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ABSTRACT: We previously reported the de novo design of a
combinatorial peptide library that was subjected to high-
throughput screening to identify membrane-permeabilizing
antimicrobial peptides that have β-sheet-like secondary
structure. Those peptides do not form discrete pores in
membranes but instead partition into membrane interfaces and
cause transient permeabilization by membrane disruption, but
only when present at high concentration. In this work, we used
a consensus sequence from that initial screen as a template to
design an iterative, second generation library. In the 24−26-
residue, 16,200-member second generation library we varied
six residues. Two diad repeat motifs of alternating polar and
nonpolar amino acids were preserved to maintain a propensity for non-helical secondary structure. We used a new high-
throughput assay to identify members that self-assemble into equilibrium pores in synthetic lipid bilayers. This screen was done
at a very stringent peptide to lipid ratio of 1:1000 where most known membrane-permeabilizing peptides, including the template
peptide, are not active. In a screen of 10,000 library members we identified 16 (∼0.2%) that are equilibrium pore-formers at this
high stringency. These rare and highly active peptides, which share a common sequence motif, are as potent as the most active
pore-forming peptides known. Furthermore, they are not α-helical, which makes them unusual, as most of the highly potent pore-
forming peptides are amphipathic α-helices. Here we demonstrate that this synthetic molecular evolution-based approach, taken
together with the new high-throughput tools we have developed, enables the identification, refinement, and optimization of
unique membrane active peptides.

The ability to design peptides that self-assemble into
equilibrium pores in membranes at very low peptide

concentration could have utility in applications such as
targetable cytotoxins,1−4 chemo-sensitization agents,5,6 exoge-
nous ion channels,7,8 or biosensor platforms.9,10 While the basic
architectural principles of peptide pore-formation at low
concentration are understood, at least for α-helical pore-
formers,11,12 we do not yet have a molecular understanding of
their mechanism of action. The lack of an explicit description of
the sequence−structure−function relationships is a roadblock
that prevents rational design and optimization for particular
applications. The current “state of the art” in the field is limited
to using one of the few naturally occurring peptides or to
modifying known sequences by trial and error.1−10 These
approaches are further limited by the fact that most natural
examples are amphipathic α-helices. Thus, we cannot currently
design or optimize peptides with non-helical secondary
structure that self-assemble into pores in membranes at low
concentration.
Here, we are trying to identify such potent, equilibrium pore-

forming peptides, which we define as peptides that (1)
permeabilize lipid vesicles significantly at a peptide:lipid
molar ratio of 1:1000 or less and (2) form pores in vesicles
that are still present at equilibrium (i.e., a few hours after
peptide addition). Importantly, these working definitions

exclude most of the well-known membrane-permeabilizing
antimicrobial peptides (e.g., cecropins, magainins, defensins,
cathelicidins).13−16 Even the archetypal “pore-forming peptide”
melittin does not always satisfy these criteria.17 Instead of
forming potent, equilibrium pores, most antimicrobial peptides
act by interfacial activity13,18,19 against synthetic membranes,
which means that (1) they are active in lipid vesicles only at
high concentration (P:L > 1:50), (2) they are bound
interfacially to membranes, and (3) they cause transient
leakage through a pathway that is not detectable at
equilibrium.18,20−22 While there are many such interfacially
active antimicrobial peptides described in the literature,23 many
with non-helical secondary structure, there are only a few
known peptides that satisfy our working definition of potent,
equilibrium pore-formers. Further limiting our knowledge, only
a small number of these peptides have been studied in detail,
and all of the well-studied examples (e.g., alamethicin) are
amphipathic α-helices that share a similar architecture.
The lack of molecular understanding of potent, equilibrium

pore-forming peptides is especially severe for non-helical ones
because we have few, if any, natural examples. In the work
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presented here, we solve this problem by using a synthetic
molecular evolution-based approach. This work is built upon
our previous success in using lipid vesicle-based high-
throughput screening to identify interfacially active19,24−27

antimicrobial peptides with β-sheet-like secondary structure
from de novo libraries.19,28 For this work, we designed an
iterative, second generation library based on an active
consensus sequence from the first generation library in order
to select at much higher stringency for potent, equilibrium pore
formers. We describe how this synthetic molecular evolution
approach successfully led to the discovery of potent,
equilibrium pore-forming peptides that have non-helical, β-
sheet-like secondary structure in membranes.

