Check for
updates

CHEMISTRY g

A European Journal

Accepted Article

Title: Synergistic Biophysical Techniques Reveal Structural
Mechanisms of Engineered Cationic Antimicrobial Peptides in
Lipid Model Membranes

Authors: Frank Heinrich, Aria Salyapongse, Akari Kumagai, Fernando
G. Dupuy, Karpur Shukla, Anja Penk, Daniel Huster, Robert
K. Ernst, Anna Pavlova, James C. Gumbart, Berthony
Deslouches, Y. Peter Di, and Stephanie Tristram-Nagle

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Chem. Eur. J. 10.1002/chem.202000212

Link to VoR: http://dx.doi.org/10.1002/chem.202000212



http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202000212&domain=pdf&date_stamp=2020-03-13

Chemistry - A European Journal

RESEARCHARTICLE

10.1002/chem.202000212

Synergistic Biophysical Techniques Reveal Structural
Mechanisms of Engineered Cationic Antimicrobial Peptides in

Lipid Model Membranes

Frank Heinrich®®!, Aria Salyapongse!®, Akari Kumagai®®, Fernando G. Dupuy™®®, Karpur Shukla®®,
Anja Penk!®, Daniel Huster®®, Robert K. Ernst, Anna Pavlova®, James C. Gumbart'¥, Berthony
Deslouches!™, Y. Peter Di"" and Stephanie Tristram-Nagle*?

[a] Prof. Dr. S Tristram-Nagle, Prof. Dr. F Heinrich, A Salyapongse, A Kumagai, Dr. FG Dupuy, K Shukla

Biological Physics Group, Physics Department
Carnegie Mellon University, Pittsburgh, PA, 15213 (United States)
E-mail: stn@cmu.edu

[b] Prof. Dr. F Heinrich

Center for Neutron Research, National Institute of Standards and Technology

Gaithersburg, MD, 20899 (United States)
[c] Dr. FG Dupuy

Instituto Superior de Investigaciones Biolégicas (INSIBIO), CONICET-UNT and Instituto de Quimica Bioldgica “Dr. Bernabé Bloj”
Facultad de Biquimica, Quimica y Farmacia, UNT, San Miguel de Tucuman (Argentina)

[d] K Shukla
Centre for Mathematical Modeling
Flame University, Maharashtra (India)
[e] Dr. A Penk, Prof. Dr. D Huster
Institute for Medical Physics and Biophysics
Leipzig University, Leipzig (Germany)
[ Prof. Dr. RK Ernst
Department of Microbial Pathogenesis
University of Maryland, Baltimore, MD, 21201 (United States)
[9] Dr. A Pavlova, Prof. Dr. JC Gumbart
School of Physics, Georgia Institute of Technology
Atlanta, GA, 30332 (United States)
[h] Prof. Dr. B Deslouches, Prof. Dr. YP Di
Department of Environmental and Occupational Health
University of Pittsburgh, Pittsburgh, PA, 15260 (United States)

Supporting information for this article is given via a link at the end of the document.

Abstract: In the quest for new antibiotics, two novel engineered
Cationic Antimicrobial Peptides (eCAPs) have been rationally
designed. WLBU2 and D8 (all 8 valines are the D-enantiomer)
efficiently kill both Gram-negative and —positive bacteria, but WLBU2
is toxic and D8 non-toxic to eukaryotic cells. We explore protein
secondary structure, location of peptides in six lipid model
membranes, changes in membrane structure and pore evidence.
We suggest that protein secondary structure is not a critical
determinant of bactericidal activity, but that membrane thinning and
dual location of WLBU2 and D8 in the membrane headgroup and
hydrocarbon 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 periplasm. 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 membrane model causing pore formation that is not
observed with the D8 random coil, which correlates with RBC
hemolysis caused by WLBU?2 but not by D8.

