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Abstract Previous simulations showed that the B-hairpin
antimicrobial peptide (AMP) protegrin-1 can form stable
octameric P-barrels and tetrameric arcs (half barrels) in
both implicit and explicit membranes. Here, we extend this
investigation to several AMPs of similar structure: tachy-
plesin, androctonin, polyphemusin, gomesin, and the retr-
ocyclin 0-defensin. These peptides form short B-hairpins
stabilized by 2-3 disulfide bonds. We also examine syn-
thetic P-sheet peptides selected from a combinatorial
library for their ability or inability to form pores in lipid
membranes. When heptameric, octameric, and decameric
B-barrels and tetrameric arcs of these peptides were
embedded in pre-formed neutral or anionic lipid pores (i.e.,
pores in neutral or anionic membranes, respectively), a
variety of behaviors and membrane binding energies were
observed. Due to the cationic charge of the peptides, more
favorable transfer energies and more stable binding were
observed in anionic than neutral pores. The synthetic
peptides bound very strongly and formed stable barrels and
arcs in both neutral and anionic pores. The natural AMPs
exhibited unfavorable or marginally favorable binding
energy and kinetic stability in neutral pores, consistent with
the lower hemolytic activity of some of them compared
with protegrin-1. Binding to anionic pores was more
favorable, but significant distortions of the barrel or arc
structures were sometimes noted. These results are dis-
cussed in light of the available experimental data. The
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diversity of behaviors obtained makes it unlikely that the
barrel and arc mechanisms are valid for the entire family of
B-hairpin AMPs.
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Introduction

Antimicrobial peptides (AMPs) are small (12-50 amino
acid), usually cationic peptides that provide immunological
defenses (Brogden 2005; Brown and Hancock 2006; Han-
cock 2001) against bacteria, fungi, parasites, the HIV virus,
and even cancer cells (Bechinger 2004; Brown and Han-
cock 2006; Cole 2005; Hancock 2001; Matsuzaki et al.
1996; Papo and Shai 2005; Silphaduang 2001). They could
serve as the basis of novel antibiotics (Bradshaw 2003).
Their mechanism of action is not known precisely, but
there is considerable evidence that they target cell mem-
branes (Oren and Shai, 1998; Matsuzaki 1999).

The positive charge of AMPs offers an explanation for
their selectivity for prokaryotic over eukaryotic cells
(Matsuzaki 1999, 2009). Bacterial membranes tend to be
anionic, i.e., rich in acidic phospholipids like phosphati-
dylglycerol (PG) and cardiolipin (Ratledge and Wilkinson
1988). In mammalian cells, acidic phospholipids are usu-
ally sequestered in the inner plasma membrane leaflet,
whereas the outer leaflet is usually comprised of zwitter-
ionic phosphatidylcholine and sphingomyelin molecules
(Verkleij et al. 1973). Although the anionic composition of
bacterial inner membranes varies widely, 30 % anionic
content is typical (Ratledge and Wilkinson 1988). For
example, the composition of Escherichia coli inner
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membrane was found to be 70—75 % phosphatidyletha-
nolamine (PE), 18—22 % PG, and 6-8 % cardiolipin
(Morein et al. 1996), depending on temperature. Bilayers of
PE and PG at 7:3 ratio are commonly used to mimic bac-
terial cell membranes (Palermo et al. 2012).

AMPs may micellize and/or disintegrate the membrane
(i.e., the carpet mechanism; Oren and Shai 1998) or
aggregate to form pores that cause fatal ion leakage (Huang
2000, 2006). The pores may be cylindrical, lined by pep-
tides (i.e., the barrel-stave model) or toroidal, stabilized by
peptides, and lined partially by lipids. There is evidence
that alamethicin forms barrel-stave pores, whereas melittin
and magainin form toroidal pores (Ludtke et al. 1996;
Yang et al. 2001). Both cylindrical and toroidal pores were
classically viewed as ordered structures, but molecular
dynamics (MD) simulations have suggested that some
AMPs may form disordered pores (Leontiadou et al. 2006;
Sengupta et al. 2008; Thggersen et al. 2008).

Most AMPs are helical when membrane bound. How-
ever, some are disordered, and some form B-hairpins. The
best studied of the latter family are the protegrins, small -
hairpins stabilized by 2 disulfide bonds; the face with the
disulfide bonds contains charged or polar residues, and the
opposite face has a hydrophobic cluster flanked by charged
residues. They are active against Gram-positive and Gram-
negative bacteria and fungi in vitro (Kokryakov et al. 1993;
Steinberg et al. 1997). A large number of variants (Chen
et al. 2000; Ostberg and Kaznessis 2005) and synthetic
analogs (Robinson et al. 2005) have been synthesized.
Other B-hairpin AMPs include the retrocyclin 0-defensin
(Lehrer et al. 2012), tachyplesin (Laederach et al. 2002),
polyphemusin (Powers et al. 2004), gomesin (Mandard
et al. 2002), and androctonin (Mandard et al. 2001).

Protegrin-1 (hereafter called protegrin) is the best-
studied AMP of this family, both experimentally (Heller
et al. 1998; Tang and Hong 2009; Lam et al. 2012) and
computationally (Bolintineanu and Kaznessis 2011). It
forms ion channels in membranes (Mangoni et al. 1996;
Sokolov et al. 1999). MD simulations have been performed
of protegrin monomers in micelles (e.g., Langham and
Kaznessis 2006) and of monomers and dimers in bilayers
with transmembrane and interfacial orientations (Jang et al.
2006, 2007; Kandasamy and Larson 2007; Khandelia and
Kaznessis 2007; Rui et al. 2009). Tilting within the
membrane (Rui and Im 2010) and association with and
insertion into an anionic membrane (Vivcharuk and Kaz-
nessis 2010; 2011) have also been calculated. The evidence
that it oligomerizes into a closed [-barrel (Mani et al.
2006) inspired simulations of PB-barrel models (Capone
et al. 2010; Jang et al. 2008; 2010; Langham et al. 2008;
Lazaridis et al. 2013).
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Previous computational studies from this laboratory in
implicit and explicit membranes examined the interaction
of protegrin monomers with membranes and pores and the
relative stability of different B-barrel topologies (Lazaridis
et al. 2013). The NCNC parallel topology was most stable,
because it allows immersion of the hydrophobic cluster of
each peptide into the nonpolar membrane interior. Further,
incomplete barrels (arcs) formed kinetically stable pores
for 300 ns (Prieto et al. 2014). Extension of these simula-
tions on the Anton supercomputer showed that the pores
were still stable after 2 ps (Leveritt et al., unpublished).
Thus, the barrel or arc structures seem to constitute viable
pore formation mechanisms for protegrin.

We presently ask whether the other B-hairpin AMPs
could work by the same mechanism. While that would be
an attractive proposal, experimental studies have suggested
the carpet mechanism for gomesin (Domingues et al.
2010), non-pore-forming internalization for polyphemusin
(Powers et al. 2005), and an orientation parallel to the
membrane plane for tachyplesin (Doherty et al. 2006). It
would be interesting to rationalize these differences
through molecular modeling; we do this here using an
implicit membrane approach (Lazaridis 2005b; Mihajlovic
and Lazaridis 2010). We construct tetrameric arcs and
heptameric, octameric, and decameric B-barrels of 0-de-
fensin, tachyplesin, polyphemusin, gomesin, and androc-
tonin; insert them into implicit toroidal pores of varying
radii, and subject them to MD simulations. We observe
their kinetic stability and estimate their thermodynamic
stability by computing their transfer energies from the
pores to bulk water. Our goal is to determine how structural
differences are associated with differences in pore-forming
ability.

