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ABSTRACT: At physiological conditions, most proteins or
peptides can fold into relatively stable structures that
present on their molecular surfaces speciﬁc chemical
patterns partially smeared out by thermal ﬂuctuations.
These nanoscopically deﬁned patterns of charge, hydrogen
bonding, and/or hydrophobicity, along with their elasticity
and shape stability (folded proteins have Young’s moduli of
∼1 × 108 Pa), largely determine and limit the interactions
of these molecules, such as molecular recognition and
allosteric regulation. In this work, we show that the membrane-permeating activity of antimicrobial peptides (AMPs) and
cell-penetrating peptides (CPPs) can be signiﬁcantly enhanced using prototypical peptides with “molten” surfaces:
metaphilic peptides with quasi-liquid surfaces and adaptable shapes. These metaphilic peptides have a bottlebrush-like
architecture consisting of a rigid helical core decorated with mobile side chains that are terminated by cationic or
hydrophobic groups. Computer simulations show that these ﬂexible side chains can undergo signiﬁcant rearrangement in
response to diﬀerent environments, giving rise to adaptable surface chemistry of the peptide. This quality makes it possible
to control their hydrophobicity over a broad range while maintaining water solubility, unlike many AMPs and CPPs. Thus,
we are able to show how the activity of these peptides is ampliﬁed by hydrophobicity and cationic charge, and rationalize
these results using a quantitative mean-ﬁeld theory. Computer simulations show that the shape-changing properties of the
peptides and the resultant adaptive presentation of chemistry play a key enabling role in their interactions with membranes.
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motions are not large compared to the dimensions of the
molecule. Moreover, single-molecule experiments show that
folded proteins typically have Young’s moduli of ∼1 × 108
Pa,1−3 which give the protein a solid-like rigidity. There is a rich
literature showing that in the low-temperature limit, proteins
can undergo a dynamic transition to a glass-like solid state with
small ﬂuctuations.4,5 Taken together, the surface structure,
shape, and elasticity of a protein determine the resultant
presentation of surface chemistry, and thereby enable or limit

he functions of proteins or peptides, such as molecular
recognition, enzymatic reactions, and allosteric regulation, are determined by their structures and their
internal motions: Proteins or peptides can fold into structures
that present speciﬁc chemical patterns on their molecular
surfaces. These nanoscopically deﬁned patterns of charge,
hydrogen bonding, and/or hydrophobicity, which strongly
inﬂuence peptide or protein interactions, are known to be
partly smeared out by thermal ﬂuctuations. For protein
conﬁgurations structurally cognate to the native folded state,
the protein energy surface, which controls protein dynamics,
can have multiple minima, and proteins exhibit harmonic
motions within these minima as well as crossing of potential
barriers between them. In general, however, molecular thermal
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Figure 1. Design of metaphilic helical peptides. (A) Metaphilic helical peptides are poly(arginine) analogues characterized by long
hydrophobic side chains (13−18 σ-bonds in length) that have either a terminal guanidinium group or alkyl chain. Charged monomers having
guanidinium groups were used to synthesize homopolypeptides (top left). A mixture of charged monomers and uncharged monomers, which
feature terminal alkyl chains, were used to synthesize random copolypeptides (bottom). All prepared peptides adopt an α-helical
conformation except for P3 (top right), which was synthesized as a random coil from racemic monomers. (B) The structural peptide design
parameters include the following: n (degree of polymerization), x (number of methylene groups), y (molar fraction of uncharged monomers),
R (terminal alkyl chain), Mn (number-average molecular weight in kDa). (C) Metaphilic peptides featuring long side chains with terminal
cationic and alkyl groups favor a stable α-helical conformation in aqueous solution. (D) Simpliﬁed cartoon depictions comparing the fractions
of charged and uncharged side chains among the various metaphilic peptides.

the design of polymer-based antimicrobial and cell-penetrating
agents that are also characterized by cationic charge and
hydrophobicity, including circular peptides, and especially an
extensive taxonomy of side-chain-rich comb, brush, or
dendrimer architectures.23−28 In this work, we systematically
investigate a prototypical class of peptides with side-chain-rich
architectures. These peptides consist of a rigid helical core
decorated with mobile and ﬂexible side chains that are
terminated by cationic and hydrophobic groups, an arrangement that allows cationic and hydrophobic end groups to
undergo large displacements, reminiscent of the Lindemann
criterion for melting.29−31 Therefore, these molecules have
unusually chemically adaptable and quasi-liquid32 surfaces.
Although one might expect that the loss of well-deﬁned spatial
relations between cationic and hydrophobic patches on a highly
evolved peptide or protein leads to a degradation of activity, we
surprisingly ﬁnd the opposite. We show that the membranepermeating activity of AMPs and CPPs, both commonly
characterized by anchored cationic and hydrophobic groups,
can be signiﬁcantly enhanced by the highly adaptable sidechain-rich architecture: Like organisms that adapt to diﬀerent
colored environments via metachrosis, these molecular
architectures adapt to diﬀerent solvent environments (water,
amphiphilic interface, hydrophobic membrane core) by being
“metaphilic” rather than statically amphiphilic. In a sense, these
metaphilic peptides are a molecular analogue of recently
engineered omniphilic/omniphobic surfaces.35−37 Computer
simulations indicate that the quasi-liquid surface of the peptide