Introduction

Antibiotics have long made the world safer; the use of well-
known drugs such as penicillin derivatives and fluorogquinolones
allows surgical interventions that save lives without risk of the
infection that was so prevalent before the early 20" century.
However, due to growing multi-drug resistance in many bacterial
strains, the need for better antibiotics is urgent [!l. By taking
inspiration from nature [21:3, engineered cationic antimicrobial
peptides (eCAPs) attack the negatively charged bacterial
membrane “ rather than a metabolic pathway as with traditional
antibiotics. Thus development of resistance can take as long as
four weeks 5 instead of a few days ° to occur.

Natural antimicrobial peptides (AMPs) like colistinand 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(+)) bacteria and
displays a decrease in antimicrobial activity when in the
presence of divalent cations *2. While many methods have been
used to design eCAPs in an effort to improve selectivity, rational
Design takes into consideration hydrophobicity, hydrophobic
moment, length of peptide, secondary structure, number and
types of amino acids, and net charge * **. Although AMPs can
cause cellular toxicity, several AMPs are now in use clinically:
colistin, gramicidin and daptomycin with many more in clinical
trials?4,
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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 perturbation >,
in this work we focus on the non-specific membrane target.
Previously there had been speculation that AMPs form pores
through membranes!®?3, Barrel-stave pore formation in lipid
bilayers of the natural AMP alamethicin has been observed using
neutron and X-ray scattering 2**® 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 27?8, 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 membrane like a
carpet, and then dismantle regions of the lipid membrane ¥
Another model from Bechinger is the “detergent model” ¥, In
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 cytotoxic range based on lipid
clustering caused by antimicrobial agents3*. We have recently
suggested that colistin kills bacteria by the formation of domains
with different material moduli *, which could lead to an increase
in membrane permeability 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
membranes, in an effort to yield structural insights into the
bactericidal 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 formation that
creates instabilities along the domain walls **. WLBU2 and D8
were engineered using rational design where hydrophobicity,
hydrophobic moment, net charge, length of peptide, secondary
structure and types of amino acids were considered % % 2 373
While the highly charged (+13), linear 24-mer WLBU2 contains 3
types of amino acids (arginine, valine and tryptophan), in D8 all
8 valines are represented by the D-enantiomer. The peptide
sequence is: RRWVR RVRRW VRRVV RVVRR WVRR (see
also Fig. S1). Both peptides retain their efficacy 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.

Results
We describe the structural effects of the addition of WLBU2 and

D8 to four bacterial and two eukaryotic lipid model membranes,
as investigated with six different biophysical techniques. The six

a9, (A7)
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model membranes used were G(-) inner membrane (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 Fig.
S2) and di-deoxy-manno-octulosonic acid (KDOZ2)), typical
eukaryotic cell Euk23 (POPC:POPE:chol 5:1:1.8), and red blood
eukaryotic 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 mechanistic
understanding of their mode of action.

XDS. Fig. 1A-C show examples of x-ray diffuse scattering (XDS).
The sample is a stack of lipid membranes mimicking the
eukaryotic cell containing 23 mole % cholesterol (Euk23). The
lobes of diffuse data are produced 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 green spots and reflects the D-spacing
(due to the distance between 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
Fig. S3 for details of data analysis). The form factors for the XDS
data shown in Fig. 1A-C are displayed in Fig. 1D, where there is
a shift to higher g, values as the concentration of WLBU2
increases (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. S4.
The EDP for the control data (Fig. 1A) is shown in Fig. 1E. We
do not show EDPs with the peptides incorporated since peptide
location in the membrane is better determined using neutron
reflectivity (NR, see Fig. 3). Bilayer component groups are

