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ABSTRACT We have investigated the membrane destabilizing properties of synthetic amphiphilic cationic peptides, MAX1
and MAX35, which have the propensity to form g-hairpin structures under certain conditions, and a control non-g-hairpin-forming
peptide MAX8V16E. All three peptides bind to liposomes containing a mixture of zwitterionic POPC and negatively charged
POPS lipids as determined by Zeta potential measurements. Circular dichroism measurements indicated folding of MAX1
and MAXS3S5 in the presence of the POPC/POPS liposomes, whereas no such folding was observed with MAX8V16E. There
was no binding or folding of these peptides to liposomes containing only POPC. MAX1 and MAX35 induced release of contents
from negatively charged liposomes, whereas MAX8V16E failed to promote solute release under identical conditions. Thus,
MAX1 and MAXS5 bind to, and fold at the surface of negatively charged liposomes adopting a lytic conformation. We ruled
out leaky fusion as a mechanism of release by including 2 mol % PEG-PE in the liposomes, which inhibits aggregation/fusion
but not folding of MAX or MAX-induced leakage. Using a concentration-dependent quenching probe (calcein), we determined
that MAX-induced leakage of liposome contents was an all-or-none process. At MAX1 concentrations, which cause release
of ~50% of the liposomes that contain small (R, <1.5 nm) markers, only ~15% of those liposomes release a fluorescent dextran
of 40 kDa. A multimeric model of the pore is presented based on these results. Atomistic molecular dynamics simulations show
that barrels consisting of 10 g-hairpin MAX1 and MAX35 peptides are relatively more stable than MAX8V16E barrels in the

bilayer, suggesting that barrels of this size are responsible for the peptides lytic action.

INTRODUCTION

Antimicrobial peptides (AMPs) are a unique and diverse
group of molecules, which target and disrupt the function
of cell membranes (1). These peptides are capable of killing
bacteria (2), fungi (3), and cancer cells (4—6). We designed a
class of hydrogel materials from self-assembling peptides
whose surfaces display antibacterial activity (7). Interest-
ingly, the primary sequence and amphiphilic secondary
structure of these self-assembling peptides resemble clas-
sical AMPs. However, distinct from AMPs is their ability
to self-assemble into macroscopic gels. Our peptides,
initially unordered when dissolved in aqueous solution,
can be triggered to fold into an amphiphilic (-hairpin
conformation that rapidly self-assembles to form a network
of fibrils that constitute the formation of a hydrogel. For
example, the peptide MAX1 is composed of N- and C-ter-
minal §-strands containing alternating hydrophobic (valine)
and hydrophilic (lysine) residues (Table 1). A central four-
residue sequence (-VDPPT-) connects the two strands. At
neutral pH and solution of low ionic strength, electrostatic
repulsion between protonated lysine side chains keeps the
peptide unfolded. Increasing the ionic strength of a neutral
solution with NaCl to 150 mM (8) or simply increasing
the pH to 9 reduces the positive charge (9,10), allowing
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the peptide to fold into a facially amphiphilic B-hairpin
that rapidly self-assembles. We have reported earlier that
the surface of the resulting macroscopic gel confers antibac-
terial activity. As will be shown, we have found that nega-
tively charged surfaces, such as that provided by model
liposomes can also induce the folding of MAXI. Here,
electrostatic interactions between the positively charged
lysine side chains and negatively charged lipid headgroups
drive the folding of the peptide into an amphiphilic hairpin.
When the peptides fold at the surface of liposome mem-
brane it is unable to undergo gelation. Rather, the folded
conformer acts to destabilize the membrane resulting in
liposome leakage. Herein, we use a combination of biophys-
ical techniques and peptide design to probe the mechanism
of action. The influence of peptide hydrophobic content is
assessed via the study of MAX35, a derivative of MAX1
that contains four isoleucine residues in place of four
original valine side chains. Finally, a control peptide,
MAXS8VI16E, was prepared to study the importance of
membrane-induced folding with respect to the peptide’s
membrane-disrupting action. MAX8VI6E contains two
sequential glutamate residues that render it incapable of
folding at the surface of the membrane.

We used unilamellar vesicles (liposomes) with an average
diameter of 100-300 nm consisting of a neutral phos-
pholipid, 1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine
(POPC)*, and a negatively charged phospholipid, 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphor-L-serine  (POPS), at

http://dx.doi.org/10.1016/j.bpj.2013.09.040


mailto:blumenthalr@mail.nih.gov
http://dx.doi.org/10.1016/j.bpj.2013.09.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2013.09.040&domain=pdf
http://dx.doi.org/10.1016/j.bpj.2013.09.040
http://dx.doi.org/10.1016/j.bpj.2013.09.040
http://dx.doi.org/10.1016/j.bpj.2013.09.040
http://dx.doi.org/10.1016/j.bpj.2013.09.040

2094 Gupta et al.

TABLE 1 Physical properties of liposomes

Liposome formulation Physical characteristic No peptide MAX35 MAX1 MAX8V16E

POPC Diameter (nm) 97 £ 19 112 = 3 104 = 10 110 £ 7
Zeta potential (mV) -75 20 —-3.0 20 —37 * 15 —57 * 12

POPC/POPS (1:1) Diameter (nm) 79 £ 1 106 + 14 109.0 = 24 96.0 = 16
Zeta potential (mV) —354 £ 22 —19.7" = 1.6 —23.9" + 23 -304 + 24

Sequence

MAX]1: VKVKVKVKVPPPTKVKVKVKV-NH,

MAX35: IKVKIKVKVPPPTKIK VKIK V-NH,
MAX8VI16E: VKVKVKVKV°PPTKVEEKVKV-NH,

Diameter and Zeta potential of liposome with or without MAX peptides. The sequences of the MAX peptides are shown in the bottom row.
“Values were significantly different from no peptide control according to an analysis of variance test, p < 0.05, n = 2.

various mole ratios. Circular dichroism (CD) spectroscopy
was employed to assess the (-hairpin forming propensity
of these peptides as a function of negative charge on the
liposomes. Release of liposome contents as a result of inter-
action with MAX peptides was monitored using different
molecular weight markers encapsulated into the liposomes.
Our data show that addition of MAX1 and MAX35 to
liposomes containing a sufficient negative charge (>10%
PS) results in a rapid release of small molecules in a dose
and negative surface charge-dependent manner. At MAX1
concentrations, which cause release of ~50% of the
liposomes that contain small (R;, <1.5 nm) markers, only
~15% of those liposomes release a fluorescent dextran of
40 kDa. We surmise that the 15% value represents the
formation of very large (diameter >10 nm) pores and the
remaining liposomes release their contents via pores that
can discriminate between molecules of different sizes.
Atomistic molecular dynamics (MD) simulations are
consistent with the notion that these peptides form (-barrels
in the lipid bilayer, which are relatively stable and allow
permeation of molecules with defined size limitations.

