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Membrane Interactions and Pore Formation by the Antimicrobial Peptide
Protegrin
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ABSTRACT Protegrin is an antimicrobial peptide with a §-hairpin structure stabilized by a pair of disulfide bonds. It has been
extensively studied by solid-state NMR and computational methods. Here we use implicit membrane models to examine the
binding of monomers on the surface and in the interior of the membrane, the energetics of dimerization, the binding to membrane
pores, and the stability of different membrane barrel structures in pores. Our results challenge a number of conclusions based on
previous experimental and theoretical work. The burial of monomers into the membrane interior is found to be unfavorable for
any membrane thickness. Because of its imperfect amphipathicity, protegrin binds weakly, at most, on the surface of zwitterionic
membranes. However, it binds more favorably onto toroidal pores. Anionic charge on the membrane facilitates the binding due to
electrostatic interactions. Solid-state NMR results have suggested a parallel NCCN association of monomers in dimers and
association of dimers to form octameric or decameric 8-barrels. We find that this structure is not energetically plausible for
binding to bilayers, because in this configuration the hydrophobic sides of two monomers point in opposite directions. In contrast,
the antiparallel NCCN and especially the parallel NCNC octamers are stable and exhibit a favorable binding energy to the pore.
The results of 100-ns simulations in explicit bilayers corroborate the higher stability of the parallel NCNC barrel compared with
the parallel NCCN barrel. The ability to form pores in zwitterionic membranes provides a rationalization for the peptide’s cyto-
toxicity. The discrepancies between our results and experiment are discussed, and new experiments are proposed to resolve

them and to test the validity of the models.

INTRODUCTION

Protegrins are antimicrobial peptides isolated from porcine
leukocytes (1). The most studied of these is the 18-residue
protegrin-1 (PG1), whose structure has been shown to be
a B-hairpin stabilized by two disulfide bonds (2). It is active
against Gram-positive and Gram-negative bacteria and
fungi in vitro (1,3), but is also modestly hemolytic (4).
Based on the fact that it forms ion channels in membranes
(5,6), protegrin has been hypothesized to kill bacteria by
permeabilizing their membranes. A large number of variants
have been synthesized and tested for activity (7,8). One
variant named IB-367 or iseganan HCI has been considered
for the treatment of various conditions over the last 15 years
(9-11), but a drug has not yet been approved. Synthetic
mimetics of protegrins (12) and linear analogs thereof
(13-16) have also been developed.

A large amount of information on the position of PG1 in
membranes and its interaction with lipids has been obtained
with the use of solid-state NMR (17,18). This technique
has been used to determine the tilt angle in a 1,2-di-
lauroyl-sn-glycero-3-phosphocholine (DLPC) bilayer (19),
the insertion depth in the membrane (20), dimerization in
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
(21), the topology of the dimer in POPC (22), oligomeriza-
tion into a closed (-barrel in anionic lipids (23), distances
between peptide Ca atoms and lipid phosphates (24), and
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the differential interaction of PG1 and an inactive mutant
with lipopolysaccharide membranes (25). In other experi-
mental work, oriented circular dichroism (CD) was used
to detect a change in the orientation of protegrin as a func-
tion of concentration and hydration level (26), and x-ray
diffraction detected protegrin-induced membrane thinning
(27). Pores of protegrin were crystallized under low-hydra-
tion or low-temperature conditions, but high-resolution
structure determination was not feasible (28). Studies with
lipid monolayers showed that protegrin interacts much
more strongly with anionic lipids (29) and phosphatidylcho-
line (PC) than with phosphatidylethanolamine (PE) (30).

These experimental studies have been complemented by
a large number of computational studies (reviewed in Bolin-
tineanu and Kaznessis (31)). Molecular dynamics (MD)
simulations of monomers in micelles (32,33), and of mono-
mers or dimers in bilayers, transmembrane (TM) (34-36)
or on the bilayer interface (37,38), have been performed.
Potentials of mean force have been calculated for dimer-
ization (39), for tilting in the membrane interior (40), and
for association and insertion into an anionic membrane
(41,42). Finally, complete (-barrel models in membranes
have been simulated (43-46) and ionic conductances have
been estimated (47).

Despite the wealth of data available today, protegrin pore
formation is not completely understood. Some of the ex-
perimental results challenge our current understanding of
peptide-membrane interactions and raise further questions.
For example, why would a short $-hairpin insert as a mono-
mer in a bilayer, thin it by 10 A, and tilt at 55° (19)? Why
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would the peptide form a dimer that would point different
faces of the hairpin in the same direction (22), when one
face is clearly more hydrophobic than the other? How
does toxicity arise if protegrin inserts into PG membranes
but does not insert into PC/cholesterol bilayers (23)?