its interactions. It would be interesting to start with the
functional requirements for a given protein or peptide class, and
explore the opposite limit, where patches of surface chemistry
can be mobile.
Both antimicrobial peptides (AMPs) and cell-penetrating
peptides (CPPs) are short (generally <50 amino acids)
peptides that exert their functions by interacting with and
permeating membranes. As part of the innate host defense,
AMPs collectively exhibit broad spectrum antimicrobial
activity,6−8 typically through the disruption and permeabilization of bacterial membranes.7−10 Although AMPs are abundant
and diverse in sequence and structure, they share some
common features. Most AMPs are cationic and characterized by
facially amphiphilic patterns of hydrophobicity and charge.6−12
CPPs are capable of eﬃciently translocating across cell
membranes and can mediate the uptake of conjugated
cargos.13−15 CPPs are generally cationic, but can also be
amphiphilic, with the arginine-rich CPPs comprising the most
widely studied group.13,15−19 Many CPP sequences are derived
from natural proteins and peptides; however, research groups
have also developed synthetic CPPs.13,18 While cationic charge
and amphiphilicity are characteristics often found in both
AMPs and CPPs, it has been noted that these properties can be
found in many other membrane-remodeling peptides,20
including viral budding peptides21 and viral fusion peptides.22
While the vast majority of AMPs and CPPs are composed of
linear amino acid sequences, a number of research groups have
recently explored unconventional nanoscopic architectures in
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Figure 2. Landing and insertion processes of metaphilic peptides near a membrane. (A) Time-averaged force F exerted on the peptide upon
landing. The force is evaluated as a function of the distance z between the center of mass of the peptide backbone and the headgroups of the
outer membrane leaﬂet. Two diﬀerent cases are compared, in which 50% (red) and 100% (blue) of side chains are terminated by charged end
groups. (B) Time-averaged tilt angle θ of the peptide backbone with respect to the membrane plane, as a function of peptide distance to the
membrane. Note that tilt angle θ is zero when the peptide is parallel to the membrane and positive otherwise. (C) Averaged deviation ⟨Δz⟩ of
the charged groups from the center of mass of the peptide backbone. (D) Free-energy proﬁle G(z), obtained through integration of the force
proﬁle F(z) shown in panel (A). (E) Sequence of simulation images demonstrating landing, initial anchoring (insertion of a side chain into
the membrane), initial tunneling (a charged group of a side chain reaching the surface of the inner membrane leaﬂet), and full insertion in a
membrane-spanning state, for a peptide with 4-bead long side chains, of which 100% have charged end groups. Lipid tails and surrounding
ions are not shown here. The hydrophobic components of the side chains are colored in cyan, the peptide core is depicted in gray. The
remaining beads are color coded based on their charges: red for +1e, white for uncharged, and blue for −1e. (F) Final state of a peptide with
2-bead long side chains, of which 100% are charged. (G) Sequential images showing initial anchoring, initial tunneling, and full insertion
(membrane-spanning) of a peptide with 2-bead long side chains, of which 50% are charged.

RESULTS AND DISCUSSION

allows it to adapt to environmental change by rearranging the
ﬂexible side chains, a capability that plays a key role in enabling
unusual interactions with membranes. Speciﬁcally, these
metaphilic peptides are able to induce membrane-destabilizing
curvature necessary for permeation, which we determine using
X-ray measurements. Furthermore, because these metaphilic
molecules can adapt their surface chemistry, we can control
their charge and hydrophobicity over a broad range and still
maintain water solubility, unlike many AMPs and CPPs.38−42
This allows us to show how the activity of these metaphilic
peptides is ampliﬁed with hydrophobicity and cationic charge,
and we rationalize these results using a quantitative mean-ﬁeld
theory. One goal of this paper is to develop a general
conceptual vocabulary to analyze how molecules of diﬀerent
architectures beyond linear peptides interact with membranes,
and how these architectures consequently allow small
quantitative changes in structural parameters to lead to
qualitative diﬀerences in membrane interactions.

