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fAbstract: In the quest for new antibiotics, two novel engi-
neered cationic antimicrobial peptides (eCAPs) have been ra-
tionally designed. WLBU2 and D8 (all 8 valines are the b-
enantiomer) efficiently kill both Gram-negative and -positive
bacteria, but WLBU2 is toxic and D8 nontoxic to eukaryotic
cells. We explore protein secondary structure, location of
peptides in six lipid model membranes, changes in mem-
brane structure and pore evidence. We suggest that protein
secondary structure is not a critical determinant of bacteri-
cidal activity, but that membrane thinning and dual location
of WLBU2 and D8 in the membrane headgroup and hydro-

\

carbon region may be important. While neither peptide
thins the Gram-negative lipopolysaccharide outer membrane
model, both locate deep into its hydrocarbon region where
they are primed for self-promoted uptake into the peri-
plasm. The partially a-helical secondary structure of WLBU2
in a red blood cell (RBC) membrane model containing 50 %
cholesterol, could play a role in destabilizing this RBC mem-
brane model causing pore formation that is not observed
with the D8 random coil, which correlates with RBC hemoly-
sis caused by WLBU2 but not by D8.
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Introduction

Antibiotics have long made the world safer; the use of well-
known drugs such as penicillin derivatives and fluoroquino-
lones allows surgical interventions that save lives without risk
of the infection that was so prevalent before the early 20th
century. However, due to growing multidrug resistance in
many bacterial strains, the need for better antibiotics is
urgent. By taking inspiration from nature,>® engineered cat-
ionic antimicrobial peptides (eCAPs) attack the negatively
charged bacterial membrane' rather than a metabolic path-
way as with traditional antibiotics. Thus development of resist-
ance can take as long as four weeks® instead of a few days®
to occur.

Natural antimicrobial peptides (AMPs) like colistin and LL-37
have been well studied.”’"" Some natural AMPs kill eukaryotic
as well as bacterial cells, or they kill only one type of bacteria
or only in specified environments. Colistin, for example, only
kills Gram-negative (G(—)) but not Gram-positive (G(+)) bacte-
ria and displays a decrease in antimicrobial activity when in
the presence of divalent cations."? While many methods have
been used to design eCAPs in an effort to improve selectivity,
rational design takes into consideration hydrophobicity, hydro-
phobic moment, length of peptide, secondary structure,
number and types of amino acids, and net charge.>' Al-
though AMPs can cause cellular toxicity, several AMPs are now
in use clinically: colistin, gramicidin and daptomycin with
many more in clinical trials."¥
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Despite the success of eCAPs, the mechanisms by which
they kill bacteria are still controversial. While some AMPs have
intracellular targets in addition to a membrane perturba-
tion,"™ ¥ in this work we focus on the non-specific membrane
target. Previously there had been speculation that AMPs form
pores through membranes."*2*! Barrel-stave pore formation in
lipid bilayers of the natural AMP alamethicin has been ob-
served using neutron and X-ray scattering®?’ and toroidal
pores have also been observed with other natural peptides
like melittin® and magainin. It has been assumed that eCAPs
also form pores, but the evidence to validate this assumption
is meager.””?® Indeed, the evidence against pore formation is
mounting: Wimley et al. showed that the ion release rate from
a lipid vesicle with a singular pore was about 1000 X slower®
than the release rates that are known for ion channels.”

Besides the visible pore models, the “carpet model” from
Shai et al., proposes that AMPs coat the surface of the mem-
brane like a carpet, and then dismantle regions of the lipid
membrane.®®3" Another model from Bechinger is the “deter-
gent model”.?>*¥ |n this model the AMPs act like detergents
and thereby degrade the membrane at high concentrations by
forming transient small pores in the membrane. Despite the
popularity of these theories a domain theory has also been
proposed by the Epand laboratory that can predict the cyto-
toxic range based on lipid clustering caused by antimicrobial
agents.’¥ We have recently suggested that colistin kills bacte-
ria by the formation of domains with different material
moduli,®” which could lead to an increase in membrane per-
meability along the domain walls. The domain theory requires
a smaller perturbation than the carpet, detergent or pore
models in that observable holes or pores are not required.