In addition to the AMPs, we studied two 26-residue
peptides selected from a combinatorial library based on
known structures of membrane-spanning [B-sheet peptides
(Rausch et al. 2005). The first is a good pore former and
contains the residues YGKRGF in the combinatorial sites;
it has sterilizing antimicrobial activity and low activity
against mammalian cell membranes (Rausch et al. 2007).
The second peptide lacks pore-forming ability and contains
AGGKGF in the combinatorial sites. Rausch et al. (2005)
noted that the interfacial, hydrophobic sites in the library
peptides support a membrane-spanning mechanism. How-
ever, fluorescence spectroscopy showed that the peptides
were partially exposed to water on the bilayer surface
rather than being in a membrane-spanning state, which
suggested a carpet mechanism (Rausch et al. 2007). The
authors also speculated that carpet model pores might be
formed on a mechanistic pathway toward more structured
B-barrel pores (Rausch et al. 2005).
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Methods
Energy Functions

The simulations in this study employed Implicit Membrane
Model 1 (IMM1; Lazaridis 2003), which is an extension of
Effective Energy Function 1 (EEF1) for soluble proteins
(Lazaridis and Karplus 1999). IMMI1 extends EEF1 to
heterogeneous membrane-water systems by making the
solvation parameters dependent on vertical position. These
are modeled as linear combinations of the values for water
and cyclohexane; further, the dielectric’s dependence on
vertical position accounts for strengthening of electrostatic
interactions within the membrane. IMMI1 has been exten-
ded to account for surface charge due to anionic lipids
using Gouy—Chapman theory (Lazaridis 2005a), trans-
membrane voltage (Mottamal and Lazaridis 2006), mem-
brane dipole potential (Zhan and Lazaridis 2012), and
lateral pressure effects (Zhan and Lazaridis 2013). IMM1
can also accommodate pores (Lazaridis 2005b; Mihajlovic
and Lazaridis 2010), whose shape can be adjusted by
making the radius dependent on vertical position:

7 =12|/(T/2),

where R, is the pore radius at the membrane center, R is the
radius at a given z-level, T represents the hydrophobic
thickness of the membrane, and k (curvature) determines
pore shape. For example, R, = 15 A and k = 0 defines a
cylindrical pore of radius 15 A, whereas R, = 15 A and
k =20 A defines a toroidal pore with radii of 15 and 35 A
at its center and rims, respectively.

Because Gouy—Chapman theory can no longer be used
in pore geometries, the electrostatic potential in anionic
pores (i.e., ones comprised of anionic lipids) is obtained by
solution of the Poisson—Boltzmann (PB) equation (He et al.
2013); those potential values are applied as a static field in
MD simulations. We solve the PB equation and use it
similarly to the analytical Gouy—Chapman equations by
adding an extra term to the effective energy function rep-
resenting the interaction between solute charges and the

R =R, + k7%

electrostatic potential: @pg(7)

Weir = E + AG™ + Wpp,
where Wpg = Zq,- * Qpp (7)

This simple approximation gives acceptable results
compared with the full nonlinear PB treatment (Ben-Tal
et al. 1996). The bilayer’s dielectric properties are repre-
sented by a five-slab model (see Fig. 2 from He et al.
2013), whereby &(d) depends on distance (d) to the
hydrophobic core’s surface:
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where €,.mp (the dielectric constant inside the membrane),
€heaq (that inside the interfacial region), and €y, (that in
water) are 2, 10, and 80, respectively (He et al. 2013).
Width D was set to 3.0 A, localizing the boundary around
the phosphate group. The ion accessibility factor is
assigned values of

0, d<D
W)_{l d>D’

so that ions cannot penetrate below the phosphate groups;
the ions were taken as monovalent with radius 2.0 A. To
reproduce the membrane dipole potential, two layers of
charges were defined as Gaussian distribution functions:

o l_ u} |
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Pi

p(d) Z e
where p;, 0;, and o; represent charge per unit area, offset of
the charge layer from the membrane surface, and Gaussian
width, respectively. Positive and negative charge layers,
separated by 1.0 A according to experimental data (He
et al. 2013), represent the charge distribution in the mem-
brane; i is + and — for the positive and negative charge
layers, respectively. The negative and positive charge
layers are localized on and below the plane of the lipid
phosphate groups, respectively, to create a positive dipole
potential in the membrane interior. p, was set to +1g/A,
where A is the area per lipid within the membrane (68 A2
for 1,2-dioleylphosphatidylcholine [DOPC] and 1,2-dio-
leylphosphatidylglycerol [DOPG] bilayers), and p- was set
to —(1 + Z; x anfr) g/A, where anfr is the fraction of
anionic lipids in the membrane, and Z; is the charge of an
anionic lipid molecule. The hydrocarbon core thickness
was set at 26 A (in accordance with the thickness of DOPC
membranes; He et al. 2013), and anfr of 30 % was used, in
accordance with the typical composition of bacterial
membranes (Ratledge and Wilkinson 1988).

The model accounts for the fact that head group density
(and therefore charge density) may not be uniform on
curved pore surfaces. It assumes that charge density on the
pore rim is equal to that of a flat membrane (p,) and that
charge density within the pore changes quadratically with
IZI, or vertical distance from the center of the membrane:

p(2) = po* |h+ (1 —h)*z2|.

The homogeneity factor 4 (i.e., the ratio of charge density
at the center of the pore to that in the intact membrane) was
0.6 in this study, according to all-atom simulation results
(He et al. 2013).
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The system was set up using mBuild, an in-house soft-
ware package (He et al. 2013). The Poisson—Boltzmann
equation was solved using the Advanced Poisson—Boltz-
mann Solver (Baker et al. 2001), taking average values in
grid volumes after discretizing the space into a finite lattice
box. The grid size was 161 x 161 x 161, with five
focusing levels used to improve accuracy; that is, the cal-
culations were run successively in cubic boxes of edge
length 640, 480, 240, 120, and 80 A (final resolution:
0.5 A). For each run, the previous run’s potential was the
boundary potential. Each volume was assigned values of
dielectric constant, ion accessibility, and charge density by
the distribution functions above; these simulated mem-
branes were embedded into cubic boxes filled with 0.1 M
aqueous salt ion solution. Multiple Debye—Hiickel bound-
ary conditions were used, and trilinear interpolation was
used to obtain the ¢pp values and their derivatives. These
are assumed to be steady state values, not changing
throughout the simulation due to ion transport.

Initial Structures

The coordinate files for protegrin, 6-defensin, gomesin,
polyphemusin, tachyplesin, and androctonin were down-
loaded from the Protein Data Bank [PDB; entries 1PG1
(Fahrner et al. 1996), 1HVZ (Trabi et al. 2001), 1KFP
(Mandard et al. 2002), 1RKK (Powers et al. 2004), 1WOO0
(Mizuguchi et al., unpublished), and 1CZ6 (Mandard et al.
1999), respectively]. CHARMM version 39a2 (Brooks
et al. 2009) was used to import the NMR model of each
peptide monomer’s structure that seemed most conducive
to B-barrel formation (i.e., the one in which the peptide’s
structure was closest to a flat, ideal B-hairpin) and assign
disulfide bonds between the appropriate residues. The
peptides from the combinatorial library by Rausch et al.
(2005) were initially built as B-strands. All charged resi-
dues were in their standard ionization states corresponding
to pH ~7.