In previous work using implicit membrane modeling,
we found that a number of AMPs bind more strongly to
pores than to flat membranes, and proposed that, at least
in some cases, this may be due to their imperfect amphipa-
thicity (48,49). Protegrin also exhibits this trait, in that one
side of the hairpin has a sizeable hydrophobic cluster but
is flanked by charged Arg side chains. It would be inter-
esting, therefore, to explore the implications of this structure
in terms of its function. To that end, we examined the
binding of protegrin monomers, dimers, and §-barrels to
membranes or membrane pores using implicit membrane
models (IMMs), primarily IMM1 (50,51) but also general-
ized Born with a simple switching (GBSW) (52) and the
Poisson-Boltzmann/surface area (PB/SA) approach. The
results challenge some of the conclusions from previous
experimental and theoretical work. It is hoped that they
will stimulate further investigations.

MATERIALS AND METHODS

In this work we used mostly IMM1 (50), which is an extension of effective
energy function 1 (EEF1) for soluble proteins (53). EEF1 assumes the
solvation free energy to be a sum over atomic contributions. The solvation
free energy of each atom is obtained as a reference value pertaining to full
solvent-exposure minus the solvation the atom loses due to the presence of
surrounding atoms. The solvation free energy per unit volume is modeled as
a Gaussian function. In addition, a distance-dependent dielectric (& = r) is
used for the electrostatic interactions and the ionic side chains are given
a zero net charge.

IMM1 extends EEF1 to heterogeneous membrane-water systems. The
membrane is considered to be parallel to the xy plane with its center at
z = 0. The solvation parameters of all atoms now depend on the vertical
position and are modeled as a linear combination of the values correspond-
ing to water and to cyclohexane. The strengthening of electrostatic interac-
tions in the membrane is accounted for by making the dielectric dependent
on the vertical position. IMM1 has been extended (IMM1-GC) to include
the surface potential due to the presence of anionic lipids (51), the TM
voltage (54), and recently the membrane dipole potential (55).

One can model pores of different shapes (48,56) by making the pore
radius a function of z; for example,

2|
(T/2)

where T is the hydrophobic thickness of the membrane, Ro is the radius at
the center of the pore, and k is a curvature parameter (k = 0 corresponds to
a cylindrical (barrel-stave) pore, and increasing values of k give toroidal
pores of increasing curvature). This model was recently extended to pores
in anionic membranes (Y. He, L. Prieto, and T. Lazaridis, unpublished).
Because the Gouy-Chapman equations can no longer be used, the electro-
static potential is obtained by numerical solution of the PB equation. The
potential is then used as a static field in MD simulations. Explicit simula-
tions showed that the charge density in the center of the pore drops to
60-70% of that on the flat membrane surface (Y. He, L. Prieto, and T. Laz-
aridis, unpublished). Thus, we adopted a drop of 60% in our calculations,
with a smooth increase from the center to the edge of the pore.

R =Ro+kz? 7 =
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We also used two other implicit membrane approaches. The first is
GBSW, an IMM based on the generalized Born approximation (52) using
a 30 cal/mol A2 nonpolar surface tension coefficient. The second is the
PB/SA approach, in which the electrostatic energy is obtained from the
PB equation, treating the membrane as a low-dielectric continuum and
the nonpolar energy is obtained by a term proportional to the solvent-
exposed surface area (58,59). The PB/SA calculations were performed
using the PBEQ module of CHARMM with 100° grid points and 0.5 A
grid spacing.

The program CHARMM version c37al (60) was used in all calculations.
The starting structures were obtained from the Protein Data Base (PDB
code 1PG1 for the monomer (2) and 1ZY6 for the dimer (22)). The mono-
mer structures were placed either at the center of the membrane with
the hairpin perpendicular to the membrane (TM configuration) or at the
membrane interface (center of mass at z = T/2, where T is the membrane
hydrophobic thickness). For the interfacial configurations, we tried six
different initial orientations, pointing toward the membrane the SS hairpin
face, the hydrophobic face, the N strand, the C strand, the termini, or the
turn. An energy minimization was first run with fixed backbone, followed
by an energy minimization of the entire peptide, and a MD simulation at
300 K and 2 fs time step. For simulations on anionic membranes, we
used an anionic fraction of 30% with area per lipid 70 A? and salt concen-
tration 0.1 M. The MD simulations typically lasted 1 ns and average effec-
tive energies were computed over the last 0.6 ns. Longer simulations that
were run as a check on several occasions gave very similar results. Error
bars were obtained as the standard deviation of the averages computed
from four sections of the production run.

Dimer simulations started from either the PDB structure of the parallel
NCCN dimer or from other configurations constructed by appropriate posi-
tioning of the monomers. Nuclear Overhauser effect (NOE) constraints
were used to form the desired hydrogen bonds between backbone atoms,
which were then released in the production simulations. Octameric barrels
were constructed in a similar way by appropriate rotations of monomers or
dimers. Harmonic constraints were sometimes used on the backbone atoms
to allow the side chains to relax. All constraints were released for the
production simulations.