In this work we used six biophysical methods to investigate
the structural interactions of two eCAPs, WLBU2 and D8, when
interacting with four bacterial and two eukaryotic model mem-
branes, in an effort to yield structural insights into the bacteri-
cidal and toxicity mechanisms. This study is the structural
counterpart to our study of material moduli which suggested
that WLBU2 and D8 kill both G(—) and G(+) via domain forma-
tion that creates instabilities along the domain walls.*® WLBU2
and D8 were engineered using rational design where hydro-
phobicity, hydrophobic moment, net charge, length of peptide,
secondary structure and types of amino acids were consid-
ered.?*'>%38 While the highly charged (+13), linear 24-mer
WLBU2 contains three types of amino acids (arginine, valine
and tryptophan), in D8 all 8 valines are represented by the b-
enantiomer. The peptide sequence is: RRWVR RVRRW VRRVV
RVVRR WVRR (see also Figure S1). Both peptides retain their ef-
ficacy in physiological saline®®*® and WLBU2 kills bacteria in
high salt conditions such as in the cystic fibrosis epithelial
airway.”” X-ray diffuse scattering (XDS), neutron reflectometry
(NR), circular dichroism (CD), nuclear magnetic resonance
(NMR), differential scanning calorimetry (DSC) and molecular
dynamics (MD) simulation were employed. All methods
employ fully hydrated conditions, such as occur in the human
body.
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Results

We describe the structural effects of the addition of WLBU2
and D8 to four bacterial and two eukaryotic lipid model mem-
branes, as investigated with six different biophysical tech-
niques. The six model membranes used were G(—) inner mem-
brane (IM) (POPE:POPG:TOCL 7:2:1 molar ratio), G(+) (POPG:
DOTAP:POPE:TOCL 6:1.5:1.5:1), G(—) outer membrane (OM)
(lipopolysaccharide model (LPS:DLPG 1:9) (see also Figure S2)
and di-deoxy-manno-octulosonic acid (KDO2)), typical eukary-
otic cell Euk23 (POPC:POPE:chol 5:1:1.8), and red blood eukary-
otic cell Euk50 (POPC:POPE:chol 5:1:6). While KDO2 is a rare,
rough mutant of LPS, it was employed since it is a simple
system that is amenable to MD simulation containing six lipid
chains as in LPS, but only four sugar moieties in its headgroup.
Each technique illuminates a different aspect of the structural
change of the bilayer caused by the peptides and the location
of the peptides in the model membranes. The sum of these
changes yields a detailed picture of the interactions of the
peptides with the model membranes as a basis for a mechanis-
tic understanding of their mode of action.

X-ray diffuse scattering (XDS)

Figure 1 A-C show examples of XDS. The sample is a stack of
lipid membranes mimicking the eukaryotic cell containing
23 mol % cholesterol (Euk23). The lobes of diffuse data are pro-
duced by fully hydrated, fluctuating lipid membranes. As the
peptide WLBU2 is added at increasing concentration (A—B—
C), the sample fluctuations increase,®® thus diminishing the
uppermost lobes. Lamellar scattering produces the discrete
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Figure 1. Examples of background-subtracted XDS data. Red indicates nega-
tive, while white indicates positive intensity values, and green indicates the
greatest intensity. A) Euk 23 control, B) 500:1 Euk23:WLBU2 molar ratio,

C) 100:1 Euk23:WLBU2. D) Form factor data for the 3 samples shown in A-C.
E) Electron density profile from the control Euk23 sample, shown in A. Com-
ponent groups are: phosphate (blue), glycerol carbonyl (red), CHCH, hydro-
carbon (green), CH; methyl trough (brown), water (cyan) and total (black).
D-spacings: A: 104 A, B: 100 A, C: 85 A. X-ray scans were performed at 37 °C.
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green spots and reflects the D-spacing (due to the distance be-
tween membranes in a stack). XDS data of this type are used
to calculate form factors, which in turn are used to calculate
electron density profiles (EDPs)“*? (see also Figure S3 for de-
tails of data analysis). The form factors for the XDS data shown
in Figure 1A-C are displayed in Figure 1D, where there is a
shift to higher g, values as the concentration of WLBU2 in-
creases (black—red —green traces). This indicates a thinning
of the membrane due to WLBU2 binding. Form factors for all
of the model membranes with both eCAPS are shown in Fig-
ure S4. The EDP for the control data (Figure 1A) is shown in
Figure 1E. We do not show EDPs with the peptides incorporat-
ed since peptide location in the membrane is better deter-
mined using neutron reflectivity (NR, see Figure 3). Bilayer
component groups are indicated in the caption to Figure 1E.

