2644 Biophysical Journal Volume 98 June 2010 2644-2652
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ABSTRACT Antimicrobial peptides (AMPs) are an emerging class of antibiotics for controlling health effects of antibiotic-
resistant microbial strains. Protegrin-1 (PG-1) is a model antibiotic among g-sheet AMPs. Antibiotic activity of AMPs involves
cell membrane damage, yet their membrane interactions, their 3D membrane-associated structures and the mechanism under-
lying their ability to disrupt cell membrane are poorly understood. Using complementary approaches, including molecular dynamics
simulations, atomic force microscopy (AFM) imaging, and planar lipid bilayer reconstitution, we provide computational and exper-
imental evidence that PG-1, a §-hairpin peptide, forms ion channels. Simulations indicate that PG-1 forms channel-like structures
with loosely attached subunits when reconstituted in anionic lipid bilayers. AFM images show the presence of channel-like struc-
tures when PG-1 is reconstituted in dioleoylphosphatidylserine/palmitoyloleoyl phosphatidylethanolamine bilayers or added
to preformed bilayers. Planar lipid bilayer electrical recordings show multiple single channel conductances that are consistent
with the heterogeneous oligomeric channel structures seen in AFM images. PG-1 channel formation seems to be lipid-dependent:
PG-1 does not easily show ion channel electrical activity in phosphatidylcholine membranes, but readily shows channel activity in
membranes rich in phosphatidylethanolamine or phosphatidylserine. The combined results support a model wherein the g-hairpin

PG-1 peptide acts as an antibiotic by altering cell ionic homeostasis through ion channel formation in cell membranes.

INTRODUCTION

Antimicrobial peptides (AMPs) show a broad spectrum of
cytotoxicity against bacteria, fungi, some enveloped viruses
and even cancer cells (1,2). AMPs are often classified on the
basis of biochemical feature (net charge) and/or structural
characteristics (a-helices, 3-sheets, extended linear, or disul-
fide S-S bonded) (3). Among the various native AMPs and
their synthetic variants, cationic AMPs represent a predomi-
nant component of the innate immune system (4), suggest-
ing that the mechanism for the cell membrane disruption
involves strong electrostatic interactions with the negatively
charged microbial membranes. Increasing evidence suggests
that most AMPs possess a membrane lytic property (5-8). In
this case, the cell membrane rupturing events can involve
two steps. In the first step, initial depositions of monomeric
or small oligomeric AMPs at the amphipathic interface of the
microbial membrane, due to strong electrostatic interactions
between peptides and lipids that leads to a significant thin-
ning of the membrane. Most AMPs have a strong tendency
to locate at the amphipathic interface of the bilayer (9-12).
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The second step is their diffusion into the membrane core
in regions with low dielectric barrier and their clustering to
form an ordered aggregate when the local peptide concentra-
tion reaches a critical value. Translocation of the peptides
into the core of a target cell membrane can interfere with
the cellular metabolism (1). It is generally accepted that
most cationic AMPs mediate unregulated membrane per-
meation, leading to deregulation of ionic homeostasis and
subsequent microbial cell death (13-15). However, the
mechanism underlying AMP-induced permeation remains
unclear (16).

Protegrin (PG) displays an antimicrobial activity with a
great antibiotic potency (17). Native PGs were first isolated
from porcine leukocyte cells (18). There are five known PG
isomers, PG-1 to PG-5. These PGs share common features
and conformations. Protegrin-1 (PG-1) is composed of 18
amino acids with a high content of positively charged argi-
nine (Arg) and cysteine (Cys) residues. The structure of
PG-1 in solution as determined by nuclear magnetic reso-
nance (NMR) is a one-turn $-hairpin in which two antipar-
allel strands linked by a (-turn are stabilized by two
disulphide bonds (19,20). The cationic nature of the peptide
allows its interaction with the lipid matrix of bacterial mem-
branes containing negatively charged lipids (21-23). Several
studies have shown that PG-1 is able to alter the permeability
of bilayers (13,24-27), monolayers (28) and modeled bila-
yers (29,30). In a previous modeling effort (29), the octa-
meric PG-1 channels with different (-sheet arrangements
were constructed in various lipid bilayer architectures
that involve intrinsic barrel-stave and toroidal membrane