■ RESULTS AND DISCUSSION
Molecular Evolution of Pore-Forming Peptides. In this

work, we set out to discover potent, equilibrium pore-forming
peptides (as defined above) that have non-helical secondary
structure in membranes. Although there are a very large
number of membrane-permeabilizing peptides that have non-
helical or β-sheet secondary structure,23 such peptides are
mostly interfacially active18 antimicrobial peptides that
permeabilize membranes only at high peptide concentration.
Some well-studied examples include indolicidin,29 prote-
grin,30,31 tachyplesin,32 lactoferricin,33 and α,β- and Θ-
defensins.34,35 This class also includes FSKRGY and other
families of non-helical peptides that we have discovered.19,26

While it is possible that some of these peptides assemble into
pore-like structures at high concentration, they are not
sufficiently active to serve as precedents for the goals of this
work.
The only examples of potent, equilibrium β-sheet pores are

large oligomeric proteins such as α-hemolysin,36,37 perfringo-

lysin-O,38 or the anthrax protective antigen.39 These proteins
insert a membrane-spanning β-barrel domain into membranes,
supported by an oligomeric protein scaffold.38,40 One of our
long-term bioengineering goals is to design peptides that
assemble into such membrane-spanning β-barrels at low
concentration without a protein scaffold. Here we pursue an
intermediate goal: the discovery of non-helical peptides that are
highly potent, equilibrium pore-formers in membranes.

Iterative Library Design. We previously described a 26-
residue, 9604-member combinatorial peptide library that was
designed de novo to yield membrane-permeabilizing peptides
that function by folding into β-sheets in membranes.27,28 Upon
screening this library for lipid vesicle permeabilization at a
relatively low stringency of 1 peptide per 200 lipids (P:L =
1:200), we found that most members were inactive and that
many of the inactive sequences were insoluble in aqueous
solution. The most active (and soluble) ∼0.1% of the library
members permeabilized lipid vesicles detectably but not with
high potency. Nonetheless, we subsequently showed that these
peptides, which contained a conserved compositional motif, are
potent, broad-spectrum, biomembrane-permeabilizing anti-
biotics.27,28 Like most antimicrobial peptides, the peptides
identified in that screen permeabilize synthetic lipid membranes
by a non-specific interfacial activity mechanism18 and are active
against synthetic bilayers only at high peptide concentrations28

(P:L > 1:100).
Here we use an iterative library approach combined with

high-throughput screening to identify potent, equilibrium, pore-
forming peptides with non-helical secondary structure.
Specifically, we used a maximally active consensus sequence
from the first library as a template for designing a second,
iterative library of about the same length. The 26-residue
consensus sequence is named “FSKRGY” for the residues

Figure 1. Iterative library design strategy. (Left) A de novo designed peptide library that was screened at low stringency for synthetic vesicle
permeabilization.27 The library is 26 residues long and biased to favor non-helical secondary structure.28 Six residues were varied as shown in the
figure by yellow shapes. From this library, a small number of active peptides were identified and characterized as we have described elsewhere.27