RESULTS
Interaction of monomers with membranes

We first examine the interaction of protegrin monomers with
the surface of zwitterionic and anionic lipid membranes.
Looking at the structure of protegrin (Fig. 1 b), it is not
immediately obvious which side would interact more favor-
ably with the membrane. One side of the $-hairpin contains
the two disulfide bonds, which are relatively apolar. The
other side contains a sizeable hydrophobic cluster (Tyr,
Phe, Leu, and 2 Val), which, however, is flanked by Arg resi-
dues that would hamper burial into the membrane. As dis-
cussed below, this imperfect amphipathicity of protegrin,
which was recognized upon structure determination (2),
may be important for its function. We clarify here that we
are referring to planar amphipathicity (i.e., separation of
hydrophobic and hydrophilic residues on the two sides of
the hairpin) rather than radial amphipathicity (separation
along the length of the hairpin). The former is relevant to
interfacial binding and the latter to TM insertion. Some
authors presumed that the disulfide face is the one that
would interact with the membrane (37,41). In this work,
we placed the NMR structure (PDB code 1PGI1) at the
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FIGURE 1 Cartoon representation in VMD (76) for the minimized final
structures obtained for a neutral membrane using GBSW implicit model.
The orange licorice representation indicates the position of the disulfide
bonds. (a) Structure obtained when the disulfide bonds face the membrane.
The pink sticks-and-balls show the position of Leu5. (b) Structure obtained
when the hydrophobic cluster (silver sticks-and-balls) faces the membrane.
The blue sticks-and-balls show the position of Arg9.

interface of a zwitterionic or anionic membrane in six
different initial orientations and ran a 1-ns MD simulation
in each case.

For the neutral membrane using IMM1, we found no bind-
ing; the peptide quickly moved away from the membrane for
all six starting orientations. For the hydrophobic side, this
is easily explained by repulsion of the membrane by the
arginines, especially Arg-9. The disulfide side simply is not
hydrophobic enough to provide sufficient stabilization. The
sulfur solvation parameters in IMMI are —1.78 kcal/mol in
the membrane and —3.24 kcal/mol in water. Thus, the fact
that its burial in the membrane is unfavorable is not surpris-
ing. Deprotonation of Arg-9 does not suffice to allow bind-
ing, and the peptide still moves away from the membrane.

Different results were obtained using another IMM,
GBSW with the all-atom charmm22 force field. A 1-ns
simulation starting from an interfacial configuration with
the SS side toward the membrane did show some binding
through the side chain of Leu-5 (Fig. 1 a). Although this
side chain is on the other side of the hairpin, the hairpin
distorts and allows partial burial of this side chain to the
membrane. This provides ~3.5 kcal/mol of membrane bind-
ing affinity. The disulfide bonds are near the interface but
not buried (the z coordinates of the SG atoms are 14—
16 A, whereas the interface is at 13 A). A simulation starting
from the opposite orientation binds even more strongly, by
11.4 kcal/mol. In the optimal configuration, the hydrophobic
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side chains become slightly buried, whereas Arg-9 lies flat
just outside the membrane core (Fig. 1 b). The difference
in behavior between IMMI1 and GBSW is largely due to
the more-abrupt transition between nonpolar and polar
regions in GBSW. This allows Arg-9 and the other arginines
to maintain much of their aqueous solvation while they are
close to the membrane, whereas they lose considerable
solvation in IMMI1.

The question of which model is closer to reality could be
answered by comparison with classical biophysical experi-
ments in solution, such as fluorescence or calorimetry. To
the best of our knowledge, such experiments have not yet
been performed on protegrin. However, to decide which of
the two models is more correct, we could use calculations
on other peptides for which such data are available. For
example, it was found that buforin II does not interact at
all with zwitterionic vesicles (61,62). We modeled it as an
ideal helix and simulated it on a neutral membrane. Using
IMML1, this peptide dissociates from the membrane in five
out of six orientations, and in the simulation where it stays
membrane-bound, the helix unfolds and the binding energy
is —4 kcal/mol. Using GBSW, the peptide remains bound to
the membrane in all simulations with an average energy of
—11 kcal/mol. Thus, IMMI1 seems to be in better agreement
with experiment, at least for this peptide.

On the anionic membrane using IMMI1-GC, binding is
observed through electrostatic interactions between the
positively charged residues and the negative charge of the
membrane. In four out of the six simulations, the peptide
points its hydrophobic side toward the membrane (Fig. 2).
In the remaining two simulations, the peptide is on its side
pointing the N-terminal strand toward the membrane or
pointing the SS side toward the membrane. The binding
energy is similar in all cases and close to 4 kcal/mol, entirely
due to Arg-membrane electrostatic interactions.