doi: 10.1016/j.bpj.2010.02.024


mailto:ruthnu@helix.nih.gov
mailto:rlal@uchicago.edu

Antimicrobial PG-1 Forms lon Channel

pore topologies with both zwitterionic 1-palmitoyl 2-oleoyl
phosphatidylcholine (POPC) and anionic POPC/1-palmitoyl
2-oleoyl phosphatidylglycerol (POPG) (mol ratio = 4:1).
Remarkably, earlier molecular dynamic (MD) simulations
using the U-shaped peptide with the (-strand-turn-g-strand
motif (31-33) have predicted that the PG-1 channels exhibit
B-sheet subunit morphology similar to the S-amyloid (AB)
ion channels; the (-amyloid (AB) ion channels structure
was confirmed by atomic force microscopy (AFM) imaging
(34,35). Although computational studies at the atomic level
predict a 3D structure of PG-1 channels, experimental verifi-
cation of the channel conformations remains unavailable.
Such information is needed to better understand the mecha-
nism of PG-1 channel activity and the function of these chan-
nels in cell (patho-) physiology.

In this study, we present what we believe to be complemen-
tary lines of evidence that PG-1 forms ion channels in a lipid
bilayer and exhibits channel-like activity. Using MD sim-
ulations, we modeled PG-1 channels in the anionic bilayer
containing dioleoylphosphatidylserine/palmitoyloleoyl phos-
phatidylethanolamine (DOPS/POPE) (1:2). The PG-1 chan-
nels were composed of 10 S-hairpins. They were assembled
initially into a (-sheet ring with either antiparallel (turn-
next-to-tail) or parallel (turn-next-to-turn) §-sheet motifs in an
NCCN packing mode (36). Consistent with previous observa-
tions (25,29,30), PG-1 channels consist of four subunits in
the antiparallel arrangement and five subunits in the parallel
B-sheet channels. AFM images of PG-1 reconstituted in
anionic lipid bilayers show ion channel-like structures with
predominantly three to five subunits. In planar lipid bilayers
(PLBs), PG-1 shows ion channel activity that is concentration
and lipid dependent. The combined results support a model
where the $-hairpin antibiotic activity of PG-1 could be medi-
ated by its channel forming properties and subsequent altering
of cell ionic homeostasis.

MATERIALS AND METHODS
MD simulations

The PG-1 channels were made with ten identical PG-1 (-hairpins, initially
arranged to form a single layered (-sheet annular shape. The prerelaxed
B-hairpin structure was obtained from preliminary simulations of the solu-
tion NMR structure of PG-1 monomer (20) in the lipid environment, as
described in previous simulations (29). The minimized channel is embedded
in the DOPS/POPE bilayer (mol ratio = 1:2) with the same packing
described in Jang et al. (29) and Tang et al. (36). For the bilayer topology,
the intrinsic barrel-stave membrane pore was initially prepared for the
B-sheet channels (29). Because the simulation method follows closely the
protocol described previously for PG-1 monomer (37), dimer (38), octamer
(29), AB channels (31,32), and K3 channels (33), in this study we only
describe briefly key parameters used for the decameric PG-1 channel simu-
lations. The CHARMM program (39) was used to construct the set of
starting points and to relax the systems to a production-ready stage. For
production runs to 30 ns, the NAMD code (40) on a Biowulf cluster at
the National Institutes of Health was used for the starting point. Averages
were taken after 10 ns discarding the initial transient part of the trajectory.
For details see the Materials and Methods section in the Supporting Material.
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AFM sample preparation, imaging, and analysis

For AFM imaging, a 50-uL droplet of liposomes with and without reconsti-
tuted with the PG-1 peptide was allowed to adsorb for 5—15 min on freshly
cleaved mica to create a supported lipid bilayer with preincorporated
peptides. The sample was rinsed three times with phosphate buffer solution
to eliminate all unincorporated peptides as well as liposomes that were not
ruptured (34,35). Image analysis was carried out using protocols shown to
be successful in our previous amyloid ion channels studies (34). Briefly,
the sizes of the reconstituted channels in the membrane were obtained
from the height images using cross-sectional analysis. Channel diameters
were measured at two-thirds of the full height with respect to the lipid bilayer
surface. Individual channel subunits were considered only if the neighboring
features were separated from each other such that they were visible at the
height 10% below their maximum height in the AFM image cross-section.
Consistent with our previous AFM studies of other amyloid ion channels,
as the PG-1 channels are present in noncrystalline and random clusters, no
single particle averaging commonly used in electron microscopy studies
were used. For details, see Materials and Methods in Supporting Material.