(Right) To design the iterative library shown on the right we used an active sequence from the first library as a template (middle) and then varied six
residues in positions near the linker segment between the two diad repeat motifs. In the variable positions, the library also contained members that
had no residue (X), giving peptides between 24 and 26 residues. In addition to the four varied diad repeat positions (see text), we also allowed for
the library to have either the original KD dipeptide or a more hydrophobic YR sequence. All peptides and libraries used are C-terminal amides.
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found in the six varied positions. The two libraries and the
consensus peptide, FSKRGY, that bridges them, are shown in
Figure 1. In the iterative library we retained the overall
architecture of FSKRGY, and we retained the specific residues
that were selected in the initial screen that were near the
termini of the sequence. In this second generation library we
varied residues closer to the middle of the sequence (Figure 1).
To favor non-helical secondary structure, the FSKRGY
template sequence has two short diad repeats that are
terminated by a stretch of four hydrophobes. In Figure 1,
these sequence are FSLKLALA on the N-terminal half and
ALMLRLGY on the C-terminal half (the diad repeat is bold
and the four hydrophobes are underlined). In this second
generation library, we tested the idea that a more ideal diad
repeat would favor potent pore formation by varying the two
positions in the sequence that would extend the diad repeat
(when the varied amino acid is polar). These positions are in
italic above. Possible amino acids in these positions included
hydrophobic, polar, and charged residues. The polar and
charged residues not only allow for more ideal diad repeat
motifs but also for cross-strand hydrogen bonds or salt bridges.
They also allow for the possibility of a water-filled, trans-
membrane channel. The hydrophobic residues allow for deeper
insertion into membranes and possible hydrophobic driven self-
assembly.41,42 We also included the possibility of having no
amino acid in some of the positions (designated O/X in Figure
1), giving library members that vary in length between 24 and
26 residues. Finally we allowed for the replacement of the
original lysine-aspartate (KD) in the connector region with a
tyrosine-arginine (YR) sequence, which is expected to interact
better with membranes.43,44

High-Throughput Screening. The iterative combinatorial
library shown in Figure 1, which contains 16,200 members, was
synthesized as a one bead−one sequence library, as described in
detail elsewhere.24−27,45 To determine the P:L ratio to be used
in the high-throughput screen, we tested a sample of the
iterative library and compared it to the original library at a low
stringency of P:L = 1:200. The results, in Figure 2, show that
the iterative strategy works; the second generation library is far
more active than the original library, with a significant fraction

of members causing >20% leakage activity at P:L = 1:200,
where the original library has very few active members. Note
that only about 10% of the original library members have any
measurable activity at all, whereas more than 80% of the second
library members have measurable membrane-permeabilizing
activity.
Based on the small scale test in Figure 2, we chose to screen

the iterative, second generation library for potent activity and
equilibrium pores at P:L = 1:1000 using the orthogonal two step
assay, described below and elsewhere.17,22 The two step assay
measures leakage from vesicles (step one) and independently
measures access to the vesicle interior through peptide pores
after equilibration (step two). The second step is achieved by
incubating samples for several hours after the addition of
peptide to the vesicles and then adding dithionite (S2O4)

2−, a
small molecule quencher of a lipid-linked NBD fluorophore.
Only a potent, equilibrium pore-forming peptide will cause high
leakage of Tb3+ at a stringency of 1:1000 and will also allow for
high access of dithionite to the vesicle interior at equilibrium
(which we define as a few hours after peptide addition).17,22

For screening, one dry photo-cleaved library bead (contain-
ing about 1 nmol of one peptide sequence) was placed in each
well of a 96-well plate. The peptide was then extracted by
incubating the bead overnight with 10 μL of dry dimethyl
sulfoxide (DMSO) under vacuum. After extraction from the
beads, peptides were pre-incubated in buffer in order to
precipitate peptides with low aqueous solubility, thereby
assuring that insoluble peptides will not show activity in the
screen. A concentrated solution of liposomes was then added to
achieve P:L = 1:1000. Vesicles were made from 90%
zwitterionic phosphatidylcholine (PC) and 10% anionic
phosphatidylglycerol (PG) as described below. After equilibra-
tion, the amount of Tb3+ leakage was measured, followed by
NBD quenching17,22 with dithionite to measure access to the
vesicle interior. The cumulative results of the whole screen are
shown in Figure 3. In panel A, we show a scatter plot of the
leakage and NBD quenching for all 10,000 library members
assayed in the high-throughput screen. In Panel B we show
histograms of the two orthogonal measurements. Notice that at
P:L = 1:1000 most library members (>99%) are inactive with
leakage near zero. Similarly, the NBD quenching histogram is
unimodal, with the peak of NBD quenching around 60%, which
is due to the quenching of only the NBD lipids on the outer
surface of the liposomes as observed with peptide-free control
vesicles. At this stringency, very few library members cause
leakage or create peptide-dependent access of the quencher to
the vesicle interior.
In this work we focus on the few peptides that are soluble