indicated in the caption to Fig. 1E.
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Figure 1. Examples of background-subtracted XDS data. Red indicates
negative, 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,B,C. (E) Electron density profile from the control Euk23 sample, shown in A.
Component groups are: Phosphate (blue), GlycerolCarbonyl (red), CHCH,
hydrocarbon (green), CHz 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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The total headgroup (combined phosphate and
glycerol/carbonyl) peak-to-peak distance (Dun, black) and
hydrocarbon full-width at half-maximal (2Dc, 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 Fig 2.
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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 membrane (IM)
model, (B) G(+) membrane model, (C) KDO2, (D) LPS model, (E) Euk23 model,
(F) Euk50 model, (G) Minimum inhibitory concentrations (MIC) in
*Pseudomonas aeruginosa (G(-)), PMethicillin-resistant Staphylococcus
aureus (G(+)), “Peripheral blood mononuclear cell toxicity (%) measured by
propidium iodide in flow cytometry at 50 pM peptide, % RBC lysis (adapted
from (36)). Standard deviation of A_is + 1.0 A> and Dc is + 0.5 A. X-ray and cell
studies were performed at 37 °C.

As shown in Fig. 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, results 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 a structural correlate
for these material parameter results. For G(-) IM (Fig. 2A) and
G(+) cell membrane model (Fig. 2B), there is a steady increase
in AL and steady decrease in Dc when interacting with both

10.1002/chem.202000212

WLBU2 and DS8. Thus, rather than a non-monotonic structural
correlation to the material properties *°, the correlation of
membrane softening with membrane thinning 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 P. aeruginosa and with the G(+)
bacteria methicillin-resistant S. aureus and shown in Fig. 2G,

Suggesting that membrane thinning may be involved in
bactericidal activity. For the outer membrane (OM) models of
G(-) bacteria, there is a small decrease in A_ and increase in
membrane thickness (KDO2, Fig. 2C), while for LPS model there
is no change in either structural parameter (Fig. 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 (Fig. 2G). These toxicity results may not be
directly comparable to the structural effects of Euk23 (Fig. 2E),
since PBMC’s contain ~33% cholesterol ** while Euk23 contains
23% cholesterol, and differences between the peptides’ activity
may arise with increasing membrane cholesterol content. For
the sixth RBC membrane model, Euk50, Fig. 2F shows a small
decrease in A_ and increase in membrane thickness for both
peptides, while the lysis of RBCs is strongly peptide dependent
(Fig. 2G). This could indicate that beyond a threshold cholesterol
concentration that membrane thickness and peptide toxicity are no
longer correlated. A related result was obtained by Ramamoorthy
et al. using dye leakage experiments where raft-containing model
membranes were susceptible to AMPs, while membranes
containing mostly Lo (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 mole % cholesterol.
NR. While XDS can accurately measure areal/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 silicon
warfer 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. Fig. 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 stabilize
these membranes (see Fig. S5,6 and Tables S1-6).

Fig. 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 Fig. 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 headgroup
region near the bulk solvent, with a slightly greater penetration
for WBLU2 compared to D8. For the G(-) OM LPS model (1,J),
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Figure 3. Component volume occupancy vs. distance from substrate for tethered bilayers and bilayer-associated peptide obtained by NR. Component groups are:

gold-covered
of the peptide

silicon wafer (orange), lipid tether (green), headgroups (light blue), hydrocarbons (dark blue), water (gray), peptide (red). 68% confidence limits
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), (I) 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.

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 headgroup region, with only a
small penetration to the headgroup in the inner leaflet.

CD. In order to assess the secondary structure of both peptides
in aqueous and membrane environments, circular dichroism
spectroscopy was carried out. The secondary structure was then
analyzed using a shape analysis of the four motifs: a-helix, B-
sheet, B-turn and random coil (see Sl 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 D-enantiomer, where the
four motifs for D-amino acids are inverted *"*%. The analyzed CD

results shown here apply only to WLBU2. Fig. 4A shows the
ellipticity of WLBU2 in water (red trace) and in G(-) IM (black
trace). In water or 15 mM PBS (where M = moles/L), 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 Fig. 4B. For all lipid model membranes,
a molar ratio of 1:10 WLBUZ2:lipid was used since the signal-to-
noise was excellent and peptide aggregation was minimized. The
a-helical content differed for the different model membranes as
shown in Fig. 4C. G(-), G(+) and KDO2 induced the highest a-
helix formation, while both eukaryotic models had the lowest
amount of a-helix (see also Tables S8-S14).