Formation of PLBs and data analysis

Vertical PLBs were generated by either Mueller-Rudin (41) or Montal-
Mueller (42) methods, using concentrations (33,43) and lipid mixtures (44),
as reported previously. Current versus time data acquisition and analysis
were carried out as described in (45). For a complete description see Mate-
rials and Methods in the Supporting Material.

RESULTS
MD Simulations

In previous MD simulations (29), we showed that PG-1
channels contained eight PG-1 §-hairpins that were initially
assembled in an annular shape. During the relaxation process
in the explicit lipid environment, the PG-1 channels divided
into four or five subunits. We obtained three dimensional
structures of PG-1 channels in the intrinsic barrel-stave and
toroidal membrane pore settings of the lipid bilayers that
consisted of both zwitterionic POPC and anionic POPC/
1-palmitoyl 2-oleoyl phosphatidylglycerol (mol ratio = 4:1)
lipids.

In this study, we further explored the PG-1 channel forma-
tion in the lipid bilayers. Here, PG-1 channels are prepared
with 10 PG-1 B-hairpins that are assembled initially as
an annular shape in the anionic bilayer DOPS/POPE (mol
ratio = 1:2) (Fig. S1). The initial frustration in the annular
conformation is gradually removed via relaxations of the
lipid bilayer (Fig. S2). After the initial 5 ns of the simulation,
the (B-sheet channels of PG-1 retain the intermolecular
H-bonds at localized (-sheets, with the discontinuities in
the (-sheet network segregating the channel into subunits.
The subunit appearance in the channel structure is caused
by the (-strands optimization, which depends on the lipid
dynamics during the simulation. The environmentally re-
laxed PG-1 channels in a fully hydrated lipid bilayer can
be obtained after 30 ns of simulations with an all-atom repre-
sentation. The PG-1 channels slightly increase both the outer
diameter and inner pore size due to inhomogeneous channel
shapes after relaxation (Fig. 1). We obtained the outer
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A Antiparallel B-sheet PG-1 channel

FIGURE 1 MD simulation of channel structure. Channel structures aver-
aged over the simulation in a ribbon representation (left column) for the (A)
antiparallel and (B) parallel §-sheet channels of PG-1 are shown in the lateral
view from the lipid bilayer. In the peptides, hydrophobic residues are shown
in white, polar and Gly residues are shown in green, and positively charged
residues are shown in blue. In each channel, the averaged water pore struc-
ture calculated by the HOLE program (77) is embedded. For the pore struc-
tures in the surface representation, green denotes pore diameter in the range,
0.8 nm < d < 1.4 nm and blue denotes pore diameter of 4 > 1.4 nm. The
simulated PG-1 channel structures with highlighted subunits (right column)
are viewed from the top leaflet of the lipid bilayer for the antiparallel (top
right) and parallel (bottom right) (B-sheet channels of PG-1. The channels
are depicted in a cartoon representation with a transparent surface. Each
subunit in the channels is colored in a different color. The discontinuous
B-sheet network determines the boundary between the subunits in the chan-
nels. Antiparallel §-sheet channels of PG-1 contain four subunits. Parallel
B-sheet channels contain five subunits. The shapes of the subunits vary,
with B-hairpin monomers, and (§-sheet dimer or trimer.

diameters, ~5.5 and ~5.3 nm for the antiparallel and parallel
B-sheet channels of PG-1, respectively. The pore diameters
are ~1.4 and ~1.3 nm for the antiparallel and parallel 8-sheet
channels, respectively. The PG-1 channels break into several
subunits. The antiparallel 3-sheet channel shows four sub-
units and the parallel $-sheet channel five subunits, con-
sistent with our previous observation (29) and other 3-sheet
channels (31-33).