MATERIALS AND METHODS

Phospholipids POPC, POPS, and 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethyleneglycol)-2000] (PEG-PE) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Tb (III) Chloride
Hexahydrate (TbCl;-6H,0), 2,6-Pyridinedicarboxylic acid (Dipicolinic
acid), octyl B-D-glucopyranoside (OG), and other reagents were purchased
from Sigma-Aldrich (St. Louis, MO). SephadexG-50 and Sepharose CL-6B
were purchased from GE Healthcare Biosciences AB (Uppsala, Sweden).
Texas red dextran 40,000 (TRD-40 k) was purchased from Invitrogen.
Appropriately side-chain protected Fmoc-amino acids were purchased
from Novabiochem (Billerica, MA). 2-(6-Chloro-1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyl-aminium hexafluorophosphate (HCTU) was purchased
from Peptides International (Louisville, KY). 3H-inulin was purchased
from Perkin Elmer (Boston, MA). Buffer 1, 10 mM TES, 100 mM NaCl,
1 mM EDTA (pH 7.4); Buffer 2, 10 mM TES, 100 mM NaCl (pH 7.4);
Stock solutions: Tb/DPA, 7.5 mM TbCl3, 75 mM Na citrate, 75 mM Na
dipicolinate, 10 mM TES (pH 7.4). Inulin solution was prepared in buffer
1 (pH 6.6) at a concentration of 1% weight by volume by incubation for
2 h at 55°C followed by cooling at room temperature. Any insoluble mate-
rial was removed by centrifugation and the clear supernatant was used
further. Calcein solution was prepared at a final concentration of 100 mM
(pH 7.4).

Peptides were prepared on PL-Rink Resin in 0.25 mM quantities via
automated Fmoc peptide synthesis employing an ABI 433 A peptide synthe-
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sizer (Applied Biosystems, Snoqualmie, WA) and HCTU activation. The
resulting dry resin-bound peptides were cleaved and side-chain-deprotected
using a TFA: thioanisole: ethanedithiol: anisole (90:5:3:2) cocktail. Crude
peptides were purified by RP-HPLC (Agilent technologies, Santa Clara,
CA) using preparative Grade C18 peptide/protein column (Vydac, Hespe-
ria, CA). Peptides were purified using a linear gradient from solvent A
(0.1% TFA in water) to solvent B (90% Acetonitrile, 9.9% water, 0.1%
TFA). The following gradients were used for each peptide: MAX1 15%
to 100% B over 159 min; MAX35 18% to 100% B over 170 min;
MAX8VI16E 16% to 100% B over 175 min. MAX1 electrospray ioniza-
tion-mass spectrometry (ESI-MS, Shimadzu, Columbia, MD): 2231.4
[(M+H) " calculated 2229.96]; MAX35 ESI-MS: 2287.4 [(M+H)" calcu-
lated 2286.1]; MAX8VI16E ESI-MS: 22622 [(M+H)" -calculated
2260.88]. More detailed methods including liposome preparation, size
and Zeta potential measurements, CD studies, solute release assays, and
atomistic MD simulations are available in the Supporting Material, Docu-
ment S1.

RESULTS

Structural changes for MAX peptides upon
binding to negatively charged liposomes

For our studies on MAX peptide-liposome interactions we
used POPC (zwitterionic) and/or POPS (negatively charged)
as the prototype lipids. We characterized these liposomes
with respect to their size and surface charge (Table 1). We
performed a one way analysis of variance of the liposome
size and Zeta potentials listed in Table 1 (see Document
S1 in the Supporting Material). The measured parameters
with peptide were tested against the liposomes without the
peptide (controls). This analysis shows no significant
changes in size of liposomes (POPC alone or POPC/
POPS) in the presence or absence of MAX peptides. There-
fore, we conclude that the binding of MAX peptides to
POPC and POPS/POPC liposomes does not affect their
size distribution. These data rule out MAX-induced aggre-
gation or fusion of these liposomes. There were no signifi-
cant changes in Zeta potentials of POPC liposomes in the
presence of the MAX peptides and of POPS/POPC lipo-
somes in the presence of MAX8VE16. By contrast, Zeta
potentials of POPS/POPC liposomes were significantly
different in the presence of MAX1 and MAX35 indicating
binding of these peptides to these liposomes. Because bind-
ing and folding of MAX1 and MAX35 peptides are electro-
statically driven, there are much higher probabilities for



Membrane Permeation Induced by Synthetic g-Hairpin Peptides

these peptides to bind anionic lipid liposome compared to
zwitter-ionic POPC vesicles.

CD spectroscopy shows that MAX1 and MAX35 fold at
the surface of negatively charged liposomes. Fig. 1 A shows
that when MAXI1 is dissolved in buffer alone, it remains
unfolded, but folds when negatively charged POPS-contain-
ing liposomes are present as evident by the increase in nega-
tive mean residue ellipticity at ~218 nm. In contrast, when
neutral POPC liposomes are present, the peptide remains
unfolded. The data suggest that MAX1 binds to and folds
at the surface of negatively charged liposomes and that the
driving force for folding is electrostatically driven. Presum-
ably, the lysine side chains of the peptide can form salt
bridge pairs with the POPS headgroups to drive the folding
event, which leads to the formation of an amphiphilic
hairpin. When the peptide initially folds at the surface of
the liposome, the lysine-rich face of the hairpin is engaged
with the lipid headgroup region and its hydrophobic face is
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FIGURE 1 CD spectra of MAX peptides in buffer 1 (O), POPC

liposomes ([]), and POPC/POPS (1:1) liposomes () for (A) MAXI1 (B)
MAX35, and (C) MAX8VI6E. All samples contain 50 uM peptide and a
lipid/peptide ratio of 50:1.
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exposed to bulk water. Solvating this hydrophobic surface
area with water is an energetically unfavorable proposition.
In response, the peptide partitions into the membrane to
release ordered water and solvate its hydrophobic face
with lipid’s hydrophobic core. Fig. 1 B shows that
MAX35, the more hydrophobic peptide behaves in a similar
fashion. However, Fig. | C shows that the control peptide,
MAXS8V16E is unable to fold at the surface of negatively
charged liposomes. Here, the anionic glutamates, through
charge repulsion with the negatively charged liposome,
disfavors binding (see Table 1) and folding. The CD data
taken together indicate that both MAX1 and MAX35 fold
at the surface of negatively charged liposomes, adopting
amphiphilic hairpin conformations. The exact mechanism
by which the peptide partitions into the membrane after
the initial binding and folding events is not known. But as
will be shown, once partitioned into the membrane, the
folded amphiphiles can induce liposomal leakage.