B
1.0x10* T T T

. - —wieu2c M | Sample a-helix% | B-sheet% | B-turn% | Random% | R2
E:Z"; e T S WLBU2/G() IM 12 35 0 53 0.98
S { 1:2.3 WLBU2/G(-) IM 14 35 0 51 0.98
5. \ 1:3 WLBUZ/G(-) IM 23 32 0 45 0.96
470 1'1:7.5 WLBU2/G(-) IM 62 38 0 0 0.90
;201”0‘: N 1 1:10 WLBU2/G(-) IM 65 35 0 0 0.95
2 \\JJF#A 1:15 WLBU2/G(-) IM 70 12 18 0 0.91
:Z:Z = s ] 1:22.5WLBU2/G(-) M 81 9 10 0 0.93

200 210 220 230 240
Wavelength (nm)

C Sample Composition a-helix % | B-sheet % pB-turn % Random % R2
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 27 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 22 0 55 0.84

Figure 4. CD results of WLBUZ2 in aqueous solution, pH 7 and with lipid membrane models. (A) G(-) IM/WLBU2 in G(-) IM (black trace) and WLBUZ2 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 uM 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%.
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Figure 5. (A-F) Static P NMR spectra of two model membranes. (A-C) G(-) IM using sn-1 chain deuterated POPE-da:. (A) G(-)IM control, (B) G(-)IM/WLBU2, (C)

G(-)IM/D8, (D-F) Euk50 using sn-1 chain deuterated POPC-da1. (D) Euk50 control,

(E) EuK50/WLBU2, (F) EUk50/D8, (G) Summary of Ao for the major components

in A-F, errors are ~ £1 ppm. (H-M) Static ’H NMR powder spectra. (H-J) G(-) using sn-1 chain deuterated POPE-dz;. (H) G(-)IM control, (I) G(-)IM/WLBU2, (J)

G(-)IM/D8, (K-M) Euk50 using sn-1 chain deuterated POPC-ds;. (K) Euk50 control, (L) Euk50/WLBU2, (M) Euk50/D8. (N-O)

3¢ chemical shift differences of Ca-

CB in ppm for the labelled amino acids Rs, W10 and Vis. (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). a-helix (black bar), random coil (white bar) and B-sheet (light grey bar). All NMR experiments were

ratios were 30:1.

NMR. Fig. 5A-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. Fig. 5A-F
indicate that these samples are in the fluid, liquid crystalline
phase. For additions of both WLBU2 and D8 to G(-) IM (Fig.5A-
C), the chemical shift anisotropy Aag, which corresponds to the
width of 3P NMR spectrum, increased, indicating a reduced
amplitude of headgroup motion or altered head-group
orientation. In Fig. 5A the *P NMR spectrum consists of a major
component with A ~34 ppm (the simulated contribution 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. Fig. 5D-F show 3P NMR
spectra when both peptides are added to the Euk50 mixture.
There is almost no change in Ag, indicating that unlike with G(-)
IM model the headgroup motion/orientation in Euk50 does not
change. However, in Fig. 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
(T << 100 ms). As this isotropic peak behavior is not seen in the
control Euk50 or when D8 is added, it indicates a different
interaction mechanism for WLBU2 with this RBC model. Fig.