PG-1 and PG-3 are reported to form anion-selective chan-
nels in planar phospholipid bilayers (13). In our previous
simulations (29), we also observed that the PG-1 channels
yield selective anion conductance with low free energy
profile for CI™ in the pore, whereas the channels prevent
Na™ from crossing the pore by a high free energy barrier.
In this study, we analyzed ion activity in the pore cavity.
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FIGURE 2 Probability distribution functions representing ionic perme-
ation. Probability distribution functions for Mg2+ (green line), Na* (orange
line), C1~ (black line), and water (blue dashed line) as a function of the
distance along the pore center axis for the (A) antiparallel and (B) parallel
(-sheet channels of PG-1 are shown. The probability for water uses the scale
on the right (blue labels). The high probability profile for C1™ in the pore
indicates clearly that PG-1 forms an anionic conducting channel in the lipid
bilayer.

The system contains two cations, Mg®" and Na'. These
cations mostly interact with lipid headgroups, producing
high probability distribution at z = *+ 2.4 nm, the lipid/water
interfaces of both bilayer leaflets (Fig. 2). No deep penetra-
tion was observed for the cations. The ClI™ anion enters
through the water pore with relatively high probability distri-
bution along the pore. Two peaks at both channel gates in the
CI™ probability curves indicate that the Arg side-chains
easily trap Cl~ with the strong electrostatic interactions.
PG-1 channels show anion permeability and are imperme-
able to cations. The charge states induced by ions (Mg”",
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Na*, and Cl17) show total net charge in the pores of both
channels during the simulations (Fig. S3).

AFM Imaging

Although other S—sheet rich peptides have been extensively
studied in various physiological and nonphysiological
conditions, not much is known about the PG-1 conforma-
tions under similar conditions. (@-sheet rich peptides are
known to present a multitude of architectures, from globu-
lar oligomers to fibrils (33,46—48). PG-1, when allowed
to oligomerize without lipidic membrane, appear to form
fibrillar structures (H. Jang, M. Mustata, R. Nussinov, and
R. Lal, unpublished data) similar to other amyloid fibrils
(49) and some antimicrobial peptides (50-55). In the pres-
ence of a lipid bilayer, PG-1 conformations change. When
PG-1 is added to preformed anionic DOPS/POPE lipid
bilayer, AFM images show globular PG-1 oligomers on
the bilayer surface (Fig. 3 B). Higher resolution AFM shows
large globular conglomerates on the bilayer surface (Fig. 3
(). On flattening and low pass filtering of a 100 nm x 100
nm image area, channel-like structures become quite visible
(Fig. 3 C, inset).

FIGURE 3 PG-1 forms channel-like structures in DOPS/POPE lipid bila-
yers. (A and B) AFM height images of DOPS/POPE bilayer before and after
addition of PG-1 (conc 150 ug/mL, scale bar = 1 um). When PG-1 is added
to a preformed DOPS/POPE bilayer, large globular oligomers are observed
preferentially on the bilayer surface.(C) AFM image of a membrane patch
with PG-1 oligomer-like structures. Scale bar in C is 100 nm. The inset
represents the highlighted square area after flattening and low pass filtering
(inset scale bar = 50 nm). (D) AFM image of the edge of a lipid bilayer with
incorporated PG-1 peptides (scan size: 100 nm x 100 nm) with the insert
representing a 75 nm x 75 nm area in the central region of a bilayer (scale
bars = 50 nm). In C and D, green circles highlight PG-1 channel-like
structures.
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FIGURE 4 The structure of PG-1 ion channels incorporated in DOPS/
POPE lipid bilayers from high resolution AFM imaging. (A—C) Examples
of channel-like structures with different subunit organizations. (D and FE)
Inner and outer diameters of PG-1 channels that were measured from the
cross-section profile of the channel height. The red arrows mark the outer
diameter, and the green arrows mark the regions where the inner diameter
was measured. The graphs shown in F—H represent pore (F) inner and (G)
outer diameter distributions and (/) channel subunits distribution.