FIGURE 2 Cartoon representation in VMD for the conformation ob-
tained most frequently in the simulations of protegrin on anionic mem-
branes using IMMI1. Orange licorice represents the disulfide bonds, and
the blue and silver sticks-and-balls represent the arginines and the hydro-
phobic cluster, respectively.
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We next considered TM configurations. A monomer was
placed with its center of mass at the center of the membrane
and the $-strands along the membrane normal. A 1-ns MD
simulation was run to allow it to equilibrate. Table 1 shows
the difference in average effective energy between the
simulation in the membrane and a simulation in water as
a function of membrane thickness. Transfer from water
into the membrane in a TM orientation is unfavorable at
all membrane thicknesses down to 10 A. The peptide stays
in the membrane during the simulation because of the high
barrier of moving a number of Arg through the membrane.
Similar results were obtained with the GBSW model using
the same protocol, although for the thinner membranes
the transfer energies were less unfavorable than those ob-
tained with IMMI1. Single-point calculations with PB/SA
on energy-minimized structures obtained at the end of the
GBSW simulations with € = 2 give results between those
of GBSW and IMM1 (with € = 1 in the membrane, the trans-
fer energies are much more unfavorable). The energy-mini-
mized structures in all cases give less unfavorable transfer
energies because the peptide can adapt its conformation to
optimize its interactions. The origin of the unfavorable
transfer energy in the thinnest membrane is not burial of
the arginines but loss of solvation of the backbone polar
groups. The contribution from the six most-buried groups
that are not hydrogen bonded (6 N, 6 O, 8 N, 13 N, 13 O,
and 15 N) is 14.0 kcal/mol, whereas that from the Arg
side-chain N atoms is negligible. This is also evident in
Fig. 3, which shows the final structure from the simulation
atT =10 A,

The effect of anionic membrane charge was assessed with
IMMI1-GC. The transfer energy is less unfavorable than
in neutral membranes for T = 26 and 10 A, and the same
for T = 18 A (Table 1). In each case, the contribution of
the peptide-membrane charge interaction is ~9 kcal/mol.
The membrane charge does not reduce the transfer energy
at 18 A because Arg-9 starts to become buried at that
membrane width, which costs solvation free energy. Despite
the favorable contribution of the peptide-membrane charge
interactions, insertion into the membrane remains unfavor-
able for all thicknesses, in apparent disagreement with a
recent explicit PMF calculation that showed a favorable

TABLE 1 Transfer energies (kcal/mol) from water to a TM
configuration in membranes of different hydrophobic width

T=26A T=18A T=10A
Average energies
IMM1 +59.0 = 2.6 +295 = 4 +12.5 £ 29
GBSW +64.7 = 1.8 +134 = 34 +2.8 =52
IMM1-GC +51.2 = 2.7 +29.6 = 5.1 +5.2 = 3.1
Energy of minimized final structures
IMM1 +44.9 +15.5 +0.8
GBSW +34.7 —-1.7 —6.0
PB/SA (e =2) +19.4 +7.5 +0.3
IMM1-GC +35.7 +16.2 -59
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FIGURE 3 Final structure of a 1-ns simulation of a protegrin monomer in
a 10 A wide membrane. The blue sticks-and-balls represent the arginines.
The blue and red spheres highlight the buried nonhydrogen-bonded back-
bone N and O atoms, respectively.

—20.1 kcal/mol free-energy change for protegrin insertion
into a 1/3 POPG/PE membrane (42). These results suggest
that PG1 would not get buried as a monomer in an intact
membrane, even for unrealistically thin membranes.

Dimers in solution and in membranes

Protegrin is a monomer in aqueous solution (2) and appar-
ently also in dimethyl sulfoxide (DMSO) (63). Experi-
mental work found a tendency for the peptide to dimerize
in the presence of lipids. NMR in a dodecylphosphocholine
(DPC) micelle suggested an antiparallel configuration of the
hairpins (64), but solid-state NMR in POPC bilayers indi-
cated parallel NCCN dimerization (22).

First we consider dimerization in aqueous solution. There
are six possible configurations: NCNC, NCCN, and CNNC,
each parallel and antiparallel. All six dimers were con-
structed and their energy was evaluated using the EEFI
energy function. The average effective energies from a
1 ns MD simulation are given in Table 2. According
to EEF1, most dimer topologies have similar energies,
except for CNNC)anti. Slightly lower in energy seems to
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TABLE 2 Average effective energy (kcal/mol) per monomer in
dimers of different topology

EEF1 (water) Neutral membrane, TM, 18 A AW(w->m)