Then, the proper intramolecular hydrogen bonds for
monomers of each peptide were imposed as distance con-
straints using a symmetrical potential well. For this, the
values of kmin, rmin, kmax, and rmax within CHARMM’s
Nuclear Overhauser Effect (NOE) facility were set to 1.0,
1.8, 5.0, and 2.3, respectively. Mean miscellaneous field
potentials (MMFP) were applied to constrain the Co car-
bons onto a plane, flattening the B-hairpins into confor-
mations more conducive to barrel formation. After the
above constraints were imposed, the energy of the peptides
was minimized using the adopted basis Newton—Raphson
algorithm (ABNER; used for all energy minimizations for
300 steps), followed by 200 ps of MD simulation using the
Verlet integrator with a time step of 2 fs at 298.5 K (the
same integrator, time step, and temperature were used in all
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MD simulations). Then, energy minimization yielded the
final monomeric structures used to construct the B-barrels
or arcs.

Simulations

The monomeric structures were arranged as tetrameric arcs
or heptameric, octameric, or decameric B-barrels around
the z-axis by translation of 11-14 A in the x direction
followed by rotation around the z-axis. For the B-barrels,
the appropriate number of monomers was arranged in an
evenly spaced cylinder around the z-axis in implicit water;
for tetrameric arcs, four monomers were spaced evenly
with z-axis rotations of 0°, 45°, 90°, and 135° (effectively
forming half of an octamer barrel). We arranged the barrels
and arcs in conformations analogous to those of protegrin:
with the more hydrophobic side facing the membrane, the
more hydrophilic side facing the pore, and the backbone
hydrogen atoms both intermolecularly and intramolecu-
larly H-bonded. Then, without any MMFP or NOE con-
straints, the [B-barrel or arc underwent minimization in
water with backbone constraints. Then, the appropriate
intra- and intermolecular hydrogen bonds were imposed as
NOE constraints, and minimization was performed without
backbone constraints. Subsequently, 200 ps of MD simu-
lation was run in water, followed by minimization.

After the B-barrel or arc underwent brief dynamics in
water, the resulting structure was inserted into an implicit
26-A-thick membrane and subjected to additional MD
simulation. We set out to select the most realistic possible
dimensions to represent the pores generated by the AMPs
under investigation, so we conducted simulations with
varying pore radii to find the conditions that provide
optimal binding energies. We selected one value for which
good protegrin octamer P-barrel binding results were pre-
viously obtained (R, = 15 A and k= 15 A; Lazaridis
et al. 2013). However, Rausch et al. (2007) suggested a
pore radius of 10 A, and initial simulations with YGKRGF
indicated enhanced pore binding of the octamer B-barrel
with R, = 12 A as compared with R, = 15 A. Therefore,
for all peptides, we ran 2-ns simulations in pores of
R, =10, 12, and 15 A; we used both 30 % anionic and
zwitterionic membranes and four oligomeric states: tetra-
mer arcs and heptamer, octamer, and decamer B-barrels. In
all cases, k was 15 A. For the arcs, shorter simulations were
also run with k = 10 or 5 A, but in no case was the sta-
bility in the pore better (and in some cases it was worse)
than with k = 15 A. (For our analysis, we selected the pore
radius for each peptide and membrane charge condition
that gave the best results: the most stable barrel/arc and
most favorable binding energies.)

Once the B-barrel or arc had been inserted into the
center of the pore, NOE and MMFP constraints were
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released for the production-length MD simulations. A
simulation length of 2 ns was selected for all conforma-
tions. When we performed longer simulations on example
peptides, we obtained results that converged onto the 2-ns
simulations. In all conditions, the results seem to have
stabilized by the end of a 2-ns MD simulation. The binding
energy to the pore (AW) was estimated by averaging the
energy of the barrel or arc at its position in the pore and
subtracting the energy of the same conformation in water.
In cases where the oligomer remained bound to the pore
throughout the entire simulation, the value of AW was
calculated by averaging values obtained every 1 ps
throughout the last 1 ns of the simulation; in cases where
the oligomer left the pore within 2 ns of MD simulation,
the AW values were obtained by similar averaging during
the period of 3—22 ps. Simulations using different random
seeds and of longer durations, run as checks, gave very
similar results. At the end of the MD simulation, minimi-
zation provided the final post-MD image of the B-barrel or
arc.

Results
Structural and Activity Comparison of the Peptides

In previous work, protegrin in NCNC parallel topology was
observed to form stable B-barrels in both neutral and
anionic membranes, with those in the latter being more
stable (Lazaridis et al. 2013). In addition, four separate
monomers in an implicit pore were observed to associate,
forming a tetrameric arc of the same topology; the resulting
structure formed stable pores in all-atom simulations (Pri-
eto et al. 2014). In this study, we investigated the behavior
of several similar peptides using simulations in implicit
membrane pores. Before presenting the simulation results,
we qualitatively compare the sequences (Fig. 1) and
structures of the peptides when configured as B-barrels in
NCNC parallel topology (Figs. 2, 3, 4). We also relate
these comparisons to the peptides’ reported activity levels.

protegrin-I Ié\ GGRLCYCRR
0-defensin GCGFCRCLCRR
tachyplesin KWCFRVCYR
polyphemusin R RWCFRVCYR
gomesin ACRRLCYK
androctonin RSYVCRQIK
YGKRGF RRCYGLKLALAK

AGGKGF RRCAGLGLALAK

|CRRRGGC

Experimental (Mani et al. 2006) and computational
(Jang et al. 2008; Langham et al. 2008; Lazaridis et al.
2013) results indicate protegrin’s ability to form B-barrels
in membrane pores. We thus infer that it has structural
properties conducive to that arrangement. Protegrin’s -
hairpin conformation is constrained by two disulfide bonds,
and the open ends of the hairpin both contain positively
charged arginine residues (Fig. 2a). The turn region of the
hairpin is also highly concentrated in basic residues, con-
taining three consecutive arginines; the resulting positive
electrostatic potential in protegrin’s turn region can be seen
in the solution of the PB equation at the solvent-accessible
surface (Fig. 3a). Further, protegrin has a relatively clear
separation between polar and nonpolar regions. The f-
sheet region between the turn and ends is relatively
hydrophobic and nonpolar, with a clear division in hydro-
phobicity between the two sides of the molecule (Fig. 4a):
no charged or polar residues face the membrane, increasing
its stability in membrane pores, while one positively
charged arginine residue faces the pore in a 26-A-thick
membrane (all discussions on membrane—peptide structural
proximity concern 26-A-thick membranes; Fig. 2a). Stud-
ies with truncated forms and disulfide variants of protegrin
have shown the important role of the B-sheet and hairpin
regions (especially the three consecutive arginine residues)
for its activity against Neisseria gonorrheae (Roumestand
et al. 1998). Protegrin’s minimal inhibitory concentrations
(MICs) for Gram-positive and Gram-negative bacteria in
one study were 0.3—0.8 and 0.7—2.8 uM, respectively
(Tam et al. 2000). However, these values vary widely
depending on experimental protocol (see “Discussion”).
Protegrin also causes 50 % hemolysis at 11.6 uM (Ishit-
suka et al. 2006) and about 65 % hemolysis at 46.4 M
(Tran et al. 2008).