AFM images of PG-1 peptides reconstituted in DOPS/
POPE lipid bilayers (Fig. 3 D), significantly show no large
conglomerates and only channel-like structures protruding
out of the membrane plane are visible. Interestingly, the
channel-like structures are visible both at the edges of the
bilayer as well as closer to the center (Fig. 3 D, inset).

Higher resolution AFM image of PG-1 channels show
subunit arrangements that are in good agreement with
the above described MD simulation models. Fig. 4 shows
channel-like structures when PG-1 is incorporated into
DOPS/POPE bilayers. Representative structures with identi-
fiable subunits (highlighted in Fig. 3, C and D), are further
magnified to show the distinctive subunit organizations
(Fig. 4, A-C). Forty-nine pores were analyzed using the
section feature of the Veeco software. In the cross-section
of the diameter of pore structure (Fig. 4 D) the outer diameter
was measured to be at two-thirds level of the full height with
respect to the lipid bilayer surface, as marked by the red
arrows in Fig. 4 E. The green arrows mark the position where
the inner pore diameter was measured. The range of the inner
and outer pore diameters are plotted in Fig. 4, F and G. The
size distribution was fitted to a Gaussian distribution with
the inner diameters centered at 2.07 nm, and the outer diam-
eters centered at 5.2 nm. The last graph shows a frequency
count of the subunit organization (Fig. 4 H). The number
of subunits ranged from three to five, though the majority
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is three or four (43% and 48% occurrences, respectively).
Statistical analysis shows that the dimensions of the chan-
nels’ inner and outer diameters are strongly dependent on
the number of subunits: pores with three subunits had on
average an inner diameter of 1.96 nm and an outer diameter
of 5.13 nm (n = 21); pores with four subunits, had inner and
outer diameters 2.09 nm and 5.30 nm (n = 24), respectively.
The few pores comprised of five subunits had an average
2.24 nm and 5.76 nm inner and outer diameters (n = 4),
respectively. The multiple subunit stoichiometry observed
here is consistent with previous observations that several
B-sheet pore formers tend to display multiple-conductances
when reconstituted in PLBs (13,15,33,34,56-58).

Electrical conductance of PG-1 reconstituted
in PLBs

PG-1 activity in various membrane compositions using
folded or painted bilayers were examined (Fig. 5). In mem-
branes made with anionic lipids DOPS/DOPE and DOPS/
POPE, ionic permeation was observed for sub and low

FIGURE 5 PG-1 channel activity is dependent on bilayer composition.
(A) PG-1 activity in the anionic DOPS/DOPE 1:1 bilayer. Note the short
lived and spiky behavior. (B) Membrane activity of PG-1 in DOPC/DOPE
1:1 bilayer. The activity shown here is well sustained with fast openings
and closings. (C) Typical PG-1 activity in 1,2-diphytanoyl-sn-glycero-3-
phosphatidylcholine or DOPC bilayers. Occasionally PC bilayers present
short lived, low amplitude very sparse step like current jumps. Membranes
were formed by the folded technique. Traces shown were recorded at 40 mV
of applied potential. The electrolyte solution used was 100 mM KCl, 10 mM
Hepes, and 1 mM MgCl,. PG-1 was added directly into one side of the
recording chamber.
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micromolar (0.2-1.5 uM) PG-1 concentrations (Fig. 5 A).
This finding is in agreement with previous works using
anionic lipids (13,24) and supports the notion that PG-1
binds more avidly to anionic lipids (13,23,28). The activity
presented in Fig. 5 A also shows multiple conductance and
could be defined as spiky or bursting (15).

PG-1 also shows channel activity in membranes made
with the zwitterionic lipid mixture DOPC/DOPE, although
requiring somewhat higher concentration (Fig. 5 B and
Fig. 6). Channel activity can be well defined and occasion-
ally very stable. However, activity can also appear as in
Fig. 5 A. Fig. 6 shows a 14-min trace with what seems to
be two very stable channels, or one with two stable conduc-
tances of ~190 pS and ~100 pS. The activity presented in
Fig. 6 showed voltage independence, although it should be
noted that the voltage dependency data were collected after
the membrane was held at 40 mV for >10 min (Fig. 6 A,
top two current versus time traces).