carried out at 37°C; lipid:peptide molar

5H-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-ds; or POPG-ds: (see also Fig. S7).
When either peptide was added to G(-) IM or Euk50 the
guadrupolar 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 hydrophobic 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 3P NMR result, indicating a fast
reorientation of the lipids over a highly curved membrane
structure. As in the *'P NMR spectra, this did not occur in
control Euk50 or when D8 was added to Euk50.
For secondary structure, 13¢C labeled amino acids were used in
the peptides. For WLBU2, 3 amino acids were labeled: Rs, W1
and Vs, and for D8, 2 residues were labeled: Rs and Wio. A
homonuclear single quantum coherence spectroscopy - total
correlation  spectroscopy (HSQC-TOCSY) NMR spectrum
acquired in 15 mM PBS was used to confirm that both WLBU2
and D8 adopt a random coil structure in 15 mM PBS. For peptides
embedded in lipids, **C solid state NMR DARR spectra under
magic angle spinning conditions were used. The obtained
secondary structures are shown in Fig. 5N,0. The Ca-Cp chemical
shift indicates that while WLBU2 adopts a largely a-helical content
4 in G(-) IM model, D8 remains in a random coil conformation (Fig.
5N). The same results were obtained in the
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RBC Euk50 model membrane (data not shown). TFE was then
used in an attempt to induce helix formation in both peptides in 15
mM PBS. As shown in Fig. 50, while WLBU2 transitioned from
random to o-helix upon addition of TFE, D8 remained in a
random coil configuration. See also Fig. S8-10 and Tables S15-
17 for additional NMR results.

DSC. Fig. 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 transition. As
shown in Fig. S11AB, both peptides caused a dramatic shift
downwards in temperature of the main melting Ty at even a
small lipid:peptide molar ratio (1000:1), and in addition 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 (Tw = 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 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 Fig.
S12, S13.

MD Simulation. Fig. 6A displays a snapshot near the end of the
400 nanosecond 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
octulosonic acid residues. Additional MD details are shown in
Fig. S14.

Discussion

The question we are asking is, are there structural requirements
for an efficient eCAP? The Antibacterial Peptide Database (APD,
http://aps.unmc.edu/AP/main.php) lists 3138 antibacterial
peptides as of November, 2019. Of these, 34 entries are
diastereomers, containing D-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 D-valine
content were compared using six biophysical technigues to focus
on the structural consequences of adding eight D-enantiomeric
amino acids out of 24 total. Our study demonstrates several
intriguing findings, including secondary structure determination,
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 environments, it transforms to primarily a-helical when
in contact with G(-) IM and G(+) model membranes (Fig. 4, Fig.
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
NMR found it to be in a random coil configuration in both aqueous
phase and in membranes (Fig. 5N). Even TFE, which is known
to induce a-helical conformation, could not induce a-helix in D8

10.1002/chem.202000212

(Fig.50). Since both peptides are equally effective at killing both
G(-) and G(+) bacteria %2, it suggests that, at least for this linear,
cationic 24-mer, that secondary structure is not a critical
determinant of bactericidal efficacy. A similar result was
previously obtained for the cytolysin pardaxin where only one-
tenth of AAs as the D-enantiomer caused a reduction in helicity
but retention of antibacterial activity >*. However, Seelig et al. used
isothermal titration calorimetry to show that AMP binding to
membranes decreases as 1/10 D-amino acids are incorporated
which also causes helicity to decrease 4. The a-helical content is
smallest (41%) with WLBU2 in LPS with its six lipid chains and
significant carbohydrate 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 (2Dc in Fig. 2A,B). A
similar thinning for WLBU2 in the G(-) membrane model (~1.6