0-Defensin has a cyclic backbone and contains three
disulfide bonds (compared with two for protegrin and the
other AMPs studied; Figs. 1, 2b). In this study, we inves-
tigate the open chain analog of O-defensin. The cyclic
analog is required for antimicrobial activity in the presence
of 150 mM sodium chloride and is three times as active as

11

FCVCVGR
YVCRCICTR
ICYRRCR
FCYRKC
RCVTYCRGR
TYKCTNRPY
DGWALMLRLCFGRR
DGWALMLKLCGFGRR

> Oy Oy Oy o

£~

Fig. 1 Sequence alignment of the investigated peptides. Certain conserved residues are colored. The numbers represent residue positions in
protegrin-1. The numbering reflects the sequence of protegrin-1. Figure created using STRAP (Gille 2012)
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Fig. 2 Visual structural comparison of the investigated peptides. Side
views of one monomer from the initial B-barrel/arc conformations of
each peptide after 200 ps of molecular dynamics (MD) simulation in
water and 300 minimization steps but before insertion into a
membrane: a protegrin-1; b 6-defensin; ¢ tachyplesin; d polyphemu-
sin; e gomesin; f androctonin; g YGKRGF; h AGGKGF. All peptides
are oriented with the pore-facing side to the right and the turn region
of the hairpin facing down. The black lines denote where the borders

the acyclic analog (Tang et al. 1999). MIC values of 1.0
and 2.1 yM for E. coli and Staphylococcus aureus,
respectively, have been observed for 6-defensin (Tran et al.
2002). This peptide is relatively nonamphiphilic, account-
ing for its relatively low antimicrobial activity (Trabi et al.
2001; Selsted 2004), but it can also prevent HIV entry into
cells, possibly as a competitive inhibitor of the gp120:gp41
membrane binding/fusion process (Penberthy et al. 2011).
0-Defensin is much less hemolytic than protegrin; never-
theless, the cyclic analog caused 3 % hemolysis at 5.5 pg/
mL (Tran et al. 2008). When configured as a B-barrel, three
of 0-defensin’s arginine side chains point toward the
membrane rather than the top/bottom edges or pore interior
(Fig. 2b), and one additional polar group (Thr 17) is also
oriented toward the membrane; this breaks the clear divi-
sion in hydrophobicity between the membrane-facing and
pore-facing sides seen in protegrin (Fig. 4b). The electro-
static potential surface map (Fig. 3b) also shows that 6-
defensin has less positive charge concentration in the turn
region than in protegrin. These features make 0-defensin
less than ideal for the same type of pore-forming structure
as protegrin in bacterial cells. Further, 6-defensin lacks the
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of a 26-A-thick membrane region would be if the monomer were at
center depth, the side chains and main chain are represented as sticks,
and colors denote atom/side chain properties. Sky blue basic side
chain; red acidic side chain or oxygen atom; purple neutral, polar side
chain; green nonpolar side chain; cyan glycine H; yellow cysteine side
chain/disulfide bond; gray main chain. Figure created using
MacPyMOL 1.7 (Schrédinger 2014) (Color figure online)

larger hydrophobic side chains that face the membrane in
protegrin, which may negatively affect its affinity for the
membrane.

Tachyplesin also exhibits less amphipathicity than pro-
tegrin (Fig. 4c). One arginine residue (Arg 15) faces the
membrane in embedded tachyplesin B-barrels. Further, in
this arrangement, tachyplesin has two arginine residues
(Arg 5 and Arg 14) facing the pore (compared with one for
protegrin), which may cause crowding and electrostatic
repulsion within the pore region and make B-barrel for-
mation less favorable (Fig. 2c); the electrostatic potential is
also quite high in this region (Fig. 3c). These structural
differences may contribute to previous indications that
tachyplesin orients parallel rather than normal to the
membrane (Doherty et al. 2006; Boughton et al. 2011).
Tachyplesin showed about 10 and 25 % hemolysis at 100
and 150 pg/mL, respectively, but the hemolytic activity of
a cysteine-deleted analog was abolished (Ramamoorthy
et al. 2006). Nevertheless, the cysteine-deleted analog’s
antibacterial activity was relatively intact (Ramamoorthy
et al. 2006). MICs of 0.8—12.5, 3.1—12.5, and 1.6—3.1 pg/
mL for Gram-negative bacteria, Gram-positive bacteria,
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Fig. 3 Comparison of the investigated peptides’ electrostatic poten-
tial at the solvent-accessible surface. Red negative potential; white
middle; blue positive potential. Potential denotes charge buildup at
the surface. Side views of one monomer from the initial -barrel/arc
conformations of each peptide after 200 ps of molecular dynamics
(MD) simulation in water and 300 minimization steps but before
insertion into a membrane: a protegrin-1; b 0-defensin; ¢ tachyplesin;
d polyphemusin; e gomesin; f androctonin; g YGKRGF; h AGGKGF.
All peptides are oriented with the pore-facing side to the right and the

and fungi, respectively, have been observed for tachyplesin
(Miyata et al. 1989). Another study observed nearly linear
dependence of hemolysis on tachyplesin’s concentration,
finding 5 and 100 % hemolysis at 20 and 100 pM,
respectively (Katsu et al. 1993).

Polyphemusin is extremely similar structurally to
tachyplesin (Figs. 1, 2), but it contains an additional Arg
residue at the N-terminus (Miyata et al. 1989). The disul-
fide bridge structure is identical between polyphemusin and
tachyplesin, and each peptide has one charged residue
facing the membrane in B-barrel conformation (Arg 15 and
Lys 16 for tachyplesin and polyphemusin, respectively;
Fig. 2¢, d). MIC values of 3.1-12.5 pg/mL for Gram-
negative bacteria and 6.3 pg/mL for Gram-positive bacte-
ria and fungi have been observed for polyphemusin, indi-
cating that its activity level is quite similar to tachyplesin’s
(Miyata et al. 1989). Another study of polyphemusin
obtained MICs of 0.125—0.5 pg/mL for Gram-negative
and Gram-positive bacteria and 21.3 pg/mL for human red
blood cells; a study using polyphemusin analogs indicated
that the peptide binds to divalent cation binding sites on
target cells’ lipopolysaccharide molecules, displacing
divalent cations to penetrate/permeabilize the outer

turn region of the hairpin facing down. The black lines denote where
the borders of a 26-A-thick membrane region would be if the
monomer were at center depth, the chains are represented as black
sticks, and the color surface overlay denotes electrostatic potential
according to the scale shown. Figure created by solution of the
Poisson-Boltzmann equation using the default parameters of the
PyMOL APBS Tools plugin (Lerner and Carlson 2009) in MacPy-
MOL 1.7 (Schrodinger 2014) (Color figure online)

membrane (Zhang et al. 2000). Although polyphemusin
and tachyplesin have quite similar structures, polyphemu-
sin’s antimicrobial activity is dependent on disulfide
bridges, as a linear analog with cysteine replaced by serine
showed 4-16-fold less activity than polyphemusin; B-sheet
structure is also required for polyphemusin to translocate
past model membranes (Powers et al. 2004).