The total headgroup (combined phosphate and glycerol/car-
bonyl) peak-to-peak distance (D, black) and hydrocarbon full-
width at half-maximal (2D, green) are two measures of the
membrane thickness. The EDP also determines the area per
lipid (A)) when the lipid and peptide volumes are measured in
a separate experiment. A summary of the XDS structural results
for all of the membranes used in this study interacting with
both WLBU2 and D8 is shown in Figure 2.

As shown in Figure 2, the effects of both peptides on A, and
D. are dependent on the respective lipid membrane type.
While many lipid:peptide molar ratios were characterized, re-
sults for only a low and high concentration of peptide are
shown, since our material parameter results indicated that at
low concentration in G(—) and G(+) membrane models, the
peptides stiffen the membrane, while at high concentration
they soften the membrane,®® suggesting that domains with
different material moduli are juxtaposed, leading to unstable
domain walls between them. It was of interest to find a struc-
tural correlate for these material parameter results. For G(—) IM
(Figure 2A) and G(+) cell membrane model (Figure 2B), there
is a steady increase in A_ and steady decrease in D. when inter-
acting with both WLBU2 and D8. Thus, rather than a non-
monotonic structural correlation to the material properties,®®
the correlation of membrane softening with membrane thin-
ning at high concentration (75:1 lipid:peptide molar ratio) may
be more significant. The membrane thinning also correlates
with efficient bactericidal activity (low MIC ~3 um values) for
both peptides as measured with the G(—) bacteria Pseudomo-
nas aeruginosa and with the G(+4) bacteria methicillin-resistant
Staphylococcus aureus and shown in Figure 2G, suggesting
that membrane thinning may be involved in bactericidal activi-
ty. For the outer membrane (OM) models of G(—) bacteria,
there is a small decrease in A, and increase in membrane thick-
ness (KDO2, Figure2C), while for LPS model there is no
change in either structural parameter (Figure 2D). While the
OM is the first point of contact of eCAPs it is the inner
membrane (IM) that determines its killing efficiency, since the
IM is the ultimate protective barrier for the bacteria.** There
was slight toxicity to peripheral blood mononuclear cells
(PBMC) by D8, and more so for WLBU2 (Figure 2G). These tox-
icity results may not be directly comparable to the structural
effects of Euk23 (Figure 2E), since PBMC's contain =~33% cho-
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Figure 2. Area per lipid (A) (black) and half hydrocarbon thickness D¢ (red),
of bacterial and eukaryotic membrane models with the addition of either
peptide. WLBU2 (solid symbols), D8 (open symbols). A) G(—) inner mem-
brane (IM) model, B) G(+) membrane model, C) KDO2, D) LPS model,

E) Euk23 model, F) Euk50 model, G) Minimum inhibitory concentrations
(MIC) in [a] P. aeruginosa (G(—)), [b] methicillin-resistant S. aureus (G(+)),

[c] peripheral blood mononuclear cell toxicity (%) measured by propidium
iodide in flow cytometry at 50 um peptide, % RBC lysis (adapted from

ref. [36]). Standard deviation of A is +1.0 A and D is +0.5 A. X-ray and cell
studies were performed at 37 °C.

lesterol’ while Euk23 contains 23% cholesterol, and differ-
ences between the peptides’ activity may arise with increasing
membrane cholesterol content. For the sixth RBC membrane
model, Euk50, Figure 2F shows a small decrease in A_ and in-
crease in membrane thickness for both peptides, while the
lysis of RBCs is strongly peptide dependent (Figure 2G). This
could indicate that beyond a threshold cholesterol concentra-
tion that membrane thickness and peptide toxicity are no
longer correlated. A related result was obtained by Ramamoor-
thy et al. using dye leakage experiments where raft-containing
model membranes were susceptible to AMPs, while mem-
branes containing mostly L, (liquid-ordered) lipids with a
higher concentration of cholesterol were protected.”*® Their
result is similar to the case of D8 in our study, but not to that
of WLBU2 which is toxic to RBC model membranes containing
50 mol % cholesterol.