A) was also observed by ?H NMR (Table S16). Our previous
publication showed that both WLBU2 and D8 stiffen G(-) IM and
G(+) model membranes at low concentration and then soften
model membranes at high concentration which suggested that
domain formation with different material moduli could cause
leakage along domain walls, thus killing the bacteria *. Other
investigators have observed lipid domain formation due to
positively charged peptides interacting with negatively charged
phospholipids 34%. While we do not observe non-monotonic
changes in membrane thickness or area/lipid at low and high
peptide concentrations as for the elasticity results, the ultimate
thinning of the membranes at high peptide concentration
could be important as a membrane perturbation. This thinning
is accompanied by an increase in area/lipid (Fig. 2A,B) and also
a change in headgroup orientation and/or dynamics (Fig. 5A-C).
We have observed a similar thinning for the cationic (+7) cell-
penetrating HIV-1 Tat peptide where Tat translocated across
PE-containing model membranes 6. For the OM models, there
is a small increase 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
4 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 hydrocarbon
interior in G(-) and G(+) membrane models (Fig. 3A,B,E,F). 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 Fig. 6B,C). In the LPS OM membrane
model, both peptides locate deep into the hydrocarbon region.
This location would allow self-promoted uptake ** "% 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
obtained by MD simulation (shown in Fig. 6A). 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 interior *. While
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there is not a great benefit in using deuterated peptides since the
peptide has sufficient contrast with the hydrogenated lipid chains and
with the lipid headgroups due to solvent exchange, in future
experiments, the volume occupancy 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 simultaneously 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
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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
(magenta) interacting with G(-) IM model with POPE (blue circles), POPG (red triangles), TOCL (yellow rectangles). The WLBU2 random coil transitions to a-
helical, 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 bending moduli
%_ A similar scenario is predicted for both peptides interacting with the G(+) model (not shown). (D) WLBU2 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.

packing demonstrated by DSC (Fig. S12) even at the low
concentration of 1000:1 DPPC:peptide. The perturbation was
more gradual with WLBU2, but at the highest concentration of
50:1 there was a similar decrease in Ty and enthalpy of melting
caused by both peptides (Fig. S12C, D). This suggests that
initially WLBU2 interacts with a smaller number of lipids than
does D8, but that ultimately both peptides perturb the zwitterionic
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 generally 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 kiling of WLBU2 and
D8, it may be important for toxicity in eukaryotic cells. We
observed a dramatic difference in RBC lysis, with 0% lysis for D8
and 14% lysis for WLBU2 (Fig.2G). A partial o-helical
conformation of WLBU2 may be necessary for this perturbation. A
similar result was observed for the diastereomers of pardaxin **
and melittin %2,

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 observed
where both WLBU2 and D8 show some toxicity to the
corresponding PBMCs (Fig. 2G). It is likely that the correlation 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 (Fig. 3C, D). This indicates that
an interior peptide location is also correlated with cell toxicity in
this model as it was for bactericidal activity. For the RBC
membrane model, Euk50, there was a slightly deeper
penetration of WLBU2 compared to D8 into the hydrocarbon
region. This location correlates with WLBUZ2’s high toxicity and
no toxicity for D8 in RBCs (Fig. 2G).

An important clue in the mechanism of toxicity was from the
NMR observation of a sharp component in the P NMR and H
NMR spectra when WLBU?2 interacted with the Euk50 model
(Fig.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 observed with D8 in Euk50
in either result (Fig.5F, M), nor was it observed when WLBU2 or
D8 interacted with the G(-) membrane model (Fig. 5B,C,1,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 Fig. 6D,E).
Alternatively, the isotropic signal could also be caused by a partial
micellization of the membrane .

Conclusion

This work provides evidence that the secondary structure,
location of peptide in the membrane, membrane thickness and
headgroup perturbation are eCAP and lipid dependent. WLBU2
is primarily random coil in aqueous phase and primarily a-helical
in G(-) IM, G(+) and KDO2 membranes, but only partially a-
helical in both eukaryotic membranes and LPS model. D8, with
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all 8 valines as the D-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(+)
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 6. As for toxicity to eukaryotic cells, the
partially a-helical structure of WLBU2 may play a role in
destabilizing the RBC model, causing dynamic pore formation as
part of the mechanism of the difference 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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We use four bacterial and two eukaryotic lipid model membranes to explore secondary structure of two engineered Cationic
Antimicrobial Peptides (eCAPs) and their locations within these models. Six synergistic biophysical methods determined protein
secondary structure, changes in thickness of model membranes, locations of eCAPS in the models and evidence for a pore structure.
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