B-hairpin peptides induced membrane
permeabilization

To monitor the permeabilization of liposomes upon interac-
tion with MAX peptides, we have employed a fluorescence-
based Tb>"/DPA assay (11). Tb>*/DPA chelates, which are
~10,000 times more fluorescent than free Tb? *, were encap-
sulated into liposomes. Upon the release of liposome
contents into a medium containing EDTA, fluorescence
decreases due to the dissociation of the Tb**/DPA com-
plexes. Maximum release was calculated by adding OG
to the medium. Fig. 2 shows the kinetics of leakage of
POPC/POPS liposomes upon addition of MAXI1 and
MAX35. Strikingly, the addition of MAX1 (Fig. 2 A) and
MAX35 (Fig. 2 B) resulted in a rapid release of liposome
contents reaching a steady state within ~3 s.

The CD and leakage data taken together indicate that
formation of 3-structure is required for the permeabilization
of the liposome membrane and that the interaction of posi-
tively charged peptide with negatively charged lipids is
necessary but not sufficient. Various mechanisms have
been invoked to account for the mode of action of lytic pep-
tides on membrane permeabilization. One such mechanism
posits that the peptide induces aggregation/fusion of lipo-
somes that is accompanied by leakage of liposome contents
(leaky fusion) (12). However, aggregation/fusion of lipo-
somes is prevented by inclusion of pegylated lipid into
liposomes (12). CD spectra indicate that folding of the
MAX peptides was identical in our liposome formulations
prepared with or without inclusion of 2 mol % PEG-PE
(data not shown). Fig. 3 shows similar leakage for pegylated
(right panels) versus non-pegylated (left panels) liposomes
ruling out leaky fusion as a mechanism for MAX peptide-
induced membrane permeabilization.

Even though sufficient peptide is available at L/P = 24 to
form at least one pore (see below) in all the liposomes, the
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addition of (A) MAXI and (B) MAX35 peptides at a lipid/peptide ratio
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extent of leakage only reached ~50% (Fig. 2, A and B). We
therefore examined whether adding more peptide would
cause additional leakage. Indeed, at POPS/POPC ratios
>50%, more extensive leakage is realized (Fig. 3). How-
ever, at 10 mol % POPS the extent of leakage did not go
beyond ~30% even at low L/P ratios. These data indicate
that a threshold of POPS in the liposome is required for
membrane permeabilization.

Fig. 4 shows dose-response curves for the extent of
leakage induced by MAXI1 (Fig. 4 A) and MAX35
(Fig. 4 B) peptides, respectively. Overall, the activities of
the two peptides do not appear to be very different except
for higher activity of MAX35 at 10 mol % POPS (see above)
in the liposomes. MAX activities in liposomes containing 50
and 75 mol % POPS seem to be higher than in 98% POPS
liposomes (Fig. 3), whereas in liposomes containing
10 mol % POPS the maximal release even at high peptide
concentrations remains in the range of 15-40%. Fitting
the curves to a Langmuir isotherm (see legend) yields
maximal extents of release and the peptide concentrations
for half-maximal activity. In Fig. 4 C we show the maximal
extents of leakage for MAX1, MAX35, and MAX8V16E as
a function of mol % POPS in the liposomes. Whereas the
leakage activities of MAX1 and MAX35 are similar at

Biophysical Journal 105(9) 2093-2103

Gupta et al.

POPS >25 mol %, it appears that at 10 mol % POPS in
the liposomes, MAX35 induces higher leakage activity.
This may be the result of greater hydrophobicity of
MAXS3S5 resulting in a higher probability of pore formation.
Interestingly, a decrease is seen in the extent of leakage from
liposomes containing very high POPS levels suggesting that
initial peptide binding is not sufficient for membrane disrup-
tion. A similar observation has been reported by Ramamoor-
thy and co-workers (13) who showed that the antimicrobial
peptide pexiganan cannot disrupt purely anionic lipid bila-
yers like POPG or POPS as they bind strongly to the bilayer
surface. MAX8V16E had no significant binding activity
(Table 1) and did not induce leakage from liposomes at all
POPS concentrations tested.

Release mechanisms

Liposomes containing differentially sized markers were
incubated with MAX1 and fractionated through a sizing
column to separate liposome-containing macromolecules
from the free macromolecules. Fig. 5 A shows that MAX1
induced ~33% leakage of inulin (mw. ~5000; Ry
~1.39 nm) from POPC/POPS liposomes. To test whether
MAX peptide-induced leakage may result from formation
of pores that can discriminate between molecules of
different sizes, we encapsulated both calcein (mw.
~622.55; R, ~0.74 nm) and Texas red dextran 40,000
(TRD-40 k, mw. ~40,000; Ry ~5 nm) into the same lipo-
somes and then examined the differential release of both
molecules induced by MAX1. Under conditions that cause
release of ~50% of the liposomes that contain calcein,
only ~15% of those liposomes released the TRD-40 k
(Fig. 5 B). The data indicate that under these experimental
conditions 15% of the liposomes release their contents as
a result of very large (diameter >10 nm) pore formation,
whereas the remaining liposomes contain pores that allow
permeation of molecules with defined size limitations.

The question is whether leakage via the (remaining) pores
is graded or all or none. In other words when we measure
50% leakage do all vesicles leak 50% of their contents or
do 50% of the vesicles leak all of their contents and the re-
maining vesicles remain intact. In the former case the pores
will open for a very short amount of time, insufficient to
allow complete depletion of vesicle contents. We followed
the procedure developed by Weinstein et al. (14) to make
this determination. Because these molecules exhibit a con-
centration-dependent quenching mechanism, quenching ra-
tios (Q) following MAX-induced leakage and repassing the
vesicles through a column should indicate the appropriate
mechanism. In the case of all or none the recovered vesicles
should exhibit the same quenching ratios as the original
vesicles, whereas in the graded case the quenching ratios
should change. Fig. 6 clearly shows that the recovered ves-
icles closely follow the original curve indicating an all-or-
none mechanism. The data suggest the formation of a very
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FIGURE 3 Sequential addition of MAX pep-
tides to the same liposomal formulation (nonpegy-
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stable pore allowing enough time for the peptide-challenged
vesicles to deplete their contents.