and form equilibrium pores at P:L = 1:1000, conditions under
which the consensus peptide of the initial library, FSKRGY, is
not active.27,28 After screening 10,000 peptides at P:L = 1:1000
we found 16 (0.2%) exceptionally active, pore-forming
peptides, with Tb3+ leakage greater than ∼90% and NBD
quenching greater than ∼85%, indicative of a potent pore that
remains active at equilibrium. This area of the cumulative plot
(Figure 3A) is shown by the shaded triangular area in the upper
right. The sequences of the active peptides were determined by
Edman sequencing of the peptide that remains attached to the
bead.

Potent Equilibrium Pore-Formers Identified. The
sequences of the highly active peptides identified in the screen
are given in Figure 4. Overall, they show a highly conserved
composition, with hydrophobic residues predominantly se-

Figure 2. Comparison of the activity level in the initial library and the
iterative library measured under identical conditions. In each case,
several hundred randomly chosen library members were added to
vesicles at a stringency of P:L = 1:200 using large unilamellar vesicles
made from 90% POPC and 10% POPG. After incubation, leakage was
measured, and the % leakage was calculated using the values for intact
and detergent-lysed vesicles.

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb300598k | ACS Chem. Biol. 2013, 8, 823−831825



lected in all of the combinatorial positions. The iteration
peptides differ from the template FSKRGY by 3−6 residues,
out of 26. Because of the very high similarity of the selected
sequences to each other, we stopped the screening at 10,000
library members to focus on characterization of the motif. In
the selected peptides, there was a very high proportion of
hydrophobic amino acids and a correspondingly low proportion
of the possible polar/charged amino acids. Out of 64 varied
positions 46 contained either leucine (L), alanine (A), or
glycine (G), including 27 that had leucine. This is compared to
only 9 total instances of the polar residues serine (S), threonine
(T), arginine (R), and lysine (K), and no instances of

glutamine (Q) or aspartate (D). The p-value for such a favored
selection of hydrophobes over polar residues is less than
0.0001. The preferential selection of hydrophobes was more
stringent in the C-terminal sites, where every varied residue was
either leucine, alanine, or glycine. In the N-terminal varied sites,
there was more variability, especially at position 9, which was
found to contain a few instances of serine, threonine, lysine,
and arginine along with the hydrophobes. The variable loop
residues, which were either the original zwitterionic lysine-
aspartate (KD) or cationic tyrosine-arginine (YR), showed a
possible preference for YR (11/16) over KD, perhaps because
YR interacts better with membranes.46,47 Interestingly, the
more polar KD sequence was associated with more hydro-
phobic residues in the other sites (see Figure 4), while the less
polar YR sequence was associated with the less hydrophobic
residues overall, supporting the idea that a key selection feature
is the overall hydrophobicity.
In the combinatorial library, the peptide length varied

between 24 and 26 residues because two of the combinatorial
sites also had no amino acid (X) as a library variation. In the
highly active peptides, we found 25- and 26-residue peptides.
All of the observed variations in length occurred due to a
missing residue in the C-terminal combinatorial site. In every
case where a shorter 25-residue peptide was found (which was
about half of the time) the nearby varied residue was leucine.
Thus the shortened sequences appear to only be found when
the overall sequence nearby can maintain its very hydrophobic
nature.

