NR and XRR techniques. In the less complex monolayer system,
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quantitative amounts of peptides could be determined as surface excess values in the presence of
both peptides. Lipid translocation was observed in the inner acyl chains of the bilayer membrane
however, but the peptides were not able to penetrate the bilayer membrane. Similar effects on the
model membrane structure were observed, although peptide perturbation of the membranes
appeared different. Increased hydrophobicity along with electrostatic interactions of the modified
peptide were attributed to the improved peptide-lipid interactions. A more comprehensive
understanding of the safety and toxicology of these peptide is required before they can be
considered for food applications in Canada.
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Figure 1. Surface pressure versus time plot for CHD-treated clupeine and native clupeine adsorbed
on a PPC monolayer. There was a general increase (4.6%) in surface pressure after adding the
CHD-treated peptide. On the other hand, the addition of the native peptide resulted in a decrease
(2.3%) in surface pressure. These experiments were repeated twice.

*Note that PPC is the abbreviation of PE:PG:CL.
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Figure 2. Neutron and X-ray reflectometry profiles and model data fits, and corresponding SLD
profiles after equilibrium adsorption of native clupeine. (A) Reflectivity of PPC lipid monolayer
in NRW with adsorbed native clupeine on the deuterated lipid in (red) and the hydrogenated lipid
in (black) is plotted against Q, (A™!), the momentum transfer. The bare lipid with no peptide is
shown in blue and the experimental data are represented with error bars whereas the best fit
simulated data are represented as continuous lines. The SLD profile as a function of distance from
the interface as determined from the fit is shown in (B).

*Note that PPC is the abbreviation of PE:PG:CL.
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Figure 3. Neutron and X-ray reflectometry profiles and model data fits, and corresponding SLD
profiles after equilibrium adsorption of CHD-treated clupeine. (A) Reflectivity of PE:PG:CL
monolayer in NRW with adsorbed CHD-treated clupeine on the deuterated lipid in (purple) and
the hydrogenated lipid in (black). The bare lipid with no peptide is shown in blue and the
experimental data are represented with error bars whereas the best fit simulated data are
represented as lines. The SLD profile as a function of distance from the interface as determined
from the fit is shown in (B).

*Note that PPC is the abbreviation of PE:PG:CL.
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Figure 4. Reflectivity curves and SLD profiles from d/h-DPPC:h-PPC lipid bilayer. A.
Reflectivity data for the h-DPPC:h-PPC bilayer lipids in D2O (gray), SMW (red), and H>O (black)
containing native clupeine. The corresponding fits are shown as lines, D>O (black), SMW (black),
and H>O (blue). B. Reflectivity data for the h-DPPC:h-PPC bilayer lipids in D20 (grey), SMW
(blue), and H>O (pink) containing CHD-treated clupeine. The fits are shown as black lines for all
contrasts. C. SLD profiles for the bilayer in water contrast in the presence of native clupeine. The
data are plotted as points with error bars and the fits are represented as a black line. SLD profile
for bilayer in water contrast in the presence of CHD-treated clupeine. The data are plotted as points
with error bars and the fits are represented as a blue line. The greater degree of hydration in the
lipid head group region in the presence of CHD-treated clupeine compared to the native peptide is
observed as a broader peak in Figure 4 D compared to Figure 4 C.

*Note that PPC is the abbreviation of PE:PG:CL.
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Table 1 Structural parameters obtained from the three layer model fits of native and CHD-
treated clupeine (0.48 uM) adsorbed to PPC monolayers. The fits were repeated three times.

Parameters Thickness SLD Layer I' Surface  (®v) Lipid

T (A) (10°°A2)  roughness  excess volume
(A) (mg/m?) fraction

Layer 1, acyl chain

d-PPC, NRW 15.0+0.01 1.60£0.01 3.51+0.15 0.005+0.02 0.59+0.02

h-PPC, NRW 15.0£0.01  -0.37+0.01

h-PPC, XRR 15.0£0.01  9.69+ 0.03

Layer 2, head

group

d- PPC, NRW 12.7£0.01  1.07+0.06 0.297 £0.02

h- PPC, NRW 12.7£0.01  1.07+0.06

h- PPC, XRR 12.7£0.01  12.9£0.40

Layer 3, peptide

layer (native)