Atomistic MD simulations

To gain more insight into possible pore-forming properties
of MAX peptides, we performed atomistic MD simulations
using the CHARMM program (15). Using the coordinates of
an idealized B-hairpin, we constructed annular §-sheets in
the barrel (Fig. 7 A) and channel (Fig. 7 B) topologies. To
construct the barrel structure, the B-hairpin was inclined
~37° relative to the pore axis and then a 10-fold rotational
symmetry operation was performed with respect to the
pore axis, creating a decameric MAX barrel (16). To
construct the channel structure with the conventional
B-strands arrangement, 10 S-hairpins were inserted without
inclination, generating a decameric MAX channel (17,18).
We modeled MAX barrels/channels with the $-sheet struc-
ture. For MAX barrels, our simulations employed the §-bar-
rel morphology by mimicking naturally occurring §-barrels
observed in transmembrane proteins that are found
frequently in the outer membranes of bacteria, mitochon-
dria, and chloroplasts. The (§-barrel motif is a large (-sheet
composed of an even number of (-strands. Some known
structures of (B-barrel membrane proteins have (-strands
ranging in size from 8 to 22 (19,20). Our modeled 10-mer
MAX barrels contain 20 (-strands enclosing the solvated
pore. This number is also in the range of the number of
B-strands for natural §-barrels ranging from 8 to 22, which
can form a B-barrel motif. For MAX channels, we modeled
the (-sheet channel morphology for an extension of the

B-barrel morphology. The decameric MAX (-sheet chan-
nels also contain 20 §-strands enclosing the solvated pore.
Our previous simulations for A@ channels, which contain
the same (-sheet channel morphology, indicate that
different numbers of AG monomers could produce channels
with different outer and pore dimensions (21-25). For the
B-sheet channel morphology, we found that A@ channels
obtained a preferred size in the range of 16-24 (-strands lin-
ing the pores (23,24). This range was also found to hold for
other toxic §-sheet channels; K3 (a fragment of §,-micro-
globulin) channels with 24 $-strands (26) and protegrin-1
(PG-1) channels with 16-20 §-strands (17,18). In both bar-
rel/channel topologies, the §-hairpin arrangements give rise
to two potential 3-sheet motifs; turn-next-to-tail B-hairpins
in NCCN packing mode and turn-next-to-turn (-hairpins
in NCNC packing mode (27), where N and C denote the
N- and C-terminal strands, respectively (Fig. 7). In both
cases, the §-hairpins form antiparallel 3-sheets, positioning
the positively charged Lys side chains into the central pore
(Fig. S1 in the Supporting Material). For PG-1 (-hairpin,
intermolecular packing and alignment in the ordered
B-hairpin oligomerization have been determined (28-30).
These experiments suggested some possible §-hairpin pack-
ings with antiparallel and parallel intermolecular (-strand
arrangements. However, for the MAX (-hairpin, no experi-
mental data for the peptide arrangement is currently avail-
able. In our simulation, we modeled MAX (-sheet barrels/
channels with the antiparallel §-hairpin arrangement. This
ensures that all charged Lys side chains point toward the
solvated pore. However, in the parallel MAX @-hairpin
arrangement, half of the peptides in the barrels/channels
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FIGURE 4 (A) Dose response curve for the extent of Tb/DPA leakage
induced by the addition of MAX1 peptide to liposomes of POPC/POPS/
PEG-PE. Each liposome formulation contains a different % of POPS.
(B) Dose response curve for the extent of Tb/DPA leakage induced by
the addition of MAX35 peptide to liposomes of POPC/POPS/PEG-PE.
Each liposome formulation contains a different % of POPS. The data
were fitted to a Langmuir isotherm f = a*x/(b+x), where f is extent of
release, a represents maximal release, and b is the concentration of peptide
at half-maximal release. (C) The maximal extents of release are plotted
against %POPS in the liposome. Blue bars: MAX1; brown bars: MAX35;
green bars: MAX8V16E.

unfavorably point their charged Lys side chains toward the
lipid hydrophobic core. We constructed 12 independent
initial conformations of MAX barrels and channels for
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was determined upon addition of MAX1 peptide at L/P = 24. (A) % Release
of *H-inulin (mw. ~5000; Ry, ~1.39 nm), blue line denotes untreated lipo-
somes and red line denotes liposomes treated with MAX1. (B) Coencapsu-
lated TRD-40 k (mw. ~40,000; R}, ~5 nm) and calcein (mw. ~622.55; Ry,
~0.74 nm). The fluorescence intensity was measured at ., = 490 nm
and A., = 517 nm (calcein) for untreated (blue line) and MAXI1 treated
(red line), respectively, and at A.x = 590 nm and A.,, = 615 nm (TRD-
40 k) for untreated (green line) and MAXI1 treated (purple line), respec-
tively. The peaks at higher fraction numbers represent released molecules.
The % release was calculated from the formula; 100 x [total counts (3H or
fluorescence) in the released fractions]/[the total counts in all fractions].
The average release calculated from two separate experiments was 51 =+
2,33.3 = 8.3,and 15.5 = 1.5% for calcein, inulin, and TRD-40 k, respec-
tively.

explicit solvent MD simulations with a mixed zwitterion/
anionic lipid bilayer composed of POPC/POPS (mole ratio
3:1).

The MAX barrels/channels are preassembled initially as
an annular shape with 10 §-hairpins. During the simulations,
the initial annular conformation is further optimized in the
MAX1 and MAX3S5 barrels preserving the stable (§-barrel
topology through the formation of the inter- and intramolec-
ular backbone hydrogen bonds (H-bonds) (Fig. 8), although
the control barrel composed of MAX8V16E and all chan-
nels (composed of MAX1, MAX35, and MAX8V16E) grad-
ually dismiss the annular shape via relaxation of the lipid
bilayer yielding discontinuities in the (-sheet network
(Fig. S2). All MAX barrels/channels increase their outer
diameter, 1-2 nm from the starting points, due to the charge
repulsion between the Lys side chains in the solvated pore.
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FIGURE 6 MAXI-induced relief of self-quenching of calcein. The
quenching ratio (Q) in each POPC/POPS/PEG-PE (1:1:0.02, mole ratio)
liposome preparation that encapsulated calcein at different concentrations
was determined by measuring fluorescence at A.x = 490 nm and A, =
517 nm before and after adding 1% OG. Black diamonds: Q of the original
liposomes; White diamonds: calculated Q for an all or none release mech-
anism; Dark triangles: calculated Q for a graded mechanism; Crosses:
experimentally determined Q after treatment of liposomes with MAX1 at
L/P = 24 and removing the released calcein by passage through a Sepharose
CL-6B column.

Both MAX1 and MAX3S5 barrels preserve the solvated pore
with pore diameter ~2.0 nm, wide enough for conducting
ions or small molecules as calculated by the HOLE program
(31). Although the (-sheets are partially broken in the
MAXI1 and MAX35 channels, they also retain the solvated
pore. However, the MAX8V16E barrels/channels generally
collapse the pore due to unstable @-hairpins in the lipid
bilayer (Fig. S3).