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Component volume occupancy versus distance from substrate for tethered bilayers and bilayer-associated peptide obtained by NR. Component
groups are: gold-covered silicon wafer (orange), lipid tether (green), headgroups (light blue), hydrocarbons (dark blue), water (gray), peptide (red); 68 % confi-
dence limits of the peptide envelope are also shown in red. A) G(—) IM/WLBU2 (500:1), B) G(—) IM/D8 (500:1), C) G(+)/WLBU2 (500:1), D) G(+)/D8 (500:1),

E) Euk23/WLBU2 (250:1), F) Euk23/D8 (250:1), G) Euk50/WLBU2 (500:1), H) Euk50/D8 (600:1), 1) G(—) OM (LPS:DLPG (1:3))/WLBU2 molar ratio (500:1), J) G(—)
OM (LPS:DLPG (1:3))/D8 (500:1), K) G(—) OM (KDO2:DLPG (1:11))/WLBU2 (500:1), L) G(—) OM (KDO2:DLPG (1:11))/D8 (500:1). Lipid:peptide molar ratios are

shown in parentheses. Experiments were carried out at 37 °C.
Neutron reflectometry (NR)

While XDS can accurately measure area/lipid and hydrocarbon
thickness, it is difficult to pinpoint the location of a 24-mer
peptide position in the membrane due to the low electron
contrast between lipid and protein. In order to determine the
peptide’s position more accurately, neutron reflectivity is used,
where there is a greater variability in scattering length density
for the light elements compared to X-rays. A gold-covered sili-
con wafer containing a lipid tether is used to support a single
bilayer with embedded proteins. Previous measurements (data
not shown) indicated that the same result is obtained if the
peptide is embedded in the lipid membrane or added through
the aqueous phase; all of the present results are for embedded
peptides. Figure 3 summarizes example NR data; in most
cases, duplicates or triplicates were carried out. For the outer
membrane (OM) models of G(—) bacteria, LPS alone or KDO2
alone, full coverage on the tethered wafer was not achieved,
so DLPG with the same lipid chain length was added to stabi-
lize these membranes (see Figures S5, 6, and Tables S1-6).
Figure 3 is a graphical summary of the membrane location
of both WLBU2 and D8 in all six model membranes from NR
measurements; these NR results are quantitated in Tables S1-
S6. The red envelope is the peptide location, shown with 68%
confidence limits and the other membrane components are
described in the caption to Figure 3. In both G(—) IM (A, B)
and G(+) models (C, D), both peptides are located near the
outer headgroup and also deep into the hydrocarbon region.
In Euk23 (E, F), the primary location for both peptides is in the
carbonyl/glycerol region, just below the headgroups, referred
to as the lipid-water interface of the membrane. For Euk50 (G,
H), both peptides are located in the periphery of the head-
group region near the bulk solvent, with a slightly greater pen-
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etration for WBLU2 compared to D8. For the G(—) OM LPS
model (I, J), there is a quite deep penetration for both WLBU2
and D8, with little of either peptide in the headgroup region,
which is different from the G(—) IM model (A, B). For the G(—)
OM KDO2 model, the peptides locate primarily in the head-
group region, with only a small penetration to the headgroup
in the inner leaflet.

Circular dichroism (CD)

In order to assess the secondary structure of both peptides in
aqueous and membrane environments, CD spectroscopy was
carried out. The secondary structure was then analyzed using a
shape analysis of the four motifs: a-helix, 3-sheet, 3-turn and
random coil (see Supporting Information for details). While this
analysis was successful for WLBU2, it was not for D8, since D8
contains 1/3 of its amino acids as the p-enantiomer, where the
four motifs for p-amino acids are inverted."”* The analyzed
CD results shown here apply only to WLBU2. Figure 4A shows
the ellipticity of WLBU2 in water (red trace) and in G(—) IM
(black trace). In water or 15 mm PBS (where M=molesL™),
WLBU2's secondary structure was largely random coil with
some [-sheet. The helix content increased as the molar ratio of
WLBU2:lipid decreased, as shown in Figure 4B. For all lipid
model membranes, a molar ratio of 1:10 WLBU2:lipid was used
since the signal-to-noise was excellent and peptide aggrega-
tion was minimized. The a-helical content differed for the dif-
ferent model membranes as shown in Figure 4C. G(—), G(+)
and KDO?2 induced the highest a-helix formation, while both
eukaryotic models had the lowest amount of a-helix (see also
Tables S8-S14).