Monomer  —387.7 = 2.5 —358.2 + 3.1 +29.5
NCCN)par —404.8 + 2.5 —388.6 £ 1.0 +16.2
NCCN)anti —401.6 + 1.8 —379.5 £ 2.0 +22.1
NCNC)par —401.3 + 2.1 —388.8 £ 0.6 +12.5
NCNC)anti —402.2 + 2.2 —384.8 £ 1.7 +17.4
CNNC)par —400.9 = 0.9 —383.6 = 1.1 +17.3
CNNCO)anti —395.9 = 0.8 —383.7 £ 14 +12.2

be NCCN)par. An explicit-solvent PMF calculation (39)
showed NCCN)par dimerization to be more favorable than
NCCN)anti by ~12 kcal/mol, which is larger than the
6.4 kcal/mol obtained here. The GBSW model gave even
larger AW values and structures for the dimers that are
more globular than those obtained with EEF1 (the termini
fold back to interact with the faces of the hairpin; results
not shown). Interestingly, solid-state NMR on aggregates
in aqueous buffer revealed an NCCN)par configuration (65).

The dimers were considered embedded within a neutral
18 A membrane. As can be seen in Table 2, the lowest
energy is observed for parallel NCCN and NCNC dimers.
As expected, dimerization reduces the cost of burial into
the membrane, but the transfer of all dimers from water to
an 18 A membrane is still unfavorable.

Binding of monomers to pores

We recently proposed that the imperfect amphipathicity of
some AMPs may be responsible for a favorable transfer
energy from flat membrane to toroidal pores, which is
consistent with the idea that they stabilize the pores (48).
Protegrin is an excellent illustration of this concept: a cluster
of hydrophobic residues is flanked by charged residues that
hamper interaction with a flat membrane, whereas a mem-
brane surface with positive curvature allows the hydro-
phobic cluster to be buried while the charged residues
remain solvated in water. Here we determine the energetics
of binding of PG1 monomers to implicit membrane pores.

We considered both cylindrical and toroidal pores of
different curvature. The radius of the pore was set to 13 A
and the membrane thickness to 26 A. A PGl monomer
was initially placed perpendicular to the membrane at the
pore interface at different starting positions, i.e., at the
center of the pore and at the interface with either the SS
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side or the hydrophobic side facing the membrane interior.
In each case, 1-ns simulations were run, and the average
transfer energies to water were calculated over the last
0.6 ns. The peptide did not bind to the cylindrical pore,
and most of it was out of the pore at the end of the simula-
tions. In the toroidal pore, the binding energy depended on
the curvature. No binding was observed for the low-curva-
ture pore, whereas binding got stronger as the curvature
increased (Table 3 reports the best of the three runs).
Binding always occurred via the hydrophobic cluster. The
structure of the peptide in the higher-curvature pores was
tilted, especially in the k = 20 A case (Fig. 4 shows the
configuration with the most favorable transfer energy).

For anionic pores, we used a recently developed model
with the electrostatic potential from numerical solution of
the PB equation (Y. He, L. Prieto, and T. Lazaridis, unpub-
lished). The results shown in Table 3 were obtained
assuming a charge density at the center of the pore equal
to 60% of that in the flat membrane. As expected, the trans-
fer energy from water to the pore becomes more favorable
as the membrane charge increases. The transfer energy
from the flat membrane to the pore also becomes more
favorable as the membrane charge increases. Transfer
from the flat membrane to cylindrical pores is unfavorable.
Transfer to toroidal pores is favorable and largely indepen-
dent of curvature.

B-barrels in pores

Previous results from solid-state NMR suggested that prote-
grin forms (-barrels with parallel NCCN association of the
peptides (23). However, in this model, the peptides point
each of their sides in opposite directions, one toward the
membrane and one toward the pore lumen. If one side is
more favorable for membrane interaction than the other,
one would expect that side to be always toward the mem-
brane. Two other (§-barrel models allow burial of the hydro-
phobic side of all peptides into the membrane: NCNC
parallel and NCCN (same as CNNC) antiparallel. We con-
structed octameric models of these three types and tested
their stability in implicit pores of radius 15 A and varying
curvature with 5-ns simulations.

As expected based on the monomer results, none of the
three models were stable in cylindrical pores, and the
peptides moved out of the pore within 1 ns. The barrels
were much more stable in toroidal pores. Configurations

TABLE 3 Transfer energies (kcal/mol) from water (w) and from flat membrane (m) to Ro = 13 A pores in neutral, 30% anionic, and

100% anionic membranes

w->neutral w->30% an w->100% an m->30% an m->100% an
Cylindrical —0.15 =+ 0.3 +0.9 + 0.6 —-3.6 = 04 +4.8 £ 2.5 +6.6 = 1.2
Toroidal k = 10 —0.02 = 0.03 -9.1 =+ 1.6 —13.7 = 1.7 -39 +20 -52 =+ 1.7
Toroidal k = 15 —-2.1 0.6 —88 + 2.1 —142 £ 25 —4.6 = 2.7 —53 +40
Toroidal k = 20 —58 + 04 -9.6 = 1.2 —143 £ 25 —44 +29 -59 + 1.9