The interaction of individual MAX (-hairpins with
surrounding solvent including lipids, water, and ions is inho-
mogeneous. Well-balanced (-hairpin interactions with
solvent could support stable barrel/channel conformation
in the complex lipid environment. We calculated the interac-
tion energy for each MAX @-hairpin with lipids, water, and
anions (Cl ). The @-hairpin interaction energy was then
averaged over time and the number of peptides in the bar-
rel/channel. The percentage of peptide-solvent interactions
for the three components, i.e., lipid, water, and anion, repre-
sents the relative strength of peptide interactions made with
the surrounding environment (Fig. S4). For the MAX1 and
MAX35 barrels, the lipid and water interactions are rela-
tively weak, whereas anion interaction is relatively strong.
In our simulations, the initial locations of ions were in the
bulk with |z| > 3 nm from the bilayer center. No ions
were initially placed in the water pore. However, during
the course of preequilibration, these ions rapidly migrated
into the water pore. Especially, the anion, C1™ penetrated
into the pore and screened the charged Lys-Lys side-chains
interactions. After the initial transient # > 30 ns, we found
that the average number of anions in the pore is ~40 Cl .
Three peaks in the probability distribution curve for Cl™
denote the anion locations in between four Lys side chains
lined along the pore axis, indicating that anions effectively
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FIGURE 7 Topological diagrams for the MAX1 B-hairpins in the anti-
parallel 3-sheet arrangement for the MAX1 (A) barrel and (B) channel in
the NCCN and NCNC packing modes. Blue and white beads represent
the positively charged (Lys) and hydrophobic (Val, PPro, and Pro) residues,
respectively, and the polar residue (Thr) is denoted by green beads. Dotted
lines indicate the backbone hydrogen bond (H-bond). The first and the last
residues for each monomer are indicated by the residue number. The car-
toons representing the barrels/channels are in lateral view.

screen the positively charged Lys side chains in the solvated
pore (Fig. 9). The MAX1 and MAX35 channels exhibit
similar interaction patterns as the barrel motif, suggesting
that the channel topology is in the metastable state toward
more stable -barrel conformation. In the starting conforma-
tions of MAX1 and MAX35 channels, ($-hairpins are in-
serted conventionally without any tilt with respect to the
membrane normal. However, we observed that the §-strand
tilt angle increases, close to the values of inclined 3-hairpins
in the MAX barrel topology during the simulations
(Fig. S5). The MAX8VI16E is unstable in the lipid bilayer
and partitions back into solution.

DISCUSSION

Peptide-induced leakage of various molecules through lipo-
some membranes studied here involves binding of the pep-
tide to the membrane surface, followed by conformational
changes, peptide aggregation, insertion, and formation of
a pore (1). We have been able to follow these events using

Biophysical Journal 105(9) 2093-2103
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FIGURE 8 Averaged pore structures calculated
by the HOLE program (31) embedded in the aver-
aged barrel conformations during the simulations
for the MAX1 and MAX35 barrels in the NCCN
and NCNC packing modes. In the top view,
MAX barrels are shown in the surface representa-
tion with the color representations: hydrophobic
residues are shown in white, positively charged
residues are shown in blue, and polar residues are
shown in green. In the angle and lateral views of
the pore structure, barrel structures are shown
with the ribbon representation. For the pore struc-
tures in the surface representation, red denotes
pore radius of r < 0.8 nm, green denotes pore
radius in the range, 0.8 nm < r < 1.2 nm, and
blue denotes pore radius of r > 1.2 nm.

MAX35 barrel (NCNC)

Top view Angle view

a variety of biophysical techniques. The peptides MAX1
and MAX35 bind to negatively charged membranes as
shown by Zeta potential measurements but not to liposomes
composed of phospholipids containing only zwitterionic
headgroups. Therefore, peptide binding occurs through
electrostatic interactions between positively charged amino
acids on the peptide and negatively charged headgroups on
phospholipids. Although in this study we have focused on
phosphatidylserine as the negatively charged lipid because
of its presumed overexpression in cancer cells (5,32), incor-
poration of alternative negatively charged lipids such as
phosphatidylglycerol showed similar leakage kinetics
(Fig. S6).

MAX1 and MAX35 are capable of folding on POPC/
POPS membranes as shown by CD measurements. By
contrast MAX8V16E does not fold at the surface of those
membranes presumably due to the presence of the two
sequential glutamate residues. In contrast to MAX8V16E,
both MAX1 and MAX35 induce rapid content release
when added to POPS-containing liposomes. We ruled out
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leaky fusion (12) as a mechanism of release by incorpo-
rating lipid-anchored PEG (PEG-PE) into the liposome
membrane, which inhibits aggregation/fusion. Such leaky
fusion can be demonstrated in the case of Ca®"-mediated
fusion of POPS liposomes (Fig. S7).

At high peptide/lipid ratios release of contents of all lipo-
somes can be achieved, but at lower ratios only a given
percentage of vesicles release their contents in an all-or-
none fashion. Because there are nine positively charged res-
idues on MAX1 and MAX35, nine POPS molecules on the
liposome surface would constitute a binding site that sat-
isfies all the charge-charge interactions between lipids and
peptide. POPS:POPC (1:1) liposomes would then have
1553 binding sites on their surface and sufficient peptide
is available to bind to these sites (see Document S2 in the
Supporting Material for calculations). Therefore, under
these conditions a large excess of peptide is available to
form a 10 peptide-containing pore that should release small
molecules in all liposomes. The apparent contradiction
between high amounts of peptide required to produce
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FIGURE 9 Three-dimensional density maps of Na™ (yellow surface) and
Cl™ (cyan surface) for the MAX1 barrels in the (A) NCCN and (B) NCNC
packing modes. In the maps, the averaged barrel structures are shown as
cartoons in gray. Probability distribution functions for Na™ (orange line),
CI™ (blue line), and water (gray line) as a function of the pore axis are
shown.

quantitative leakage and low amounts of peptide to produce
a pore can be reconciled by considering studies showing that
certain AMPs initially bind to the membrane surface
causing an increase in outer monolayer tension that allows
peptide insertion to form a pore (33,34). Accordingly, suffi-
cient binding of MAX peptides to POPS-containing
liposomes is required to produce the outer monolayer
expansion required for MAX peptide insertion. For instance,

2101

at a peptide/lipid ratio of 1/24 only about half of the popu-
lation of POPS:POPC (1:1) liposomes release calcein and
~15% of that population release TRD-40 k (Fig. 5). From
these experiments we surmise that in 50% of the liposomes
insufficient outer monolayer tension is produced to allow
peptide insertion and no leakage is observed. We have enter-
tained the possibility that the leakage of TRD-40 k is due to
the formation of very large (>10 nm) lipidic or toroidal
pores (33,34). However, based on the theoretical analysis
and MD simulations presented here we do favor a barrel
stave model in the case of the MAX peptides. Final resolu-
tion of the pore structure will require solid-state NMR (35)
or x-ray diffraction (36).