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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No lipid 5 36 0 59 0.91

G(-)IM POPE:POPG:TOCL (7:2:1) 65 35 0 0 0.95

G(+) POPE:POPG:TOCL:DOTAP (6:1.5:1.5:1) 79 21 0 0 0.94

LPS LPS 41 35 0 24 0.85

KDO2 KDO2 67 07 0 6 0.97

Euk23 POPC:POPE:Chol (5:1:1.8) 14 33 0 53 0.80

Euk50 POPC:POPE:Chol (5:1:6) 23 2 0 55 0.84

Figure 4. CD results of WLBU2 in aqueous solution, pH 7 and with lipid membrane models. A) WLBU2 in G(—) IM (black trace) and WLBU2 in water (red trace),
B) secondary structure results of WLBU2 in G(—) IM model with decreasing WLBU2:lipid molar ratio in 15 mm PBS, (C) Secondary structure results of 10 pum
WLBU2 in 15 mm PBS in six model membranes at 10:1 lipid:peptide molar ratio. R? indicates the goodness of the fit to the Brahms and Brahms data set.” All
CD experiments were carried out at 37 °C. The errors on the percentages are 3-5%.

Nuclear magnetic resonance (NMR)

Figure 5 A-F shows static *'P NMR spectra as both peptides are
added to two lipid model membranes: G(—) IM and Euk50. In
G(—) IM either POPE or POPG contained perdeuterated sn-1
chains, but only POPE results are shown since POPG yielded
similar results, indicating a homogeneous sample. Figure 5 A-F
indicate that these samples are in the fluid, liquid crystalline
phase. For additions of both WLBU2 and D8 to G(—) IM (Fig-
ure 5A-C), the chemical shift anisotropy Ao, which corre-
sponds to the width of *'P NMR spectrum, increased, indicating
a reduced amplitude of headgroup motion or altered head-
group orientation. In Figure 5A the *'P NMR spectrum consists
of a major component with Ao~ 34 ppm (the simulated con-
tribution shown in dark blue, the experimental NMR spectrum
in red).

Furthermore, a second minor component (light blue) and a
small isotropic peak (orange) were observed. Figure 5D-F
show *'P NMR spectra when both peptides are added to the
Euk50 mixture. There is almost no change in Ao, indicating
that unlike with G(—) IM model the headgroup motion/orienta-
tion in Euk50 does not change. However, in Figure 5E, a sharp
isotropic peak (near 0 ppm) indicates that a fraction of the
lipids reorients isotropically with respect to the magnetic field
on a fast time scale (r < 100 ms). As this isotropic peak behav-
jor is not seen in the control Euk50 or when D8 is added, it in-
dicates a different interaction mechanism for WLBU2 with this
RBC model. Figure 5 H-M show the measured static *H NMR,
confirming the fluid phase for both models. In the G(—) IM
mixtures, samples were either per-deuterated POPE-d31 or
POPG-d31 (see also Figure S7). When either peptide was added
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to G(—) IM or Euk50 the quadrupolar splitting was reduced.
Such a reduction in lipid chain order leads to a decrease in
acyl chain length of ~0.8 A (reduction in membrane hydro-
phobic thickness by 1.6 A) in the G(—) IM membrane and even
less in the Euk50. Interestingly, a sharp isotropic peak appeared
at 0 kHz only in the WLBU2 containing sample, similar to the
*'P NMR result, indicating a fast reorientation of the lipids over
a highly curved membrane structure. As in the *'P NMR spec-
tra, this did not occur in control Euk50 or when D8 was added
to Euk50.

For secondary structure, C labeled amino acids were used
in the peptides. For WLBU2, 3 amino acids were labeled: Rs,
W,, and V,s, and for D8, 2 residues were labeled: R; and W,,. A
homonuclear single quantum coherence spectroscopy—total
correlation spectroscopy (HSQC-TOCSY) NMR spectrum ac-
quired in 15 mM PBS was used to confirm that both WLBU2
and D8 adopt a random coil structure in 15 mm PBS. For pep-
tides embedded in lipids, '*C solid state NMR DARR spectra
under magic angle spinning conditions were used. The ob-
tained secondary structures are shown in Figure 5N, O. The
Co-CPB chemical shift indicates that while WLBU2 adopts a
largely a-helical content in G(—) IM model, D8 remains in a
random coil conformation (Figure 5N). The same results were
obtained in the RBC Euk50 model membrane (data not
shown). TFE was then used in an attempt to induce helix for-
mation in both peptides in 15 mm PBS. As shown in Figure 50,
while WLBU2 transitioned from random to a-helix upon addi-
tion of TFE, D8 remained in a random coil configuration. See
also Figures S8-10 and Tables S15-17 for additional NMR re-
sults.
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of Ca-Cf3 in ppm for the labelled amino acids R5, W10 and V15. N) WLBU2 and D8 in G(—)IM model. O) WLBU2 and D8 in 15 mm PBS (open symbols) or with
50% (v:v) TFE (solid symbols). o-Helix (black bar), random coil (white bar) and 3-sheet (light grey bar). All NMR experiments were carried out at 37 °C; lipid:

peptide molar ratios were 30:1.