Pore-Forming Activity. To characterize the selected pore-
formers, we synthesized and purified FSKRGY and the six
peptides shown in Figure 5. The peptide It−1c is a consensus
sequence based on the observed variants but was not actually
observed in the screen. The other five peptides were observed
in the screen. FSKRGY, the template peptide for the iterative
library, causes significant membrane permeabilization only at
P:L ratios of 1:100 or larger.27,28 Furthermore, we have shown
that the leakage induced by FSKRGY is a transient event that
occurs only in the first 15−30 min after peptide addition.28 The
iteration peptides selected from the second generation library
are far more active; they permeabilize 90:10 PC:PG vesicles at
P:L ≤ 1:1000 or lower and remain active in membranes at
equilibrium (i.e., hours after peptide addition) as shown in
Figure 3.
To test the robustness and generality of the observed activity,

we next measured the membrane-permeabilizing activity of
these peptides in a variety of lipid compositions, using a
different leakage indicator system. Measurements such as these
are needed to demonstrate that we did not select for a pore-
forming activity that was highly dependent on the details of the
screening assay. Also, in these experiments, we measured
leakage after 3 h to eliminate the effect of slow processes we
might have selected for in the overnight high-throughput
screen. Vesicles of five different lipid compositions, containing
the entrapped fluorophore ANTS and its obligate quencher
DPX, were used to test the effect of membrane physical
properties in pore-forming peptide activity. Despite the
significant differences in buffer, leakage probe, and incubation
time, the results in Figure 6 show that the selected peptides
have much higher activity than FSKRGY in 90:10 PC:PG
vesicles that were used in the screen and also in pure PC
vesicles without PG. The iteration peptides are 5−20-fold more
active (i.e., there is a 5−20-fold decrease in the peptide
concentration required to cause 50% leakage). It is interesting

Figure 3. Results from the high-throughput screen of the iterative
library. (A) Two step assay results for all 10,000 library members
screened at P:L = 1:1000 using large unilamellar vesicles made from
90% POPC and 10% POPG. Each point is the result for one library
member. Leakage (y-axis) is assessed by measuring the release of
entrapped Tb3+ using external dipicolinic acid (step 1). Under these
conditions, most library members are inactive with leakage near zero.
Leakage ≥80% is very rare and indicates a very potent membrane-
permeabilizing peptide. Quenching of NBD-lipids (x-axis) is assessed
by adding the quencher dithionite at equilibrium (after hours-long
incubation) and then measuring the degree of NBD-lipid quenching.
In the presence of most library peptides, NBD quenching is near 60%,
indicating that only surface-exposed lipids are quenched as expected
for any vesicle. Quenching near 60% indicates that there is no access to
the interior lipids (and thus no pores in the membrane). Quenching
≥90% indicates that dithionite can access the vesicle interior through
equilibrium pores. A very small percentage of the 10,000 library
members tested are active in both assays under these conditions. The
area in the triangle at the upper right represents the most active
peptides in the library with leakage and NBD-quenching at equilibrium
greater than 90%. (B) Histograms of the data plotted in panel A shown
with two different y-axis scales. These histograms show that most
library members are inactive under these very stringent conditions.
Highly active members are rare, accounting for 0.1% of the library.

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb300598k | ACS Chem. Biol. 2013, 8, 823−831826



to note that the consensus sequence It−1c is remarkably active
against PC vesicles even when compared to the selected
peptides. We speculate that this activity is related to its higher
secondary structure content (see below), but that it was not
selected in the screen because it is less soluble.
The pore-forming activity of these peptides is surprisingly

sensitive to the lipid composition. First, compared to the
activity in PC:PG vesicles in which they were selected, all of the
peptides are generally less active (higher LIC50) in bilayers
made from other lipids, except for PC. For example, in bilayers
made from 60% PC with 30% zwitterionic phosphatidylethanol-
amine (PE) and 10% anionic phosphatidylserine (PS) the
peptides are less active, overall. However, in these bilayers the
iteration peptides are still 2−4-fold more active than FSKRGY.

In pure anionic PG bilayers, the template sequence FSKRGY
and the iteration sequences have similarly low activity and there
is little difference between them. Perhaps most interestingly, in
PC bilayers with 25% cholesterol, activity of all the peptides is
very low and there is essentially no difference between the
activity of FSKRGY and the iteration peptides. We speculate
that the increased rigidity of cholesterol-containing bilayers
inhibits the folding and self-assembly of the peptides.