Although no significant differences in the leakage-
inducing capabilities between MAX1 and MAX35 could
be detected at POPS >25%, at 10% POPS, MAX35 clearly
induced greater leakage than MAX1 (Fig. 2). Presumably, in
a significant portion of the 10% POPS containing liposome
population, an insufficient amount of surface POPS is
available to provide the underlying matrix required for
peptide binding and outer monolayer expansion. However,
at a given outer monolayer tension the more hydrophobic
MAX35 appears to have a larger probability of insertion
than MAXT1. The POPS distribution on the liposome surface
and aggregation of peptides required to form a pore are
complex issues still under investigation. Because liposome
contents are emptied out within ~10 ms (see Document S2
in the Supporting Material for calculations) following pore
formation the rate-limiting steps in the overall processes
are presumably aggregation/membrane expansion/insertion.

Previous studies on AMP PG-1 have also shown that
membrane perturbation activity was dependent on their
B-hairpin forming nature (17,18,27,37,38). PG-1 is a small
B-hairpin peptide consisting of 18 amino acids with a high
content of positively charged Arg residue, and two disulfide
S-S bonds between Cys side chains that constrain the hairpin
conformation (39,40). PG-1 is able to alter the permeability
of bilayers, forming (-sheet channels in the membrane
(30,35,41,42), and electrical recordings show multiple sin-
gle channel conductances (18). PG-1 and MAX peptides
are very similar: i), Both share the same (§-hairpin secondary
structure. ii), They are highly positively charged. iii),
Conformational (-hairpin constraints depend on their
sequences, i.e., disulfide S-S bonds versus tetrapeptide
turn sequence (-V°PPPT-). However, the charged side chains
of the peptides play a critical role in the formation of chan-
nels in the membrane. In the PG-1 peptide, positively
charged side chains are located at the $-hairpin’s turn and
termini. Thus, when assembled in a channel, both ends of
the cylindrical channel are charged. This bifurcated charge
distribution in the PG-1 channel aligns the channel in the
lipid bilayer. In contrast, our modeled MAX barrels/chan-
nels contain their positively charged side chains in the inte-
rior of a solvated pore. The asymmetric charge distribution
across the (-sheet plane induces strong repulsive forces at
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the clustered Lys side chains. This suggests that small MAX
barrels/channels may not be stable due to closely packed
charged side chains and larger barrels, greater than the 10-
mer barrel in our simulations, can be populated.

CONCLUSIONS

CD, liposome release, and sizing experiments, as well as
modeling suggest a mechanism of membrane permeation
consistent with surface-induced peptide folding followed
by outer monolayer expansion, peptide insertion, and barrel
formation. CD shows that MAX1 and MAX35 are capable
of folding at the surface of negatively charged liposomes
forming amphiphilic hairpins. The lysine-rich face of the
hairpin interacts with the negatively charged headgroup
region of the liposome and it is this interaction that drives
the folding event. Once folded at the liposome surface, the
hydrophobic face of the hairpin would be largely exposed
to bulk water, an energetically unfavorable proposition. In
response, the hairpin partitions into the membrane to release
ordered water and solubilize its hydrophobic side chains in
the lipid. Modeling and release studies indicate that once
associated with the liposome, the hairpin rapidly assembles
to form barrel-like structures with pore diameters of at least
3 nm. The data also indicate that these barrels induce
leakage in an all-or-none fashion where the liposomes that
do undergo disruption rapidly leak all of their content. It
should be noted that the mechanism leading to liposomal
disruption undercover in this study is distinct from the
mechanism of antibacterial action enjoyed by MAX1 and
MAX3S5 in their gelled state. Once self-assembled into the
hydrogel’s fibrillar network, there is no free peptide avail-
able for barrel formation. Thus, MAX1 and MAX35 are
capable of disrupting membranes in both their self-assem-
bled, gel-state and their freely soluble state by distinct
mechanisms.

SUPPORTING MATERIAL

Seven figures, references (43-55) and supplemental information are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(13)
01088-6.
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FIGURE S1 Conceptual designs of annular antiparallel p-sheet structures in a cartoon
representation for the 10-mer MAX (A) barrels and (B) channels in the NCCN and NCNC
packing modes. In the peptides, positively charged Lys side-chain is shown in blue, hydrophobic
Val and lle side-chains are shown in white, polar Thr side-chain is shown in green, and
negatively charged Glu side-chain is shown in red (MAX8V16E barrel/channel only).
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FIGURE S2 Averaged barrel/channel structures in the ribbon representation for the MAX1 and
MAX35 channels, and MAX8V16E barrels/channels in the NCCN and NCNC packing modes
with the (A) partially broken/collapsed and (B) collapsed pores during the simulations.
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FIGURE S3 Time series of hairpin averaged root-mean-squared deviation, <RMSD>pajrpin, from
the starting point for C, atoms of the peptides for the MAX (A) barrels and (B) channels in the
NCCN and NCNC packing modes.
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FIGURE S4 The percentage of peptide-solvent interactions for three components, lipid, water,
and anion (CI'). The interaction energies of each MAX g-hairpin with lipids, waters, and anions
are calculated, and then averaged over the time and the number of peptide in the barrel/channel.
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FIGURE S5 Time series of g-strand tilt angle with respect to the membrane normal for the
MAXZ1 barrels/channels in the NCCN and NCNC packing modes.
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FIGURE S6 MAX35 and MAX1 induced Th/DPA leakage from POPC/POPG (1:1) liposomes.
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FIGURE S7 Inclusion of 2 mole% PEG-PE in POPS liposomes inhibited Ca*" induced leakage.
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Liposome preparation

Liposomes of POPC/POPS or POPC/POPS/PEG-PE - of different mole ratios were prepared
either by probe sonication or by reverse phase evaporation (REV) methods (1). We used the
following molecules for entrapment into liposomes: Th/DPA, calcein, inulin, and TRD-40k.
Exact lipid ratios and the type of molecules entrapped in the liposomes for various experiments
are described in the corresponding figure legends. For Th/DPA, calcein or inulin entrapment,
sonicated liposomes were prepared. For entrapment of TRD-40k, liposomes were formed by
reverse phase evaporation as described below.

Sonicated liposomes-Lipids dissolved in CHCI3; were mixed at desired molar ratios in a
glass tube and a lipid film was formed by removing CHCI3 under nitrogen at room temperature.
Any residual CHCI; was removed by placing the films overnight in a vacuum desiccator.