d- PPC, NRW 15.3£0.07 1.00£0.09 3.88+0.32 0.364+0.02

h- PPC, NRW 15.3£0.07  1.00+ 0.01

h- PPC, XRR 15.3£0.07 10.9+0.01

Layer 1, acyl chain

d- PPC, NRW 16.5+£0.14  2.08+£0.05 3.83+0.06 0.007+0.03 0.69 £0.03

h- PPC, NRW 16.5£0.14  -0.37+0.01

h- PPC, XRR 16.5+0.14  8.64+ 0.01

Layer 2, head group

d- PPC, NRW 8.27£0.06  1.69+ 0.05 0.372 £0.03

h- PPC, NRW 8.27£0.06  1.69+ 0.05

h- PPC, XRR 8.27+0.06  12.5+0.06

Layer 3, peptide

layer (CHD)

d- PPC, NRW 17.6+0.05 1.42+0.44 3.50+0.44 0.59+0.14

h- PPC, NRW 17.6£0.05 1.22+£0.25

h- PPC, XRR 17.6+0.05  9.25+0.05

T, represents layer thickness; I', represents, clupeine surface excess; and @ represents lipid

volume fraction

*Note that PPC is the abbreviation of PE:PG:CL.
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Table 2. Best fit values and error estimates of asymmetrically deposited bare h-DPPC (inner
leaflet) E. coli PPC (outer leaflet) bilayer deposited on a silicon surface and the bilayer in the
presence of native and CHD-treated clupeine.

Parameters of the Bilayer Bare h- h-bilayer + h-bilayer +

bilayer native clupeine = CHD- treated
clupeine

Oxide layer thickness (A) 11.9+2.6 nf nf

Oxide layer hydration (%) 156+2.4

Oxide layer roughness (A) 3.58+0.95

Inner head gp SLD (10 A?) 1.53+0.01 nf nf

Inner head group hydration (%) 31.3+£5.5

Inner head group thickness (A) 11.9+£33

Inner tail SLD (10°% A2) -0.39 nf nf

Inner tail hydration (%) 8.18+ 1.5

Inner tail thickness (A) 15.7+£2.2

Outer tail SLD (10 A2) -0.39 nf nf

Outer tail hydration (%) 445+0.93

Outer tail thickness (A) 19.2 +£0.89

Outer head gp SLD (10 A%) 2.51+0.30 2.17+£0.50 2.27+0.48

Outer head group hydration (%)  17.9+12.7 269+5.5 482+ 12

Outer head group thickness (A) 7.94 +0.54 8.52+0.04 8.13 £ 0.66

Bilayer roughness (A) 4.99 £ 0.01 nf nf

Clupeine hydration (%) n.a 48.8 £3.1 589+ 15

Clupeine thickness (A) n.a 4.15+29 11.0+ 6.0

Clupeine roughness (A) n.a 3.15+£2.7 6.91+1.6

nf = not fitted and n.a. = not applicable

*Note that PPC is the abbreviation of PE:PG:CL.
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Figure 1A. The binding of PRODAN to native and modified clupeine. The surface hydrophobicity
of the native and modified clupeine was measured using an uncharged probe, PRODAN. A
PRODAN standard curve was developed which was used to measure the amount of probe bound
to the clupeine samples.



Table Al. Summary of Scattering length scattering length densities, molecular weights, and
molecular volumes of the lipids (PPC and DPPC) and peptides used in the present study.

Parameters Scattering SLD Molecular Molecular
length b (10-5A-2) Weight Volume (A3%)
(1034) (g/mol)

h-PPC (head + tail) 0.339 0.300 720 1128

h-PPC (hd. group) 0.598 2.06 273 288

d-PPC tail 6.24 7.49 496 838

h-PPC tail -0.326 -0.394 434 838

Native clupeine in NRW 29.0 2.02 4200

CHD-treated clupeine in 29.0 2.02 4200

NRW

h-DPPC (head + tail) 0.277 0.241 734 1152

h-DPPC (hd. group) 0.597 1.74 311 342

h-DPPC tail -0.392

d-DPPC tail 7.452

aThese values were obtained from Clifton et al. (2013 b).



Table A2 Structural parameters obtained from a two-layer model fit of a condensed phase d-
PE:PG:CL monolayer obtained from simultaneously fitting NR and XRR profiles. The structural
parameters described for each layer are the layer thickness (1), the SLD (p) and the corresponding

layer roughness. The fits were repeated three times.

Parameters Thickness SLD Layer Lipid volume
-6 R -2
&) (105A-2)  roughness (A) fraction ()

Layer 1, acyl chain
d-PE:PG:CL, NR 150+0.64 7.28+0.76 393+1.1 0.97 £0.02
h-PE:PG:CL, XRR 150+0.64 9.55+0.49
Layer 2, head
group
d-PE:PG:CL, NR 129+ 1.2 0.46 +£0.25
h-PE:PG:CL, XRR 129+1.2 13.2+£0.07

T, represents layer thickness and @, represents lipid volume.
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