Folding and Secondary Structure. Circular dichroism
spectroscopy was used to assess the secondary structure of the
peptides in solution and in lipid bilayers. CD experiments were
done in the absence and presence of 1 mM 90:10 PC:PG
vesicles. Under these conditions all of the peptides are more
than 85% bound to bilayers21,28 such that the spectra report

Figure 4. Sequences of 16 highly active iterative library members identified in the high-throughput screen. The sequence of the template peptide
FSKRGY and of the iterative library are also shown in Figure 1. The sequences of the most active iteration peptides are shown here arranged from
the most hydrophobic to the most polar, top to bottom. The varied residues in the two diad repeat segments are shown in green, and the “turn”
residues are shown in orange. P-values represent the probability that the observed abundance of residues was obtained strictly by chance, as
calculated using the expected binomial statistics.26 “X” means that the sequence had no residue at that position. “?” means that a sequencer
malfunction occurred and the residues were not identified.
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mostly on the membrane bound form. The CD results, in
Figure 7 show that FSKRGY and the iteration peptides are
mostly random coil in buffer, as indicated by the minimum in
their CD spectra around 200 nm. The exceptions are It−1c and
It−1f, which have a small amount of secondary structure in
solution, as shown by the negative ellipticity at 210−225 nm
and a positive ellipticity at 200 nm.
In bilayers, all of the pore-forming peptides gain secondary

structure, as shown by a positive ellipticity at ∼200 and a broad
band of negative ellipticity centered at 218 nm. For
comparison, we show the CD spectra for a membrane-bound
α-helical peptide (an analogue of melittin17) and for a
membrane-bound, antiparallel β-sheet peptide,48 AcWL5.
Although the secondary structure of the peptides discovered
here is not very well-defined by the CD spectra, the peptides
are clearly not α-helical in membranes. The minimum in
ellipticity at 218 nm suggests that the secondary structure is
composed of mostly β-sheet-like structure; however, the
minimum is broad and relatively weak, suggesting that the
secondary structure is not homogeneous or highly ordered. The
peptide AcWL5, shown in the figure for comparison, forms very

highly ordered antiparallel β-sheets in membranes (verified by
one-dimensional and two-dimensional FTIR48,49). The CD
spectra for these iteration peptides in bilayers are very similar to
β-sheet-rich soluble proteins50 and are thus also similar to β-
sheet basis spectra used in soluble protein structure
deconvolution.51 While these CD spectra were collected at
P:L that was higher than for the leakage experiments, we
observed no concentration dependence of CD spectra down to
concentrations as low as P:L = 1:1000, and therefore the
spectra presented are relevant to the functional assays.
Mean residue ellipticities of protein and peptide β-sheets are

variable, with values of +20−60,000 deg dmol−1 cm2 at 200 nm
and values of −5 to −20,000 deg dmol−1 cm2 at 218
nm.42,48,52−54 On the basis of the observed ellipticities for the
iteration peptides in Figure 7, we conclude that some of the
iteration peptides could contain up to 50% β-sheet and that
FSKRGY contains much less secondary structure than the
iteration peptides. Interestingly, the consensus sequence of It−

Figure 5. Sequences of the peptides synthesized for further study. Residues that were varied in the library are shaded as in Figure 4; the two diad
repeat segments are shown in green, and the “turn” residues are shown in orange. FSKRGY is the 26-residue template sequence, identified in an
earlier library27,28 and used as a template for the iteration library screened here. The active peptides from the iteration library are named It−1
peptides. **It−1c is a consensus sequence that was not actually observed in the screen. The others sequences were actually observed in the screen.
The number of residues and the total charge are shown on the right.

Figure 6. Membrane permeabilization by template peptide, FSKRGY,
and by the iteration peptides It−1a through It−1f. Leakage of ANTS/
DPX was measured by fluorescence.56 In this experiment we used
vesicles made from various lipid compositions at 1 mM lipid and
measured the amount of leakage at 3 h after the addition of peptides at
various concentration. The leakage curves were hyperbolic or
sigmoidal.18 The peptide concentration that induces 50% leakage
(LIC50 or leakage-inducing concentration of 50%) was obtained by
curve fitting.