Bilayer membranes made with only phosphatidylcholine
(PC) lipids required higher PG-1 concentrations and elicited
only infrequent electrical activity. More generally PC mem-
branes simply broke, and could not be refolded, suggesting
that PG-1 interacts differently with PC bilayers. Two types
of PC phospholipids, DOPC and 1,2-diphytanoyl-sn-glyc-
ero-3-phosphatidylcholine, were used in this study. In
folded membranes, the PG-1 concentration needed to elicit
membrane activity in PC+ phosphatidylethanolamine (PE)
bilayers is slightly higher (1-3 uM) than the concentra-
tion needed for the phosphatidylserine (PS) + PE bilayers
(0.2-1.5 uM) and is even higher for PC only bilayers
(2-10 uM). Even in these conditions, on occasion, no ionic
permeation was seen in PC membranes (Fig. 5 C).

Because the bilayers made by different techniques differ
slightly in thickness that may affect pore ionic conduc-
tion (59-61), PG-1 channel behavior in both folded and
painted membranes were examined. The PG-1 monomer
has 18 amino acids and is folded to a 8-hairpin that precludes
it spanning through the whole bilayer thickness. Thicker
membranes (painted bilayers) are expected to conduct less
efficiently. A direct comparison of PG-1 channel activity
in PS/PE bilayers created by the two methods is shown in
Fig. S4. In general, PS/PE painted bilayers, seem to allow
for somewhat longer duration of channel openings, although
current amplitudes seem to remain somewhat comparable.
As PG-1 shows some commonality with amyloids (in their
aggregation and channel-like features (34,62—64)), we tested
whether or not PG-1 activity would be inhibited by Zn>", an
amyloid ion channel blocker. Unlike amyloid 8 channels
(56), and as expected (29), PG-1 channel conductance was
not inhibited by Zn>".

DISCUSSION

MD simulation and AFM results show that PG-1 forms
channel structures in anionic membranes and electrical
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FIGURE 6 PG-1 membrane activities on zwitterionic
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conductance measurements show channel behavior. PG-1
channels seem to be lipid dependent in AFM and PLB
studies. AFM images show pores only in membranes with
anionic lipids (Fig. 3, B and D). No channel-like structures
were observed in DOPC bilayers. In DOPC membrane,
PG-1 incorporation at the same concentrations show only
membrane disruption without channel like structures, con-
sistent with the work of Lam et al. (16). The outer diameters
of the antiparallel and parallel 3-sheet PG-1 channels in the
MD simulations are ~5.5 and ~5.3 nm, respectively. This is
consistent with the outer diameter of 5.3 nm measured
from AFM images. However, the pore diameters, ~1.4 and
~1.3 nm for the antiparallel and parallel §-sheet channels,
respectively, are slightly smaller than the averaged pore
diameter of 2.04 nm measured from AFM images. The
disparity could be due to the experimental designs: in
AFM images, the diameter is measured at 2/3 of the full
height of the pore compared to the lipid bilayer, whereas
MD calculates the pore diameter at the pore center. Due to
the torus shape, the center of the pore would be narrower
than the gate (Fig. 1). AFM images of PG-1 reconstituted
in DOPS/POPE show channel diameter larger than those
simulated earlier (25,29,30), which were modeled in other
lipid compositions, suggesting that the PG-1 channels
measured by AFM contain more than eight PG-1 8-hairpins.
MD simulations with 10 PG-1 §-hairpins show stability and

'W\'ﬂ'f“'f‘v\“‘ﬁ“-‘ﬁf'ﬂmr’ﬂ'pw"ﬂr'*'."‘*"'ww*w

—80 mV yields a conductance of ~100 pS. The double
arrow head under the traces show the current versus time
fragments used to make B. The asterisk (*) symbol marks
a capacitance measurement to check membrane integrity
during recording. The vertical arrow below the voltage
versus time trace in A shows the trace fragment used to
calculate the IV plot.

'1"!’“'

the predicted outer and inner diameters are in better agree-
ment with the AFM values.