Gomesin has a relatively similar structure to protegrin
(Figs. 1, 2) but contains a pyroglutamic acid residue at the
N-terminus. In addition, two arginine residues face the
membrane in f-barrel conformation (Fig. 2e), which
reduces the difference in hydrophobicity between the sol-
vent-facing and membrane-facing sides of the molecule
(Fig. 4e). Gomesin has less positive electrostatic potential
than protegrin in the turn region (Fig. 3e). MICs of 0.4—
6.25, 0.2—2.5, and 0.2—25 pg/mL for Gram-negative
bacteria, Gram-positive bacteria, and fungi, respectively,
have been measured for gomesin; direct comparison with
androctonin revealed that gomesin was more active against
most bacteria and fungi (Silva et al. 2000). Similar to some
other AMPs under investigation, gomesin’s disulfide bonds
are important to its antimicrobial and hemolytic activity
(Mandard et al. 2002; Fazio et al. 2006, 2007): activity is
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Fig. 4 Comparison of the investigated peptides’ hydrophobicity
levels at the molecular surface. Red more hydrophobic; white less
hydrophobic. Side views of one monomer from the initial B-barrel/arc
conformations of each peptide after 200 ps of molecular dynamics
(MD) simulation in water and 300 minimization steps but before
insertion into a membrane: a protegrin-1; b 8-defensin; ¢ tachyplesin;
d polyphemusin; e gomesin; f androctonin; g YGKRGF; h AGGKGF.
All peptides are oriented with the pore-facing side to the right and the

markedly decreased upon reduction/alkylation of the
disulfide bridges (Silva et al. 2000). Further, while gomesin
is hemolytic at low concentrations (16 % hemolysis at
1 pM), hemolytic activity had little dependence on con-
centration (22 % hemolysis at 100 pM), making it signif-
icantly less hemolytic than protegrin in the high
concentration regime (Silva et al. 2000). One study showed
that gomesin made giant unilamellar vesicles burst sud-
denly; stable pores were not observed, indicating that
gomesin may work by the carpet mechanism (Domingues
et al. 2010).

Androctonin shows some sequence homology to tachy-
plesin and polyphemusin (Ehret-Sabatier et al. 1996);
however, it also has structural features that distinguish it
from the other investigated peptides. Whereas gomesin,
tachyplesin, and polyphemusin have three residues in each
segment upstream and downstream of the disulfide bridges,
androctonin has three residues in one segment and five in
the other, with Cys 4 and Cys 10 bonded to Cys 20 and Cys
16, respectively (Fig. 1; see Fig. 5 from Silva et al. 2000).
Probably because of this, androctonin’s NMR structure is a
highly twisted antiparallel B-sheet with strands connected
by a positively charged turn (Mandard et al. 1999). This
feature might affect androctonin’s ability to form a B-bar-
rel. In addition, androctonin has one arginine and two
lysine residues facing the membrane in this arrangement,

@ Springer

turn region of the hairpin facing down. The black lines denote where
the borders of a 26-A-thick membrane region would be if the
monomer were at center depth, the chains are represented as black
sticks, and the color surface overlay denotes hydrophobicity accord-
ing to a normalized consensus hydrophobicity scale (Eisenberg et al.
1984). Figure created using MacPyMOL 1.7 (Schrodinger 2014)
(Color figure online)

rather than large hydrophobic side chains (Fig. 2f); this
significantly reduces the hydrophobicity difference
between the two sides of the molecule (Fig. 4f), although
in the conformation we used, the two sides of the molecule
did vary in electrostatic potential (Fig. 3f). MICs of 1.5 to
>30, 0.3—30, and 2—50 pg/mL for Gram-negative bacte-
ria, Gram-positive bacteria, and fungi, respectively, have
been measured for androctonin (Ehret-Sabatier et al. 1996);
it was significantly less active than gomesin in most con-
ditions that provided for direct comparison (Silva et al.
2000). Androctonin is not hemolytic even at 150 uM
(Ehret-Sabatier et al. 1996). Silva et al. (2000) attributed
the differences in hemolytic activity between androctonin
on the one hand and gomesin and tachyplesin on the other
to androctonin’s longer C-terminus and charge differences
throughout the molecule. ATR-FTIR experiments seemed
to indicate that androctonin is localized on the membrane
surface and does not destabilize the bilayer structure (Hetru
et al. 2000). Androctonin binds only to negatively charged
lipid vesicles and seems to adopt a -sheet structure while
leaving the acyl chain order unaffected, suggesting a
detergent-like mechanism (Hetru et al. 2000).

YGKRGF and AGGKGF have some similarities with
the protegrin family, such as the general locations of the
positively charged and polar residues, but they also show
several structural differences (Figs. 1, 2). These peptides
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are longer than protegrin (26 residues) and contain no
disulfide linkages. However, the rational combinatorial
library from which these peptides were extracted preserves
certain key characteristics of the protegrin family. For
example, aromatic residues are found at the lipid-exposed
interfacial positions, and basic residues are found in the
pore-lining region (Fig. 2g, h). The general locations of
positive charges within the peptides have some similarity
to those in protegrin: there is a pair of polar combinatorial
sites in a position analogous to the pore-facing arginine
residue in protegrin. Besides protegrin, these two peptides
are the only ones studied that have no significant inter-
ruptions in the hydrophobicity of the molecule’s mem-
brane-facing side (Fig. 4g, h). The turn region of YGKRGF
and AGGKGEF differs from the ones found in the AMPs we
investigated in that they lack arginine and include a neg-
ative charge; this reduces the turn region’s overall elec-
trostatic potential (Fig. 3g, h). While both YGKRGF and
AGGKGEF are active against E. coli and show broad-
spectrum antimicrobial activity, only YGKRGF causes
measurable leakage of the contents of lipid vesicles, with
the release of molecules as large as 3 kDa signifying a pore
diameter of ~10 A (Rausch et al. 2005). YGKRGEF also
had a low MIC against S. aureus (2.1 pM; Rausch et al.
2005). In contrast, AGGKGF had the highest hemolytic
activity, lysing human red blood cells at 15 pM. Relatively
small structural differences differentiate YGKRGEF, which
forms functional pores, from AGGKGF, which does not.
The presence of two charged side chains facing the pore
(instead of one) and the replacement of an alanine with a
tyrosine facing the membrane seem to increase the pep-
tide’s pore-forming ability.

Simulation Results

The tetramer arcs and heptamer, octamer, and decamer [-
barrels of the peptides were subjected to 2-ns MD simu-
lations in implicit toroidal pores with R, = 10, 12, and
15 A using both 30 % anionic and zwitterionic mem-
branes; we observed the peptides’ movement, structure,
and the thermodynamic stability of their arrangement. For
each peptide, the pore radius that gave the best energy in
anionic membranes was chosen for further analysis
(Table 1). The results for the pore radii not selected for
further analysis and further notes on the peptides’ behavior
during the simulations are found in Online Resource 1
(Tables S1-S8). Not all peptides remained within the pore
for the duration of the simulation; notes on whether or not
the peptides left the pore region or became distorted during
the simulations are found in Table 1, and top-down and
side views of the post-simulation conformations of the
octamer barrels and tetramer arcs in pores of optimal radii
are shown in Figs. 5 and 6. The binding energies of these

B-barrels and arcs to the pores were estimated by the
transfer energy (AW) from water to pore (Tables 2, 3, 4, 5;
Fig. 7). Negative values indicate favorable binding.