Biophysical Journal 104(3) 633-642
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FIGURE 4 Cartoon representation in VMD of the structure of protegrin
obtained in the simulations of the peptide in a neutral toroidal pore with R =
13 Aandk =20 A. The orange licorice representation indicates the position
of the disulfide bonds, and the blue and silver sticks-and-balls represent the
arginines and the hydrophobic cluster, respectively.

of these models in optimal curvature pores at the end of the
5-ns simulation are shown in Fig. 5. The NCCN)par barrels
collapse, forming essentially two interacting B-sheets with
four peptides each. The NCCN)anti remain circular but
some peptides tilt significantly. Most stable are the
NCNC)par models, which retain a very regular structure.
Table 4 shows the average effective energies and transfer
energies for the toroidal pores. The parallel NCCN model
has the highest average energy and unfavorable transfer
energies from water to the pore. Apparently it is metastable
in the pore, and in longer simulations it would move out.
The other two models exhibit lower energies and favorable
transfer energies to the pore. The NCNC)par model in

FIGURE 5 Top views of the minimized final conformations of protegrin
octamers in membrane pores of Ro = 15 A. (a) NCCN)par at k =20 A (b)
NCCN)anti atk = 15 A. (¢) NCNC)par at k =20 A. The disulfide bonds are
highlighted by orange licorice.
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TABLE 4 Average effective energies and transfer energies
(kcal/mol) from water to the pore of octameric barrels in
toroidal pores from 5-ns simulations

k=10A k=15A k=204
Neutral membrane
NCCN)par <W> —3311 = 19 —3335 = 10 —3364 = 13
<AWtr> +109 = 1.0 +112 + 03 4109 = 0.6
NCCN)anti <W> —3366 = 10 —3378 = 4 —3374 = 11
<AWtr> —-58 = 0.5 —10.3 = 0.9 —12.8 + 0.6
NCNC)par <W> —3388 + 11 —3393 + 7 —3395 + 8
<AWtr> —19.1 = 0.7 —193 = 1.0 —204 = 0.2

30% Anionic membrane
NCCN)par <W> —3567.7 = 11.0 —3563.1 = 5.8 —3578.6 = 15.3
+

<AWtr> =376 = 1.4 =395 +41 =377 4.0
NCCN)anti <W> —3597.8 = 2.6 —3592.2 = 7.2 —3589.6 + 4.7
<AWtr> —61.1 £ 1.1 =599 £33 —58.8 = 2.8
NCNC)par <W> —3624.7 = 84 —-3615.7 = 7.8 —3613.2 = 7.5
<AWtr> =725 =08 —-69.0 + 04 —66.6 = 1.0

higher-curvature pores exhibits the lowest average effective
energy and also the most favorable transfer energy from
water to the pore.

The same models were run in 30% anionic pores. Again,
the NCCN)par arrangement is the least stable and exhibits
the highest energies and the least favorable transfer energies
(Table 4). The NCNC)par barrel exhibits the lowest effec-
tive energies and transfer energies to the pore. Fig. 6 shows
the lowest-energy configuration of these octamers in anionic
pores. NCNC)par and NCCN)anti are very stable, but the

FIGURE 6 Top views of the lowest-energy conformation of protegrin oc-
tamer models in 30% anionic toroidal pores of Ro = 15 A, k = 15 A.
(a) NCCN)par. (b) NCCN)anti. (c) NCNC)par. The latter has the lowest
effective energy and the most favorable transfer energy to the membrane.
The disulfide bonds are highlighted by orange licorice.
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NCCN)par model collapses to a flat structure comprising
two stacked (3-sheets.

To check the implicit membrane results, we carried out
100-ns simulations in explicit POPC and POPE/POPG
membranes (see Supporting Material). The NCNC)par
barrel was found to be substantially more stable than the
NCCN)par barrel in both membranes.

Pore formation energy

The energetic analysis above pertains to peptide binding to
preformed pores. To determine whether a pore will form or
not, one needs to add the free energy of pore formation/
membrane deformation. This is a difficult undertaking.
One could, however, make approximate estimates using
experimental line tension values, . Typical values of the
line tension range from 0.25 to 0.75 KT/A (66). The free
energy of forming a pore of radius R is 2wR+y. Therefore,
for R = 15 A and room temperature, the pore formation
free energy will range from 14 to 42 kcal/mol. More recent
experiments gave an average value of 7 pN for PC vesicles
(67). With this value, the free energy of forming a 15 A pore
is 9.5 kcal/mol. The transfer energies of the NCNC)par
barrel are barely larger than this value. It should be noted,
however, that the transfer energies do not include any
entropic effects, which are certainly unfavorable to pore
formation. In any case, the range of values obtained suggests
that pore formation in neutral membranes is energetically
plausible, although perhaps somewhat difficult.