After hydrating the lipid films using the above mentioned solutions, samples were mixed
by vigorous vortexing to generate multilamellar liposomes. Multilamellar liposomes were
sonicated at 4°C by using a Probe Sonicator (Branson Ultrasonics (Shanghai) Co., Ltd, China).
Typically, 10 minutes of sonication (1-minute pulses and 1-minute rest) yielded unilamellar
liposomes ~100 nm in diameter, as determined by Zeta Nanosizer (see below). The sonicated
liposomes were centrifuged at 1,500 x g for 5-10 minutes to remove any titanium particles and
larger aggregates. Un-encapsulated solutes were removed from liposome-entrapped molecules as
follows: Th/DPA loaded liposomes (2) were separated from non-entrapped Th/DPA, using a
size-exclusion gel chromatography column (Sephadex G-50, 40 cm x 1 cm), pre-equilibrated
with buffer 1. Liposome-encapsulated Tb/DPA was analyzed by measuring fluorescence at Aex =
276 and Aem = 545 nm (see below Th/DPA leakage assay). Calcein (mw. ~ 622.55; Ry ~ 0.74 nm)
loaded liposomes to determine graded versus all or none mechanism were fractionated on a
Sepharose CL-6B column (40 cm x 1 cm) pre-equilibrated with buffer 1. 1 mL fractions were
collected and liposome-entrapped calcein was assayed by fluorescence measurements at Aex =
490 and Aem =517 nm. For Inulin (mw. ~ 5000; R, ~ 1.39 nm) loaded liposomes, 50 pCi H-
inulin was added to the lipid mixture. Inulin loaded liposomes were eluted through Sepharose
CL-6B column pre-equilibrated with buffer 1 (pH 6.6). 1 mL fractions were collected and 0.1
mL from each fraction was analyzed for *H-inulin using 10 mL of scintillation fluid (ECOscint
A, National Diagnostics, Atlanta, GA) in a scintillation counter (LS6500 Multi—purpose
Scintillation counter, Beckman Coulter™, Brea, CA).

Reverse phase evaporation vesicles—Texas red dextran 40,000 (TRD-40k, mw. ~ 40,000;
Rhn ~ 5 nm) and calcein (mw. ~ 622.55; R, ~ 0.74 nm) were co-encapsulated in
POPC/POPS/PEG-PE (1:1:0.02 mole ratio) liposomes to study their simultaneous release (3).
Liposomes were prepared by Reverse-phase evaporation method for maximal encapsulation of
TRD-40k and calcein (4). Briefly, the lipid mixture for each composition was dried under high
vacuum (10 mmHg) in a rotary evaporator (Heidolph, Elk Grove Village, IL) to obtain a lipid
film with no residual chloroform. The lipid film was then dissolved in 1 mL of diethyl ether. 0.34
mL of TRD-40k (100 uM) and calcein (5 mM), dissolved in aqueous solution (buffer 1), was
added and the mixture was sonicated in a bath-type sonicator for 5 min or longer until a stable
emulsion was obtained. Ether was removed gradually in a rotary evaporator at room temperature
under low vacuum (360-560 mmHg). The resulting gel was then disrupted by vortex mixing 2-3
times and the ether was further evaporated under higher vacuum (160-260 mmHg) until an
opalescent aqueous suspension was obtained. An additional 0.66 mL of the aqueous solution of



TRD-40k and calcein was added. Any residual ether was further evaporated under high vacuum
(20 mmHg) for 20 min. Resulting liposomes were analyzed for size by Malvern Zetasizer Nano
ZS instrument as described above. The liposomes were then passed through a Sepharose CL-6B
column pre-equilibrated with buffer 1 to remove any un-encapsulated TRD-40k and calcein.
Liposome-rich fractions loaded with mentioned aqueous markers, obtained by gel permeation
chromatography above were pooled together and were analyzed for their size and/or charge. The
total phospholipid content was determined by inorganic phosphate analysis (5).

Size and Zeta potential measurements

A Malvern Zetasizer Nano ZS instrument (Southborough, MA) with a back-scattering detector
was used to measure the hydrodynamic size (i.e., diameter) of liposomal formulations with and
without addition of MAX peptides at L/P = 24 in batch mode (i.e., no fractionation) at 25°C in a
disposable sizing/zeta cuvette. All the samples were in buffer 2 with 0.1 mM EDTA (final
concentration) buffer at pH 7.4. The Stokes-Einstein equation was used to measure the
hydrodynamic size of the liposomes and the Smoluchowski approximation was used to calculate
Zeta potential from the electrophoretic mobility (6). The data are represented as “mean *
standard deviation” of triplicate samples from two independent experiments. Size and Zeta
potential of liposomes + peptide were compared with liposomes without peptide and analyzed by
the Holm-Sidak method using the ANOVA (Sigmaplot, Systat Software, Inc., San Jose, CA).

Circular dichroism studies

CD spectra were collected on an Aviv model 420 Circular Dichroism Spectrometer (AVIV
Biomedical, Lakewood, NJ). Wavelength scans were recorded using a 1 nm step size and a 2
second averaging time at 5°C with a 5-minute equilibration time. Spectra were collected using a
1 mm quartz cell. All peptide, liposome, buffer and water samples were kept on ice prior to
recording the spectra. Spectra were recorded in buffer 2 with or without 0.1 mM EDTA. To
prepare samples an initial stock of peptide was diluted to twice the desired concentration in
water. This stock was then diluted 1:1 with a 2x buffer 2 giving the desired sample and buffer
concentrations. The sample was then immediately added to a liposome solution and the entire
sample mixture was then added to the CD cell. For samples not including liposome the peptide in
the desired buffer concentrations was added directly to the CD cell. Concentrations and volumes
of buffer, peptide and liposome added to the CD cell varied depending on the desired lipid:
peptide ratio and the initial concentrations of peptide and liposome solutions. Mean residue
ellipticity (0) was calculated using the following equation: 6 = (6obs - ©blank) /
[(10)(D(C)(r)(1000)] where 6 blank is the ellipticity of either the buffer or liposome solution
without peptide present, | is the path length of the cell (cm), C is the peptide concentration (M)
and r is the number of residues.

Solute release assays

Th/DPA leakage assay—The assay (7,8) was performed in a Fluorimeter (Fluoromax-3, Horiba
Jobin Yvon, Edison, NJ) equipped with a water bath maintained at 25°C. The samples were
placed in a quartz cuvette under constant stirring at a final concentration of 0.1 mM EDTA in
buffer 2. The initial fluorescence of Tb/DPA (Aex = 276 nm and Aen= 545 nm) in the liposomes
was set to 100% value. Peptide-induced leakage of liposome entrapped Th/DPA was determined
by a decrease in fluorescence intensity due to the quenching of the Tb*" by EDTA present in the
external buffer. Octyl-f-D-glucopyranoside (OG) at 1% wi/v final concentrations was used to
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obtain maximum leakage (100%) that corresponds to minimum fluorescence. The extent of
release, R(t), calculated by using the formula R(t) = 100 x [1(0) — I(t)]/[I(0) — I(f)], where 1(0) is
the initial fluorescence of the Th/DPA liposomes before addition of membrane-active agents,
I(t) is the fluorescence intensity at time t after addition of membrane-active agents, and I(f) is the
fluorescence obtained when all the liposome contents leak that corresponds to maximum leakage
caused by OG. The data in Figure 4B were fitted to a Langmuir isotherm f=a*x/(b+x), where f is
extent of release, a represents maximal release, and b is the concentration of peptide at half-
maximal release using Sigmaplot (Systat Software, Inc., San Jose, CA).