Protegrin is the best studied among the peptides inves-
tigated. Throughout the 2-ns simulations, all the studied
protegrin oligomers remained bound to both neutral and
anionic pores, and transfer energies to the pore-embedded
state were favorable in all conditions (Tables 1, 2, 3, 4, 5).
As expected, the transfer energies for all protegrin oligo-
mers were significantly more favorable to anionic than
neutral pores. (This trend also held for all other peptides in
all conditions.) There was little distortion of the barrels/
arcs throughout the simulations at the pore radii that gave
optimum results (Figs. 5a, 6a). The obtained AW values for
protegrin matched well with the results from a previous
study (Lazaridis et al. 2013).

The simulations of O-defensin oligomers resulted in
distortion of the peptide assemblies, and in some condi-
tions, the barrels/arcs of 0-defensin exited the pore
(Tables 1, 2, 3, 4, 5). Throughout the simulations, the 6-
defensin octamer B-barrel remained bound to both neutral
and anionic pores with 15 A radii, but in the neutral case,
some monomers moved to the center of the pore instead of
remaining adjacent to the pore interface (Fig. 5b), and
there was an unfavorable transfer energy from water to
pore; in an anionic pore, the octamer barrel distorted only
slightly, and the transfer energy was favorable. The 6-de-
fensin tetramer arcs and heptamer and decamer barrels
displayed the same pattern of binding energies as the cor-
responding octamer barrels (i.e., unfavorable and favorable
transfer energies in the neutral and anionic cases, respec-
tively), but the other oligomeric states of 6-defensin did not
show stable behavior during the simulations (Tables 1, 2,
3, 4, 5; Fig. 7). The tetramer arcs migrated outside both
neutral and anionic pores within 70 ps of simulation onset.
During the simulations of heptamer barrels, 0-defensin
remained within the pore throughout the simulation, but the
integrity of the barrel was not maintained: there was barrel
shear in a neutral pore, and the ring collapsed in an anionic
pore. The decamer barrels of 0-defensin exited the pore
rapidly at the onset of the simulation (Table 1).

Although the oligomers of tachyplesin remained rela-
tively coherent throughout the simulations in most condi-
tions, some conditions resulted in exit from the membrane,
even when the transfer energy was favorable (Tables 1, 2,
3, 4, 5; Fig. 7). For heptamer and octamer B-barrels of
tachyplesin, transfer energies were favorable in anionic and
unfavorable in neutral pores. The tetramer arcs and de-
camer B-barrels had unfavorable transfer energies to both
neutral and anionic pores. The octamer barrel in an anionic
pore was the only condition in which tachyplesin remained
at the pore interface throughout the simulation (Fig. 5c¢);
the octamer barrel exited a neutral pore within 50 ps of
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simulation onset. Tachyplesin tetramer arcs also exited the
pore rapidly, but whereas the tetramer drifted away from a
neutral membrane, it remained as a coherent arc with its
hydrophobic side adjacent to the anionic membrane’s sur-
face. Similarly, the heptamer barrel of tachyplesin left a
neutral pore rapidly (Table 1), whereas it migrated to the
membrane surface of an anionic pore and remained there
while the barrel opened. Decamer barrels of tachyplesin
exited the pore region rapidly in all conditions (Table 1).

<«Fig. 5 Top and side views of the minimized final conformations of

octamer B-barrels of peptides in toroidal pores of optimal radius in
zwitterionic and 30 % anionic membranes, after molecular dynamics
(MD) simulations. a protegrin-1; b 6-defensin; ¢ tachyplesin; d po-
lyphemusin; e gomesin; f androctonin; g YGKRGF; h AGGKGF. The
barrels of polyphemusin and tachyplesin exited zwitterionic pores
during the simulations, and those images are omitted. White nonpolar;
blue basic; red acidic; green polar residues. These were the
conformations of the peptides after the water-equilibrated monomers
were arranged as octamer barrels, subject to 200 ps of MD in water
and minimized, inserted into pre-formed toroidal pores in 26-A-thick
implicit membranes, and subject to 2 ns of MD followed by
minimization. The shading and lines represent the boundaries of the
toroidal pores in 26-A-thick membranes. In the top views, the shading
represents the inner and outer boundaries of the toroidal pore region;
in the side views, the shaded volume represents the pore interior, and
the lines represent the membrane edges. Figure created using VMD
1.9 (Humphrey et al. 1996) (Color figure online)

Polyphemusin oligomers generally displayed unstable
behavior in pores, with distortions observed in all condi-
tions (Table 1). Polyphemusin’s pattern of favorable vs.
unfavorable binding energies was exactly the same as that
of tachyplesin: the octamer and heptamer B-barrels had
favorable and unfavorable binding energies for anionic and
neutral pores, respectively, and tetramer arcs and decamer
barrels had unfavorable transfer energies in all pores
(Tables 2, 3, 4, 5; Fig. 7). Polyphemusin oligomers left the
pore in all conditions except for the octamer in an anionic
pore, where the barrel moved toward the surface of the
membrane with only the membrane-facing end of the barrel
remaining coherent; the solvent-facing end became dis-
torted, and the ends of the monomers spread apart
(Fig. 5d). The polyphemusin barrels did not degrade
completely; although there was some distortion, the
assemblies remained somewhat coherent after migrating
into the solvent. The tetramer arc in an anionic pore,
however, became highly distorted and remained with the
hydrophobic side adjacent to the membrane surface.

The simulations of gomesin oligomers revealed favor-
able transfer energies in all conditions except the heptamer
barrel in a neutral pore (Tables 2, 3, 4, 5; Fig. 7). The
gomesin octamer B-barrel remained bound to both neutral
and anionic pore interfaces throughout the simulations, but
some monomers migrated to the center of the pore and
away from the pore interface (Fig. 5e), indicating partial
collapse of the octamer barrel. The tetramer arcs of
gomesin remained bound to both neutral and anionic pores
throughout the simulation; however, the arcs did not
remain coherent, reconfiguring as groups of three and one
monomers that remained orthogonal to the membrane
surface (Fig. 6b). The heptamer and decamer barrels also
remained bound to the pore throughout the 2-ns MD sim-
ulations, but barrel collapse and distortion occurred in the
heptameric and decameric conditions, respectively
(Table 1).
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Fig. 6 Top and side views of the minimized final conformations of
tetramer arcs of peptides in toroidal pores of optimal radius in
zwitterionic and 30 % anionic membranes, after molecular dynamics
(MD) simulations. a protegrin-1; b gomesin; ¢ androctonin;
d YGKRGF; e AGGKGF. The corresponding arcs of polyphemusin,
tachyplesin, and 8-defensin exited the membrane region during the
simulation and are omitted. White nonpolar; blue basic; red acidic;
green polar residues. These were the conformations of the peptides
after the water-equilibrated monomers were arranged as octamer
barrels, subject to 200 ps of MD in water and minimized, inserted into
pre-formed toroidal pores in 26-A-thick implicit membranes, and
subject to 2 ns of MD followed by minimization. The shading and
lines represent the boundaries of the toroidal pores in 26-A-thick
membranes. In the top views, the shading represents the inner and
outer boundaries of the toroidal pore region; in the side views, the
shaded volume represents the pore interior, and the /ines represent the
membrane edges. Figure created using VMD 1.9 (Humphrey et al.
1996) (Color figure online)

For all oligomeric states, androctonin showed unfavor-
able and favorable transfer energies for neutral and anionic
pores, respectively (Tables 2, 3, 4, 5; Fig. 7). Although the
conformation of androctonin was altered from its native
one to facilitate barrel formation (which may have led to
the high standard deviation in the AW values), the andr-
octonin oligomers maintained at least some coherence
throughout the 2 simulations (Figs. 5f, 6c¢), and they gen-
erally remained bound to the pore throughout the