Differential scanning calorimetry (DSC)

Figure S11 shows the DSC heating scans with either WLBU2 (A,
C, E G) or D8 (B, D, F, H) embedded in DPPC. While DPPC is
not present in typical eukaryotic or bacterial cells, it was used
to investigate changes to its well-studied main phase transi-
tion. As shown in Figure S11 AB, both peptides caused a dra-
matic shift downwards in temperature of the main melting Ty,
at even a small lipid:peptide molar ratio (1000:1), and in addi-
tion a double peak formed. This suggests that the gel phase is
destabilized, and that the ripple phase is removed, since there
is a merger of the pre-transition (at ~35°C in control DPPC)
with the main transition (T,,=41.4°C in control DPPC). At the
highest molar ratio (50:1) both peptides lowered Ty, by ~3°C.
Both peptides caused the total enthalpy of melting of the
combined peak 1 and peak 2 to decrease, and the full width at
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half maximum (FWHM) to increase. These changes indicate a
loss of cooperativity of the lipid chains during melting due to
both peptides. Details of the peak fitting that produced these
results are shown in Figures S12, S13.

Molecular dynamics (MD) simulation

Figure 6 A displays a snapshot near the end of the 400 nano-
second CHARMM36 simulation of WLBU2 interacting with a
KDO2 membrane. WLBU2 was first constrained as a helix 10 A
from the membrane and then all constraints were removed. As
shown, WLBU2 remains helical, bound to the surface of the
KDO2 bilayer, with the arginine residues facing towards the oc-
tulosonic acid residues. Additional MD details are shown in Fig-
ure S14.

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. A) MD simulation of WLBU2 (shown as an a-helical ribbon) on the surface of a KDO2 membrane. Helix colors: R, red, V, yellow, W, blue. Octulosonic
acid residues (red sticks), lipid chains (purple sticks), sodium ions (green spheres), water (grey dots). B-E) Schemes of peptide/lipid interactions. B) WLBU2 (ma-
genta) interacting with G(—) IM model with POPE (blue circles), POPG (red triangles), TOCL (yellow rectangles). The WLBU2 random coil transitions to a- heli-
cal, with some inserted and some in the headgroup region. C) D8 (dark blue) interacting with G(—) IM model as a random coil, partially inserted and partially
in the headgroup region. The G(—) IM models are thinned by both peptides. Shaded stripes in B and C represent walls between domains with different bend-
ing moduli.?® A similar scenario is predicted for both peptides interacting with the G(+) model (not shown). D) WLBU?2 interacting with Euk50 model with
POPC (purple inverted triangles), POPE (blue circles) and cholesterol (olive ellipses). WLBU2 with a partial a-helical content perturbs a PE headgroup, which
could cause a transient pore to open (light blue streak). E) D8 (dark blue) as a random coil interacting with the Euk50 model locates on the surface. The

Euk50 models are thickened by both peptides.

Discussion

The question we are asking is, are there structural require-
ments for an efficient eCAP? The Antibacterial Peptide Data-
base (APD, http://aps.unmc.edu/AP/main.php) lists 3138 anti-
bacterial peptides as of November, 2019. Of these, 34 entries
are diastereomers, containing p-amino acids (AAs). Inclusion of
D-AAs prolongs the lifetime of AMPs in vivo, since they are less
susceptible to proteases.®” In the current study two eCAPs
with an identical amino acid sequence except for their p-valine
content were compared using six biophysical techniques to
focus on the structural consequences of adding eight p-enan-
tiomeric amino acids out of 24 total. Our study demonstrates
several intriguing findings, including secondary structure deter-
mination, effect of membrane thickness and lipid area, location
of peptides in the membrane, and membrane perturbations.
We will consider these findings in terms of bactericidal activity
and eukaryotic cell toxicity separately.