Inulin release assay-Liposomes of POPC/POPS/PEG-PE (1:1:0.02, mole ratio) loaded
with inulin were treated with MAX1 at L/P =24 and then re-fractionated as above. Untreated
(control) liposomes were also fractionated under identical conditions. Release of *H-inulin was
measured using 10 mL of scintillation fluid (ECOscint A, National Diagnostics, Atlanta, GA) in
a scintillation counter (LS6500 Multi-purpose Scintillation counter, Beckman Coulter™,
Indianapolis, IN).

Calcein release assay—Calcein release assay was performed to determine the graded
versus all-or-none leakage mechanisms from liposomes upon interaction with peptides (9).
POPC/POPS/PEG-PE (1:1:0.02 mole ratio) liposomes were loaded with 4, 10, 25, 50 or 100 mM
calcein in buffer 1.The quenching ratio (Q) in each liposome preparation was determined by
measuring fluorescence at Aex= 490 nm and Aey, = 517 nm using the Fluoromax-3 fluorimeter
(Horiba Jobin Yvon, Edison, NJ) before and after adding 1% OG. Liposomes were then treated
with MAX1 at L/P = 24, passed through the Sepharose CL-6B column pre-equilibrated with
buffer 1 and Q was measured again for each preparation as above.

Differential release of calcein and TRD-40k— POPC/POPS/PEG-PE (1:1:0.02 mole ratio)
liposomes co-encapsulated with TRD-40k and calcein were treated with MAX1 at a ratio of L/P
=24 for 10 min and then passed through the Sepharose CL-6B column pre-equilibrated with
buffer 1. Release of TRD-40k and calcein from the collected fractions was then determined by
measuring the fluorescence intensity of Texas red dextran at Aex = 590 nm and Aem = 615 nm and
calcein at Aex = 490 nm and Aem = 517 nm in a 96 well plate using SpectraMax M2 (Molecular
Devices, Sunnyvale, CA).

Atomistic molecular dynamics simulations

We constructed g-hairpin barrels/channels with three cation-rich-peptides, MAX1, MAX35, and
MAX8V16E, using the CHARMM program (10). These MAX f-hairpins have a turn at 10°P-
11P, where PP denotes the D-amino acid proline. In the MD simulations, peptides had free N-
termini (-NHs") and amidated C-termini (-NH;). The MAX barrels/channels were embedded in a
lipid bilayer containing POPC and POPS with a mole ratio of 3:1. The cross-section areas per
lipid for POPC and POPS are 68.3 A? and 55.0 A? respectively (11,12). With a choice for the
number of lipid molecules, the optimal value of lateral cell dimensions can be determined. A unit
cell containing two layers of lipids was constructed. A lipid bilayer containing a total of 400
lipids constitutes the unit cell with TIP3P waters, added at both sides with lipid/water ratio of
~1/100. Updated CHARMM all-atom additive force field for lipids (C36) (13) and the modified
TIP3P water model (14) were used to construct the set of starting points and to relax the systems
to a production-ready stage. Our simulations contain a D-amino acid residue. To simulate the D-
amino acid, we adapted the standard L-amino acid parameters using a mirror-image of the
dihedral angle cross term map (CMAP) correction (15) by reflecting the phi-psi CMAP matrix
(16,17). The barrels/channels-lipid systems have net negative charges. To neutralize the system,
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ten (10 Na*) counterions for both MAX1 and MAX35 systems and forty (40 Na*) counter ions
for the MAX8V16E simulations were added to the bilayer system. In addition, to obtain a salt
concentration near 100 mM, an additional 66 Na" and 66 CI” ions were added to the bilayer
systems. The bilayer system containing a MAX barrel/channel, lipids, salts, and waters contained
approximately 180,000 atoms.

The MAX barrels/channels within explicit solvents were gradually relaxed with the
peptides held rigid. In the pre-equilibrium stages, a series of minimizations and dynamic cycles
were performed for the initial systems to remove overlaps of the alkane chains in the lipids and
to relax the solvents around the harmonically restrained peptides. The harmonic restraints were
gradually diminished with the full Ewald electrostatics calculation and constant temperature
(Nosé—Hoover) thermostat/barostat at 303 K. For t < 30 ns, our simulation employed the NPAT
(constant number of atoms, pressure, surface area, and temperature) ensemble with a constant
normal pressure applied in the direction perpendicular to the membrane. After t = 30 ns, the
simulations employed the NPT ensemble. For production runs to 100 ns for all systems, the
NAMD code (18) on a Biowulf cluster at the National Institutes of Health (Bethesda, MD) was
used for the starting point. Averages were taken after 30 ns, discarding initial transients.
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Calculation of the number of MAX binding sites per vesicle assuming 9 POPS
molecules/binding site to neutralize all the charges on the peptide

For a vesicle with outer diameter d = 110 nm, the vesicle outer area: nd? = 38013 nm?.
The area/lipid = 0.68 nm?.
The number of lipids in the outer monolayer = Vesicle outer area/Area/lipid = 55902.

For 50% POPS the total number of POPS molecules on the outer surface is 55902/4 = 13976
(Half the lipids are POPS; half are on the outer monolayer which makes a quarter of total lipid).

For 9 POPS molecules/binding site the number of binding sites is 13976/9 = 1553.

Calculation of leakage of vesicle contents through a single pore

The membrane permeability can be expressed by a flux of a substance per unit area of pores, J
mol/(m? - %), which follows Fick’s law,

J=-P(C"(t) - C*(t)) = -(D/)(C"(t) - C**(1)) (1)
where P (m/s) is permeability coefficient and C*'(t) (mol/m®) is concentration outside at time t.
P is equal to D/h, where D (m?/s) is diffusion coefficient and h (m) is the effective length of the
pore, which is almost the same as the membrane thickness (h = 3.5 nm). Therefore the rate of
leakage of the fluorescent probe from a liposome can be expressed as follows (here we assume
C®" =0 for any time, because the volume of the outside the liposome is very large),

V(dC"/dt)= -(D/h)S,C" 2)
where V is the volume of the liposome and S;, is the area of the pore. Therefore,

C"(t)/C™(0) = exp(-Kieaxt) 3)
where Kieax = DSp/hV.

Here, D = 3.3 x 10 m%™; S, = nr® = 7.06858 x 10™® m?, where pore radius r = 1.5 nm; h = 3.5
x 10° m; and V = 47R%3 = 1.5708 x 10"** m®, where liposome radius R = 50 nm.

Using these numbers, we obtained that ki = 424 s™. Therefore according to equation (3), 50%
leaks out in 1.6 ms, 90% in 5.4 ms, and 99% in 10.8 ms.
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