Figure 7. Circular dichroism spectroscopy. Aliquots of peptide in
distilled water were diluted into buffer to achieve 25 μM peptide.
(Top) CD spectra for peptides in buffer only. (Bottom) Peptides in
buffer containing 1 mM large unilamellar vesicles of 90% POPC and
10% POPG. Samples were incubated at least a few hours prior to data
collection. Spectra are converted to mean residue ellipticity. In the
bottom panel we show, for comparison, the CD spectra for a fully α-
helical melittin analogue17 in membranes and for a highly organized,
membrane inserted antiparallel β-sheet peptide.42,48
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1c, which was present in the library but not selected, is much
more structured in bilayers than the sequences that were
actually selected. We suggest that the lack of selection of It−1c
was the result of our pre-selection for peptide solubility, which
would be expected to eliminate peptides with a secondary
structure propensity that is too high. However, we also note
that we arrived at a consensus composition after screening only
a portion of the library, and so it remains possible that It−1c
would have been identified in screen that sampled 100% of the
library.
Insight into the Mechanism of Pore-Formation. In a

recent electrochemical impedance spectroscopy (EIS) study21

using supported bilayers we compared FSKRGY and a peptide
that was referred to as FSKRGY-L3, which is the same peptide
as It−1b in this paper. A comparison of the two studies gives
insight into the mechanism of membrane permeabilization.
Impedance spectroscopy is very sensitive to small changes in
bilayer resistance resulting from increased passage of small ions
such as H+, Na+, and Cl−. On the other hand, vesicle leakage
requires the cooperative action of multiple peptides in order to
release much larger analytes. By impedance spectroscopy we
observed a significant decrease in membrane resistance due to
FSKRGY concentrations as low as 1 peptide per 40,000 lipids, a
concentration that is almost 3 orders of magnitude lower than
the peptide to lipid ratio of ∼1:50 that is required for significant
vesicle leakage by FSKRGY. This suggests that monomeric
FSKRGY causes defects in bilayer packing that can be detected
by impedance but does not act cooperatively in vesicles to
release larger analytes until its concentration in the bilayer is
much higher. By impedance, It−1b also causes defects in
bilayers at low concentration, at P:L = 1:10,000, suggesting that
the iteration peptides interact with membranes at very low
concentration in a way that is similar to FSKRGY. This
conclusion is reasonable considering that the length, sequence,
and hydrophobicity of the two peptides are similar. However, in
contrast to the impedance experiments, vesicle leakage assays
show a very large difference in the relative activities of FSKRGY
and It−1b. For example, It−1b causes vesicle leakage at P:L =
1:1000, whereas FSKRGY requires P:L = 1:50 or higher to
cause probe leakage in the same vesicles. Taken together, this
comparison of techniques suggests that the major difference
between FSKRGY and the iteration peptides is not their basic
mode of interaction with membranes, but rather their
propensity to self-assemble. Experiments designed to test this
hypothesis by exploring the structure-function relationships of
these peptides are underway.
Conclusions. In the work presented here, we have used a

novel iterative library design and high-throughput screening
strategy as a form of synthetic molecular evolution to identify
extremely potent, equilibrium pore-forming peptides. We were
successful after just two “generations” of small libraries and
presumably will be able to increase activity further with
additional generations. This is the first time such an approach
has been used to design, de novo, any class of pore-forming
peptide. Furthermore, the peptides identified in this screen
were successfully designed to have non-helical, β-sheet-like
secondary structure, which is essentially unknown among the
few peptides that form pores in membranes at low
concentration. With the methods described here, we have
enabled the design, engineering and optimization of potent,
membrane-selective, pore-forming peptides for many potential
applications. This successful application of synthetic molecular
evolution may have broad applicability for understanding, and

for engineering, the structure−function relationships of
peptides with activity in biomembranes.

■ METHODS
Combinatorial Peptide Library Synthesis. The iterative

combinatorial peptide library was synthesized on Tentagel NH2
macrobeads (300 mm diameter) as described in detail else-
where.24,26,27,45 Validation of library synthesis was done using mass
spectrometry, HPLC, and Edman sequencing. The photocleavable
linker attaching the peptide to the bead was cleaved with 5 h of low
power UV light on dry beads spread to a sparse single layer in a glass
dish. The beads released an average of 0.5 nmol per bead, which is
about 1/3 of the total peptide on the bead. Edman sequencing was
performed directly using the peptide that remains covalently attached
to the beads.