In anionic membranes, the relevant quantity is the dif-
ference in energy between the barrel and the peptides
adsorbed on the flat membrane. If we take the adsorption
energy of a monomer to the flat anionic membrane to be
—4 kcal/mol, transfer of an octamer from the flat mem-
brane to the pore would give about —83 — (—4) x 8§ =
—51 kcal/mol. Line tensions for anionic membranes are
scarcer but they are of a similar order of magnitude.
For example, a value of 6 pN was determined for dioleoyl-
phosphatidylserine (68). Hence, we conclude that pore
formation should be facile in anionic membranes. The
above conclusions are consistent with the observed toxicity
of protegrin toward red blood cells (which have membranes
with a neutral outer leaflet) as well as their much higher
activity in bacterial membranes (which have anionic
membranes).

DISCUSSION

The picture that emerges from these studies is that protegrin
monomers interact very weakly with the surface of the zwit-
terionic membranes, but adsorb readily on the surface of
anionic membranes. This result applies to intact bilayers
and does not account for the possibility of membrane re-
modeling (69) or extraction of lipids to form peptide-lipid
aggregates (70). Monomers do not insert in a TM orienta-
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tion. Oligomers, however, could insert forming pores into
both zwitterionic and anionic membranes. The most likely
form of these oligomers is (-barrels, the most stable of
which in our calculations has parallel NCNC topology.
In these barrels, the hydrophobic cluster of protegrin is
oriented toward the lipid and the SS bonds line the pore
lumen. The presence of the hydrophobic cluster allows the
lipids to bend only partially to form semitoroidal pores, as
shown by explicit simulations here and in previous work
(43,44). Combining the obtained effective energies with
simple estimates of membrane deformation energy leads
to the conclusion that pore formation should be facile in
anionic bilayers but also possible in zwitterionic bilayers,
consistent with the observed toxicity of protegrin toward
mammalian cells.

We obtained the bulk of our results using an IMM. Such
models are highly approximate. They account for hydropho-
bicity/hydrophilicity and generic protein-membrane elec-
trostatic interactions, but not for specific lipid-protein
interactions. They are also likely to have deficiencies in the
treatment of intraprotein interactions, especially between
arginines. On the other hand, they converge much faster
than explicit simulations and are much less sensitive to initial
conditions. As a partial check of the results of these calcula-
tions, we also performed explicit bilayer simulations of two
B-barrels in two membranes (Supporting Material). The
results seem consistent with the implicit membrane results;
however, further explicit simulation tests, such as adsorption
studies on zwitterionic membranes, would be helpful.

Our results challenge some aspects of the picture ob-
tained by previous experimental and computational work.
For example, the idea that monomers of protegrin insert
into DLPC membranes (19) is not supported by our calcula-
tions. Several possible explanations can be offered: The
solid-state NMR results (19,20) do not exclude the possi-
bility that the PG1 peptides are associated with the mem-
brane at membrane edges or pores, as suggested for DOPC.
The fact that no loss of orientational order is observed for
DLPC can be explained by the fact that the shorter DLPC
chains do not need to reorient to form a semitoroidal pore.
The critical experiment would be to show whether the S
atoms interact with lipid or with water.

Furthermore, solid-state NMR revealed a parallel NCCN
dimer in POPC membranes (22). We found that this type
of dimerization is not favorable for interaction with either
flat membranes or pores. Interestingly, we found that the
NCCN)par dimer is slightly more stable than the others in
aqueous solution, in agreement with experimental results
for aqueous aggregates (65). Perhaps this intrinsic pre-
ference persists in the experimental samples, resulting in
dimers that are primarily in the interstitial water layer
interacting with two bilayers at the same time (71). It
should be noted that the rotational-echo double-resonance
(REDOR) experiments that established the NCCN)par
topology (22), and the H and F spin diffusion experiments
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that showed contact of the peptide with the acyl chain region
and oligomerization (23) were done under different condi-
tions—the former at extended POPC bilayers at 35% hydra-
tion and the latter using ultracentrifuged large unilamellar
vesicles.

In other experiments, Tang et al. (24) measured short
distances between backbone and side-chain C atoms of
Arg-4, Arg-11, Leu-5, and Val-16 with lipid phosphate
atoms, supporting the idea of a toroidal pore. This result is
clearly inconsistent with an NCNC)par barrel, in which all
Arg-4 residues are facing the pore lumen (see Supporting
Material). But it is also inconsistent with the NCCN)par
barrel, in which half of the Arg-4 residues should face the
pore lumen and should thus be far from lipid. The decay
of the REDOR curves suggests that all peptides, not just
a fraction, lie close to lipid headgroups. This is simply not
possible in any barrel structure. Again, the only explanation
we can think of is that these samples do not contain barrels,
but rather dimers sandwiched between two different lipid
bilayers. Crosspeaks between acyl chain protons and pep-
tide '*C in H spin diffusion experiments (23,72) could
also arise in the interfacial orientation.