Bactericidal activity

While WLBU2 is primarily random coil in aqueous environ-
ments, it transforms to primarily a-helical when in contact with
G(—) IM and G(+) model membranes (Figure 4, Figure 5N),
which suggests that the a-helical conformation is required for
its bactericidal activity as it was measured for magainin and
analogues.®" CD ellipticity for D8 could not be analyzed, but
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NMR found it to be in a random coil configuration in both
aqueous phase and in membranes (Figure 5N). Even TFE,
which is known to induce a-helical conformation, could not
induce a-helix in D8 (Figure 50). Since both peptides are
equally effective at killing both G(—) and G(+) bacteria,*? it
suggests that, at least for this linear, cationic 24-mer, that sec-
ondary structure is not a critical determinant of bactericidal ef-
ficacy. A similar result was previously obtained for the cytolysin
pardaxin where only one-tenth of AAs as the p-enantiomer
caused a reduction in helicity but retention of antibacterial ac-
tivity.”® However, Seelig et al. used isothermal titration calorim-
etry to show that AMP binding to membranes decreases as 1/
10 p-amino acids are incorporated which also causes helicity
to decrease.’™ The a-helical content is smallest (41%) with
WLBU?2 in LPS with its six lipid chains and significant carbohy-
drate extensions. The OM must be traversed before an eCAP
can encounter the last protective barrier, the IM, where it
could gain a-helical content.

If not secondary structure, what is the important structural
criterion for bactericidal activity? Our XDS data have shown
that both WLBU2 and D8 thin both G(—) and G(+) model
membranes by ~1.5 A for WLBU2 and ~2.7 A for D8 (2D in
Figure 2A, B). A similar thinning for WLBU2 in the G(—) mem-
brane model (~1.6A) was also observed by 2HNMR
(Table S16). Our previous publication showed that both WLBU2
and D8 stiffen G(—) IM and G(+) model membranes at low
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concentration and then soften model membranes at high con-
centration which suggested that domain formation with differ-
ent material moduli could cause leakage along domain walls,
thus killing the bacteria.*® Other investigators have observed
lipid domain formation due to positively charged peptides in-
teracting with negatively charged phospholipids.®***' While we
do not observe non-monotonic changes in membrane thick-
ness or area/lipid at low and high peptide concentrations as
for the elasticity results, the ultimate thinning of the mem-
branes at high peptide concentration could be important as a
membrane perturbation. This thinning is accompanied by an
increase in area/lipid (Figure 2A, B) and also a change in head-
group orientation and/or dynamics (Figure 5A-C). We have ob-
served a similar thinning for the cationic (+7) cell-penetrating
HIV-1 Tat peptide where Tat translocated across PE-containing
model membranes.®® For the OM models, there is a small in-
crease in membrane thickness. While the outer membrane is
the first to an encounter an eCAP™ it is the inner membrane
that is the ultimate protective barrier for the bacteria,*? so this
lack of thinning in the OM suggests that another mechanism is
important for its function.

Besides membrane thinning, peptide location could also
play a crucial role. NR indicates that both WLBU2 and D8 are
located not only in the headgroup but also deep into the hy-
drocarbon interior in G(—) and G(+) membrane models (Fig-
ure 3A, B, C, D). This suggests that at least some penetration
of the eCAPs is involved in bactericidal activity. However, the
eCAPs also locate in the headgroup region, where they are
most likely involved in binding to the negatively charged lipid
headgroups (POPG, TOCL). If domain formation with different
material moduli®® is important, then some of the eCAPS may
penetrate into the domain walls between lipid types, thus
helping to destabilize the domain walls (shown in the Scheme
in Figure 6B, C). In the LPS OM membrane model, both pep-
tides locate deep into the hydrocarbon region. This location
would allow self-promoted uptake®*"-%7 where the eCAPs
would then permeate through the peptidoglycan layer to the
IM. For the OM model KDO2, NR indicates that both peptides
remain primarily in the headgroup region which was also ob-
tained by MD simulation (shown in Figure 6 A). Since KDO2 is a
rare, rough mutant of LPS, this eCAP headgroup location may
not be typical for the OM of most G(—) bacteria. We have
shown previously that the abundance of carbohydrate residues
in the LPS headgroup causes increased membrane fluctuations,
which could facilitate peptide entry into the hydrocarbon inte-
rior.®” While there is not a great benefit in using deuterated
peptides since the peptide has sufficient contrast with the hy-
drogenated lipid chains and with the lipid headgroups due to
solvent exchange, in future experiments, the volume occupan-
cy resolution of the peptide in the bilayer can be improved by
performing a second set of experiments with either deuterated
peptide or deuterated lipid chains, which would be simultane-
ously analyzed with the data set using hydrogenated material.
In addition to membrane thinning in G(—) and G(+) models,
and a dual peptide location, both peptides perturb lipid pack-
ing demonstrated by DSC (Figure S12) even at the low concen-
tration of 1000:1 DPPC:peptide. The perturbation was more
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gradual with WLBU2, but at the highest concentration of 50:1
there was a similar decrease in T, and enthalpy of melting
caused by both peptides (Figure S12C, D). This suggests that
initially WLBU2 interacts with a smaller number of lipids than
does D8, but that ultimately both peptides perturb the zwitter-
ionic lipid DPPC similarly.