@ Springer

Table 2 Average membrane transfer energies (<AW>; kcal/mol) of
tetramer arcs of peptides from water to toroidal pores (k = 15 A)
from 2-ns simulations

Tetramers: Radius Neutral pore 30 % anionic
selected (A) pore
Protegrin-1 10 —-20.5 £ 2.1 —55.6 £3.2
0-defensin 12 16.7 +24.8*  —11.9 + 17.4*
Tachyplesin 12 34.0 + 25.4° 9.7 £27.5*
Polyphemusin 12 224 +25.0° 1.2 £ 24.0°
Gomesin 10 —57+29 —23.6 £ 2.8
Androctonin 10 42 +£34 —226+72
YGKRGF 10 —50.6 £ 2.2 —70.2 £33
AGGKGF 10 —50.0 £ 2.4 —71.8 £3.2

4 Tetramer left the pore during the course of the simulation; values
estimated using the time window of 3-22 ps. Other values estimated
using the window 1001-2000 ps

Table 3 Average membrane transfer energies (<AW>; kcal/mol) 9f
heptamer barrels of peptides from water to toroidal pores (k = 15 A)
from 2-ns simulations

Heptamers Radius . Neutral pore 30 % anionic
selected (A) pore
Protegrin-1 10 —17.1 £ 2.5 —-973 £ 4.7
0-Defensin 15 35+34 —304 + 3.6
Tachyplesin 15 179 £ 6.1° —19.1 £+ 13.8%
Polyphemusin 15 22.5 + 18.5° —1.5 £21.4°
Gomesin 12 7.7+£5.6 —36.5 £ 4.0
Androctonin 12 36.1 £5.5 —-35.6 £7.0
YGKRGF 10 —77.8 £ 3.1 —127.7 £ 49
AGGKGF 10 —73.1 £2.8 —116.4 £ 3.5

* Heptamer left the pore during the course of the simulation; values
estimated using the time window of 3-22 ps. Other values estimated
using the window 1001-2000 ps

simulation: the only condition in which androctonin left the
pore was the decamer from a neutral membrane. However,
distortion of the androctonin oligomers occurred in all
conditions: there was moderate distortion of the octamer
barrels, and in the heptamer and decamer barrel conditions
in which androctonin did not leave the pore, the barrels
collapsed, indicating a lack of ring stability (Table 1). The
tetramer arcs of androctonin reconfigured as barrel-like
structures (Fig. 6¢).

YGKRGF and AGGKGF showed remarkably stable
behavior in all simulated conditions. They remained bound
to both neutral and anionic pores throughout the 2-ns
simulations for all oligomeric states (Table 1). In several
conditions, there was little distortion of the arc/barrel
conformation: the octamer barrels and tetramer arcs
remained intact, with the monomers of the AGGKGEF tet-
ramer tilting in an anionic pore (Figs. 5g, h, 6d, e).
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Table 4 Average membrane transfer energies (<AW>; kcal/mol) of
octamer barrels of peptides from water to toroidal pores (k = 15 A)

from 2-ns simulations

Octamers:

Radius
selected (A)

Neutral pore

30 % Anionic
pore

Protegrin-1 12 —233+126 —103.9 £ 49
0-Defensin 15 213 £ 3.7 —11.7+ 75
Tachyplesin 15 51.0 &+ 35.0* —44.1 + 4.7
Polyphemusin 15 35.8 +29.1° —363 £33
Gomesin 15 —33+43 —40.5 + 4.6
Androctonin 15 345 £ 6.1 —24.7 £ 12,6
YGKRGF 10 —93.8 + 34 —147.7 £ 53
AGGKGF 10 —80.9 £33 —1344 £ 4.1

4 Octamer left the pore during the course of the simulation; values
estimated using the time window of 3-22 ps. Other values estimated
using the window 1001-2000 ps

Table 5 Average membrane transfer energies (<AW>; kcal/mol) of
decamer barrels of peptides from water to toroidal pores (k = 15 A)
from 2-ns simulations

Decamers

Radius .
selected (A)

Neutral pore

30 % anionic
pore

Protegrin-1 15 —-172 +£29 —101.8 £5.3
0-Defensin 15 137.7 + 14.2* 62.8 + 21.5°
Tachyplesin 12 87.5 + 48.6° 29.3 + 75.9°
Polyphemusin 15 77.7 £ 43.9% 28.8 + 43.1°
Gomesin 15 —1.3£38 —65.7 £ 6.0
Androctonin 15 189.9 + 39.1° —704 £ 6.4
YGKRGF 12 —106.4 £ 3.7 —177.8 £ 5.0
AGGKGF 10 —102.4 + 4.6 —150.7 £ 6.5

4 Decamer left the pore during the course of the simulation; values
estimated using the time window of 3-22 ps. Other values estimated
using the window 1001-2000 ps

Although the heptamer barrels of YGKRGF and AGGKGF
both remained within the pore, the heptamer barrel of
YGKRGF opened even with R, = 10 A. The decamer
barrel of AGGKGF became distorted in an anionic pore,
but the decamer of YGKRGF remained stable and retained
its shape throughout the simulations in both neutral and
anionic pores. These peptides’ transfer energies were
negative in both neutral and anionic pores in all conditions
(Tables 2, 3, 4, 5; Fig. 7); in fact, they had the most
favorable AW values of any peptides studied.

Discussion
The results indicate that B-barrels and arcs of 0-defensin,

tachyplesin, gomesin, polyphemusin, and androctonin are
not as stable as those of protegrin. In many cases, we

observed exit from the pore, significant distortions of the
barrels, and/or unfavorable binding energies. None of them
had transfer energies as favorable as those of protegrin
under any conditions. However, two combinatorial library
peptides surpassed protegrin in this measure. We discuss
the results in light of available experimental data.

One reason for the stability of protegrin and the syn-
thetic peptides acting as [-barrels is that they fit a pattern
of amphipathicity wherein charged/polar residues are pre-
dominantly found at the ends or turn of the hairpin and
nonpolar residues in the middle of one face of the hairpin.
These peptides have no polar/charged residues facing the
membrane in barrel configuration, whereas each of the
other studied AMPs have at least one. The desolvation cost
of a polar side chain sequestered among nonpolar mem-
brane lipids likely contributes significantly to the instability
of these peptides in pores. Further, 6-defensin and andr-
octonin lack sufficient large hydrophobic residues facing
the membrane for efficient membrane binding in B-barrel
conformation. Another factor could be the amount of
charge in the pore: protegrin has one Arg residue facing the
pore, whereas tachyplesin and polyphemusin have two in a
more central location, which might create electrostatic
repulsion. There is experimental evidence that tachyplesin
(Doherty et al. 2006; Boughton et al. 2011) and androc-
tonin (Hetru et al. 2000) orient parallel to the membrane
surface instead of adopting a transmembrane orientation,
and a carpet mechanism was suggested for gomesin at high
peptide concentrations (Domingues et al. 2010). The
inability of polyphemusin to cause dye leakage from ves-
icles led other authors to propose an internalization
mechanism that does not involve pore formation (Powers
et al. 2005).