Future studies should address explicitly the possibility of
heterogeneity in the samples. The barrels are likely to be
fragile structures, corresponding to a minor population in
the samples. Previous work (22) considered only distances
that are short in NCCN arrangements. Detection of a
REDOR signal for these distances verifies the presence of
NCCN dimers but does not exclude the possibility of
a mixture of NCCN and NCNC dimers. It is important to
also consider intermolecular distances that are short only
in the NCNC arrangement, such as 15 C with 6 N. Appro-
priate isotopic labeling could distinguish between intermo-
lecular and intramolecular contacts. Another possibility is
to measure distances between atoms in the hydrophobic
cluster side chains, which in the NCNC)par and NCCN)
anti arrangements are on the same side of the hairpin and
thus closer to each other.

Previous computational work focused on TM monomers
and dimers (35,36,40,73) but did not examine the thermody-
namic stability of these configurations. The peptides were
initially placed in a TM configuration and may well have
been kinetically stabilized by the large energy barrier of
moving charges through the membrane. A very large, favor-
able insertion free energy was calculated for an anionic
membrane (42) but not for PC membranes (Y. Kaznessis,
University of Minnesota, personal communication, 2012).
This is not consistent with any of the IMMs. It may well
be that such models are fundamentally flawed, but at the
same time we should carefully examine the explicit simula-
tions for possible artifacts, such as bias arising from the
starting structure, because bilayers are complex systems
that relax very slowly. One might argue that the discrepancy
is due to overestimation of the cost of Arg burial by IMMs
(74), but, as shown above, it is backbone solvation and not
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Arg burial that is responsible for the unfavorable transfer
energy in the thin membranes.

Octameric PG1 barrels have been simulated in explicit
bilayers by two groups (43,44,46). One used the parallel
NCCN configuration and the other used both parallel and
antiparallel NCCN configurations. It is not clear which
side was toward the membrane in the latter case. Our
explicit simulations are not in conflict with these previous
studies. We observed breaks in hydrogen bonding in the
parallel NCCN barrel, as did Jang et al. (44), whereas
Langham et al. (43) started with four dimers that were not
hydrogen bonded to each other. The changes in the explicit
simulations are not as dramatic as in our implicit simula-
tions, which is likely due to the limited simulation time in
the former; reconfiguration or movement out of the mem-
brane should be a very slow process in explicit solvent. Ionic
conductance calculations showed larger anion selectivity
than was experimentally observed (47). The pore lumen
has less positive charge in the NCCN)anti and NCNC)par
barrels than in the NCCN)par barrel, and may give lower
anion selectivity. Also, in the latter barrels, Arg-4 points
toward the pore lumen. It is worth noting that protegrin 3,
which has R4 mutated to G, is less anion selective than
PG1 (6).

Heller et al. (27) detected two different states of protegrin
in oriented lipid bilayers using oriented CD. They tenta-
tively associated these states with a surface state and an in-
serted state, although they noted that the data were not
consistent with a simple orientation change. Some irrevers-
ibility was observed, which may be a sign of kinetic trap-
ping. The limitation of these experiments is that they do
not reveal the oligomeric state of the peptide. Crystallization
of protegrin pores was possible, but qualitative differences
existed between protegrin and magainin pores (28).

The results presented here are consistent with recent
atomic force microscopy experiments that showed that
PG1 binds preferentially on bilayer edges at low peptide
concentrations and reduces the line tension (75). At higher
concentrations, the peptide began to bind to the lamellar
regions and form pores of ~9 nm diameter, which is much
larger than the size inferred from polyethylene glycol
blockage experiments (23). At even higher concentrations,
the bilayer patches dissolved into worm-like micelles.

A lot remains for future work. First, the discrepancies
between our results and previous experimental or computa-
tional work need to be resolved. Experiments on protegrin-
membrane interactions in solution (e.g., using calorimetry,
fluorescence, dye leakage, and giant unilamellar vesicle
microscopy) would be invaluable in this regard. Another
question relates to the optimal size of these aggregates.
This could be determined by assessing the energetics of
different oligomeric states and pore sizes using implicit
membrane modeling. Ionic conductance calculations in all
types of barrels will allow comparison with conductance
and selectivity data. An important issue that we have not
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addressed here is the pathway of pore formation, especially
for neutral membranes. How are these pore structures
formed, what is the free-energy barrier, and what is the tran-
sition state? It is conceivable that local defects in the
membrane are necessary for initiation of PG1 binding and
pore formation.
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