Two Step Assay. Unilamellar vesicles of 0.1 μm diameter were
made by extrusion55 from 90% 1-palmitoyl-2-oleoyl-sn-3-glycero-
phosphocholine (POPC), 10% 1-palmitoyl-2-oleoyl-sn-3-glycero-phos-
phoglycerol (POPG), and 0.1% NBD-headgroup-labeled phospholi-
pids. The vesicles also contained entrapped terbium and external
dipicolinic acid for measurement of leakage.17,22,24,26,27 To use the two
step assay in high-throughput screens, each peptide was present in the
well of a 96-well plate at about 1 μM and lipid concentration was 1
mM to achieve P:L = 1:1000. Wells with only liposomes were used as
negative controls, and wells with liposomes plus 0.1% (final
concentration) reduced Triton-X 100 detergent were used as positive
controls. In most samples, peptide-induced leakage occurs within 30
min; however, we wanted to measure NBD quenching at equilibrium,
and thus samples were incubated for at least 8 h. Terbium leakage was
measured, followed by NBD-quenching with dithionite.17,22 All
measurements were made using a Biotek Synergy plate reader.
Sensitivity was adjusted so that the detergent-lysed positive controls’
arbitrary fluorescence was roughly 30% of the instrument maximum.
To assess the accessibility to the interior of the vesicles at equilibrium
in the same 96-well plate samples, we measured the quenching of
NBD fluorescence as a function of time following the addition of 25
μM dithionite from a freshly prepared concentrated stock solution of
0.6 M in pH 10 buffer.17,22

For high-throughput screens, library beads with dry-cleaved
photolinker were placed into the wells of a 96-well plate. Ten
microliters (10 μL) of DMSO was added to each well, and the plate
was placed under vacuum overnight to extract the peptide from the
bead. After vacuum-extraction, 110 μL of buffer was added into each
well, and the plate was allowed to incubate for at least 4 h to allow for
precipitation of insoluble peptides. One hundred twenty microliters
(120 μL) of 2 mM liposomes with 1 mol % NBD-labeled lipids was
added. The final peptide to lipid ratio (P:L) was ∼1:1,000. Plates were
stored at −20 C for selected beads to be sequenced.

ANTS/DPX Leakage. ANTS at 5 mM and DPX at 12.5 mM in 10
mM sodium phosphate buffer were entrapped in 0.1 μm diameter
extruded vesicles with various lipid compositions as described
elsewhere.17,56 All lipids were 1-palmitoyl-2-oleoyl-sn-3-glycero-
phospholipids, except for cholesterol. The external buffer was 10
mM sodium phosphate, 40 mM NaCl, pH 7.0. Leakage was
quantitated by the increase in ANTS fluorescence that occurs when
the entrapped DPX quencher is diluted into the external buffer upon
permeabilization. ANTS/DPX containing vesicles56 were diluted to 1
mM total lipid concentration, and peptide was added at concentrations
between 0.5 and 20 μM, giving P:L between 0.0005 (1:2000) and 0.02
(1:50). Leakage was measured after 3 h incubation. The concentration
dependence of leakage was fit with a hyperbolic/sigmoidal curve, and
the peptide concentration that causes 50% leakage (LIC50) was
determined from the curve fits.

Circular Dichroism. Spectroscopic measurements were performed
as described elsewhere.26,28 Briefly, peptide was dissolved in buffer (10
mM sodium phosphate, 40 mM NaCl, pH 7.0) and also at the same
concentration in buffer containing 1 mM 90:10 PC:PG large
unilamellar vesicles. A concentration of 25 μM peptide was used for
circular dichroism. After incubation for several hours at RT (to ensure
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equilibrium), circular dichroism spectra were collected in a 1 mm × 10
mm rectangular quartz cuvette in a JASCO 810 spectropolarimeter.
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