Eukaryotic cell toxicity

There are two main differences between eukaryotic cells and
bacterial cells: both G(—) and G(+) contain negative charges
on their membrane exteriors, while negative charges are gen-
erally not exposed on the surface of eukaryotic cells. The
second difference is that only ~10% bacteria contain sterols
in their cell membranes.”” While secondary structure did not
play a role in bactericidal killing of WLBU2 and D8, it may be
important for toxicity in eukaryotic cells. We observed a dra-
matic difference in RBC lysis, with 0% lysis for D8 and 14%
lysis for WLBU2 (Figure 2G). A partial a-helical conformation of
WLBU2 may be necessary for this perturbation. A similar result
was observed for the diastereomers of pardaxin®’ and melit-
tin.[(’z}

There was no thinning of the Euk50 membrane with either
peptide. Instead, we observed a small thickening which cannot
explain the dramatic difference in cell toxicity between WLBU2
and D8. For the Euk23 model, a thinning of ~2.6 A was ob-
served where both WLBU2 and D8 show some toxicity to the
corresponding PBMCs (Figure 2G). It is likely that the correla-
tion of membrane thinning with bactericidal activity or cell
toxicity only holds below a threshold level of cholesterol
(~20%). Membrane thinning might be a result of the amount
of peptide that is membrane-associated times an interaction
parameter.

In Euk23, both peptides are located in the interfacial region,
directly beneath the headgroups (Figure 3C, D). This indicates
that an interior peptide location is also correlated with cell tox-
icity in this model as it was for bactericidal activity. For the
RBC membrane model, Euk50, there was a slightly deeper pen-
etration of WLBU2 compared to D8 into the hydrocarbon
region. This location correlates with WLBU2's high toxicity and
no toxicity for D8 in RBCs (Figure 2G).

An important clue in the mechanism of toxicity was from
the NMR observation of a sharp component in the *'P NMR
and 2H NMR spectra when WLBU2 interacted with the Euk50
model (Figure 5E, L). Such an isotropic peak indicates the rapid
orientation of the entire lipid, such as occurs on a highly
curved surface or pore. This sharp component was not ob-
served with D8 in Euk50 in either result (Figure 5F, M), nor was
it observed when WLBU2 or D8 interacted with the G(—) mem-
brane model (Figure 5B, C, |, J). The latter result supports our
hypothesis that bactericidal activity of WLBU2 and D8 does not
involve pore formation.? It also suggests that pore formation
may be the cause of RBC toxicity for WLBU2 but not D8
(shown in the scheme in Figure 6D, E). Alternatively, the iso-
tropic signal could also be caused by a partial micellization of
the membrane.®
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Conclusions

This work provides evidence that the secondary structure, loca-
tion of peptide in the membrane, membrane thickness and
headgroup perturbation are eCAP and lipid dependent.
WLBU?2 is primarily random coil in aqueous phase and primarily
a-helical in G(—) IM, G(+) and KDO2 membranes, but only par-
tially a-helical in both eukaryotic membranes and LPS model.
D8, with all 8 valines as the p-enantiomer, retains a random
coil configuration in G(—) IM and Euk50, as well as in TFE.
Since both peptides are equally bactericidal to both G(—) and
G(+4) bacteria, this demonstrates that secondary structure is
not critical for this eCAP’s bactericidal activity. More important
is the membrane thinning that occurs due to both peptides
and dual location of both peptides in the hydrocarbon interior
as well as in the headgroup region for G(—) IM and G(+)
models, which could indicate peptide insertion into domain
walls between domains of different stiffness.*® As for toxicity
to eukaryotic cells, the partially a-helical structure of WLBU2
may play a role in destabilizing the RBC model, causing dy-
namic pore formation as part of the mechanism of the differ-
ence in eCAP toxicities seen in RBCs. Previously, we showed
that while WLBU2 softens the RBC model, D8 stiffens it.*® This
is correlated with a partial hydrocarbon penetration with
WLBU2 and lack of hydrocarbon penetration with D8 in the
RBC Euk50 membrane model.
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