All peptides considered here show less favorable bind-
ing in neutral than 30 % anionic pores. This is not sur-
prising, considering that they are all positively charged. A
practical goal in antibiotic development is to target
microbes’ anionic membranes while leaving mammalian
cells’ zwitterionic membranes intact. Thus, if the AW val-
ues in zwitterionic and anionic membranes reflect antimi-
crobial and hemolytic activity, respectively, and if the B-
barrel mechanism is valid, one would expect a correlation
between these values and the experimental biological
activities. Among the natural AMPs studied, protegrin had
the most favorable AW values in both anionic and neutral
pores. Thus, the other natural AMPs are expected to be less
hemolytic than protegrin. This seems mostly consistent
with available experimental data: 6-defensin is not hemo-
lytic (Tran et al. 2008), and gomesin is less hemolytic than
protegrin, notably in the high concentration regime (Silva
et al. 2000). Androctonin’s relatively low hemolytic
activity levels are in accordance with its relatively hydro-
philic region facing the membrane and moderately
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Fig. 7 Average membrane transfer energies (<AW>; kcal/mol) of
tetramer arcs and heptamer, octamer, and decamer barrels of peptides
from water to toroidal pores (k = 15 A, pore radii as described in
Tables 2, 3, 4, 5) from 2-ns simulations. *The oligomer left the pore

unfavorable AW in neutral pores. On the other hand,
tachyplesin’s hemolytic activity is comparable to prote-
grin’s (Ramamoorthy et al. 2006), and polyphemusin is
more hemolytic than protegrin (Zhang et al. 2000), so
alternative explanations are needed to rationalize these
findings, such as toroidal pore stabilization without peptide
assembly into a well-defined structure.

It is also instructive to review the relationship between
AW in anionic pores and activity against bacteria (He and
Lazaridis 2013). Because there are many species of bac-
teria against which the activity levels of several of these
peptides have been tested, we select S. aureus (SA) and
E. coli (EC) as examples of Gram-positive and Gram-
negative bacteria, respectively. Protegrin has exhibited a
range of observed MIC values: one study observed MICs of
30 pM against both EC and SA using a broth dilution
technique (Mangoni et al. 1996); however, another study
using the same technique observed an MIC of 4.6 uM for
EC (Wessely-Szponder et al. 2010), and another study
observed MICs of 2.9 and 5.8 uM for EC and SA,
respectively (Lai et al. 2006). On the low end, a study using
a radial diffusion assay measured MICs of 0.62-0.68 and
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during the course of the simulation; values were estimated using the
time window 3-22 ps. AW values in conditions in which the oligomer
remained inside the pore were estimated using the window
1001-2000 ps. Error bars represent £1 SD

0.82-0.87 uM for EC and SA, respectively (Tam et al.
2000). For 0O-defensin, researchers have observed MIC
values of 1.0 and 2.1 uM for EC and SA, respectively (Tran
et al. 2002). For tachyplesin, the results for SA have
depended on whether the peptide was natural or synthetic
and the strain of bacteria used; MIC values have ranged
1.4-5.5 uM, and values for EC ranged 0.7-1.4 uM
regardless of whether the peptide was natural or synthetic
(Miyata et al. 1989). For polyphemusin, the MIC values
were 2.6 UM for both EC and SA. In the study in which
gomesin was originally isolated, its MIC against EC ranged
0.4-1.6 uM, depending on strain, and that for SA was
1.6-3.15 pM (Silva et al. 2000). The same study measured
MIC values for androctonin of 3-15 and 15-30 puM,
respectively, for EC and SA (Silva et al. 2000). YGKRGF
and AGGKGF have minimal sterilizing concentrations
(MSC) of 2.1 uM (Rausch et al. 2005) and 1.0 uM (Rausch
et al. 2007), respectively, against SA, and both peptides
have MSC values of 0.5 uM against EC (Rausch et al.
2007). If we adopt the low-end values for protegrin (Tran
et al. 2002), then a correlation is observed between the
AW values of the octamer barrels in anionic pores and
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activity against both types of bacteria, with the same
peptides (protegrin, YGKRGF, and AGGKGF) having the
most negative AW values and the lowest MIC values. The
other peptides, with higher AW values of the octamer barrel
in anionic pores, also have higher MIC values.

The binding energy values for YGKRGF and AGGKGF
may be misleading, because those quantities do not contain
any conformational, translational, or rotational entropy
contributions. These peptides’ lack of disulfide bonds
makes constraining them into hairpin conformations
entropically costly; thus, their pore binding free energies
are likely significantly less favorable than those we com-
puted. Nevertheless, the fact that the negative control
(AGGKGF) exhibits less favorable binding energies than
the positive control is gratifying. The observed stability of
these peptides’ pore structures contrasts with the experi-
mental observation of graded and incomplete dye leakage
from vesicles (Rausch et al. 2005, 2007), which suggested
a carpet or “sinking raft” mechanism (although that could
occur as a mechanistic step toward pore formation; Rausch
et al. 2005). A high energetic barrier (enthalpic for disso-
ciation and entropic for association) may separate the
barrel/arc states from the rest of the configurational space;
this would need to be considered in a complete computa-
tional characterization. It would also be interesting to
synthesize disulfide-bonded versions of the combinatorial
library peptides and test their activity.

Mechanisms other than membrane pore formation are
possible for many of the peptides investigated here. For
example, polyphemusin might bind with divalent cation
binding sites on target cells’ lipopolysaccharide molecules to
penetrate and permeabilize the membrane (Zhang et al.
2000). Tachyplesin activates annexin labeling and caspase-3
activation (Paredes-Gamero et al. 2012). Not only gomesin
(Soletti et al. 2010) but also protegrin itself (Paredes-Gamero
et al. 2012) causes calcium influx through L-type channels
and generates reactive oxygen species. Gomesin’s mecha-
nism may depend on concentration, as lower concentrations
promote apoptosis, whereas higher concentrations result in
cell membrane disruption (Paredes-Gamero et al. 2012).
Thus, higher concentrations of peptide may make pore for-
mation more likely. There were certain conditions in which
non-protegrin AMPs remained within the pore without
becoming distorted, such as the tachyplesin octamer in an
anionic membrane; it may be worth investigating whether
pore formation occurs at high concentrations of tachyplesin,
with monomers orienting parallel to the membrane as a first
step.

The initial structures in this study had zero tilt angles for
the monomers, which imply zero B-sheet twist in the barrel
(Murzin et al. 1994). Unconstrained simulations did not
produce significant systematic change in tilt, except local
distortions. However, many of the tetramer arcs

spontaneously rearranged into configurations with sub-
stantial tilt angles. Thus, an energetic barrier might prevent
barrel reconfiguration. It would be useful to consider
starting structures with tilted B-strands in subsequent
studies. Membrane thickness was also not varied in this
study: all simulations used a thickness of 26 A.In addition,
we used a generalization regarding the lipid composition of
mammalian and bacterial cells, assuming zwitterionic and
30 % anionic lipids in those respective cases. However,
those values are not exact for all cells, so it would be useful
to investigate how changes in membrane charge affect the
results. Further, we did not systematically investigate pore
curvature, mainly studying toroidal pores with k = 15 A,
whereas in the previous study of protegrin, we considered
cylindrical pores in addition to toroidal pores with k = 10,
15, and 20 A. We did vary the pore radius, but it may be
useful to simulate even smaller radii than 10 A for arcs.
Indeed, tetramer arcs of many of these peptides seemed to
curl naturally into incomplete cylindrical conformations
with tilted monomers, some of which had significantly
smaller radii than the corresponding octamer barrels.
Additional oligomeric states could also be considered.
These additional model parameter variations could sup-
plement the results obtained in this study.
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