The decameric PG-1 channel modeling suggests sub-
unit morphology that is shared by other #-sheet channels
(29,31-33). The antiparallel and parallel §-sheet channels
of PG-1 obtain four and five subunits, respectively, consis-
tent with AFM images presented in this study (Fig. 4) as
well as previous observations (25,29,30). In the simulation,
subunit formation varies even for the same channel in
the lipid bilayer, strongly depending on the fluidic bilayer
dynamics. No PG-1 channels with three subunits were
observed, perhaps due to limited simulation trajectories.
The pores imaged by AFM in DOPS/POPE show mainly
trimeric (43%) and tetrameric (48%) (with infrequent pen-
tameric (9%)) subunits, with inner diameters for trimeric,
tetrameric, and pentameric subunits of 1.96 nm (n = 21),
2.09 nm (n = 24), and 2.24 nm (n = 4), respectively (Fig. 4).
Unlike in amyloid pores (33-35), we did not observe any
hexameric channels from a pool of 49 pores analyzed in
this study.

PG-1 channels exhibit anionic selectivity (13,29). In the
MD simulations, the pore of the PG-1 channel exhibits
relatively high CI™ probability distribution across the lipid
bilayer. This is to be expected for an oligomeric pore where
each monomer contains six positive Arg residues. The results
presented in this study together with previous evidence by
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Sokolov et al. (13) showing that PG-1 channels in bilayers
made with lipid A or LPS become cation-selective, all point
toward channel structures that are influenced strongly by the
lipid headgroup composition. It is likely that lipids head-
groups are very close to the entrance of the PG-1 pore mouth
or form part of the pore lining itself.

Functional PG-1 channel activity as seen in PLB experi-
ments shows dynamic multiconductance and differs signifi-
cantly depending on the headgroups of the phospholipids
used to form the bilayers. The findings presented in this
study confirm and expand on the previous work by Sokolov
et al. (13), and Mangoni et al. (24). We believe the novel
finding that PG-1 can form channels in PE rich zwitterionic
membranes might help explain the toxicity of PG-1 in
mammalian models (65,66). This observation is consistent
with the recently proposed dynamic nature of [-sheet
amyloid pores (31-33,67), where loosely-interacting 3-6
dynamic units associate and dissociate leading to complex
ionic flux.

In terms of the mechanism of action and the underlying
structure, the B-hairpin antibiotic PG-1, and the U-shaped
amyloids with @-strand-turn-gB-strand motif, share several
theoretical and experimental features, including positive
charge(s) that facilitate interaction with negatively charged
membranes, the ability to form pores and amyloid-like fibrils
(H. Jang, M. Mustata, R. Nussinov, and R. Lal, unpublished
data), the lack of preference for incorporation, and perme-
ation into preformed PC bilayers. Several similarities
between cationic AMPs and certain amyloids’ effects on
membranes were observed in electrophysiological (15),
structural imaging (34,35), and in MD simulations (29,31—
33). An obvious difference is the two disulfide bonds
(Cys®-Cys'> and Cys®-Cys'?) that add stability to the PG-1
G-hairpin when compared to the Cys bridgeless 3 amyloids.
Nonetheless mutated sequences unable to form cysteine-
bonds (68) or PG-1 with reduced cysteines are still bacteri-
cidal (24).

In conclusion, we provide what we believe to be theoret-
ical and experimental evidence that PG-1, a §-hairpin AMP,
forms lipid dependent ion channels similar to amyloid
channels and other 3-sheet pore formers, including bacterial
toxins and other AMPs (29,31,32,34,35,64). The structural
and functional similarities between amyloids and
G-hairpin-AMPs suggests a possible shared mechanism of
action (15,69,70); namely channel-mediated dysregulation
of cellular ionic homeostasis. Dysregulation of cell ionic
homeostasis by amyloid ion channels play a key role in
neurodegenerative diseases (34,35,57,63,64,71-76). Mem-
brane coated microbes are rarely resistant to PG-1, but
therapeutic dosages of PG-1 are toxic to humans. This study
provides what we believe to be a new understanding of the
biophysical and physiological nature of (-hairpin PG-1
mediated microbial toxicity and would be useful for the
development of newer, safer, and more effective PG-1 based
antibiotics.
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