Metaphilic Membrane-Active Peptides. We previously
developed a series of bottlebrush-like, radially amphiphilic
peptides, where hydrophobic side chains that terminate in a
cationic group are attached to a rigid core.43,44 Here we
generalize this design and also create peptides with side chains
having heterogeneous distributions of cationic and hydrophobic
end groups. The surfaces of these brush-like molecules can
mimic the chemical surfaces of natural AMPs, but maintain the
mobility of cationic and hydrophobic patches so that they can
rearrange in response to environmental changes. Speciﬁcally,
these metaphilic molecules are water-soluble α-helical poly(arginine)-based polypeptides45 (Figure 1), which include both
homopolymers and random copolymers. The metaphilic
peptide monomer features a long hydrophobic side chain
with either a terminal guanidinium or alkyl chain that is
positioned distally (13−18 σ-bonds away) from the backbone.
Increasing cationic residues in a prototypical peptide has been
shown to reduce helical stability due to greater electrostatic
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repulsion between side chains38,39 and increasing hydrophobicity leads to poor water solubility and aggregation.40−42
In the current architecture, charges are positioned at a
signiﬁcant distance away from the helical backbone to decrease
the surface charge density and side-chain repulsion, which
promotes their stable α-helical conformation in an aqueous
environment.45 In addition, the charged exterior shell formed
by the terminal guanidinium groups around the helical
backbone enables the metaphilic peptides to maintain water
solubility by shielding the hydrophobic carbon side chains and
helical core from solution.
All metaphilic peptides were synthesized through ringopening polymerization of γ-chloroalkyl-L-glutamate-based Ncarboxyanhydrides, followed by the conversion of the sidechain chloro groups into azido groups, and the subsequent
copper-catalyzed Huisgen click chemistry with propargyl
guanidines to attach guanidinium groups at the side-chain
terminus.45 This robust and eﬃcient synthesis enables the
control of the side-chain hydrophobicity in two diﬀerent ways:
(1) the variation of methylene spacer lengths between the
pendant triazoles and esters through selecting diﬀerent amino
acid precursors (P1, P5, P6); (2) the introduction of additional
hydrophobic moieties by coconjugating long chain alkynes
together with the propargyl guanidines (P10−P12). The latter
also enables the control of charge density by varying the feeding
ratios of propargyl guanidines and long chain alkynes (P11,
P13, P14).
Metaphilic Peptides Exhibit Adaptable Amphiphilicity
upon Interaction with Membranes. We performed generic
coarse-grained molecular dynamics simulations to investigate
the behavior of these metaphilic peptides as they interact with
lipid membranes in an aqueous environment. Speciﬁcally, we
were interested in the process in which a metaphilic peptide
(with either 50% or 100% of its side chains terminated by a
cationic end group) approaches a negatively charged membrane
surface and subsequently inserts and organizes itself within the
phospholipid bilayer.
The adaptation of the peptide conﬁguration and its freeenergy variation were quantitatively explored in a steered
landing process, as illustrated in Figure 2. At large separation,
the peptide barely interacts with the oppositely charged
membrane due to electrostatic screening by the ions (Figure
2A), and its backbone eﬀectively behaves as a neutral rod,
randomly orienting with an average tilt angle θ = π/2 − 1
toward the membrane (Figure 2B). Its aﬃnity to the membrane
emerges at separations z < 68 Å (deﬁned as the distance
between the peptide center and the membrane outer leaﬂet),
around one peptide length. The peptide backbone begins to
orient more orthogonally so that some of the charged side
chains are able to reach the membrane. Apart from reorienting,
the peptide also reorganizes its mobile side chains with their
charged end groups extending toward the membrane, giving
rise to an asymmetric charge distribution. This asymmetry is
reﬂected in and quantiﬁed by the average deviation ⟨Δz⟩ of the
charged end groups from the peptide center (Figure 2C). The
tilted peptide touches the membrane and starts to settle at z =
50 Å; it fully lies down at z ∼ 40 Å, reaching its strongest
asymmetry. Completion of this “landing” process is marked by
the distance at which the forces on the peptide are balanced,
near zlanding = 36 Å. The free-energy changes for the peptides
with 50% and 100% charge coverage upon landing are −4.9kBT
and −8.4kBT, respectively (Figure 2D).

Furthermore, we also simulated the free (i.e., nonsteered)
landing and insertion process of a peptide with 100% charge
coverage, as illustrated in Figure 2E. Initially, the peptide
indeed tilts toward the membrane with charged end groups
shifted downward, conﬁrming our ﬁndings. After landing, the
hydrophobic parts of the side chains tend to merge into the
hydrophobic interior of the membrane, whereas the charged
end groups tend to stay outside. The peptide ﬁrst “anchors” to
the membrane by bending a side chain and partially inserting its
hydrophobic part into the membrane. Such a side chain can
then further minimize its energy by “tunneling” of its charged
end group toward the membrane surface on the inner leaﬂet.
This process provides a strong driving force for the second
stage, namely insertion of the peptide to completely span the
membrane bilayer.
The insertion process exhibits a strong dependence on sidechain length. From simulations we found that peptides with
twice shorter side chains fail to insert (Figure 2F). These side
chains are too short to undergo signiﬁcant adaptation required
by the “anchoring” and “tunneling” stages. As a consequence,
the hydrophobic parts of the peptide side chains are shielded by
the charged end groups and unable to interact with the
membrane. This obstacle, however, can be overcome by
reducing the charge coverage. As shown in Figure 2G, a peptide
with reduced charge coverage of 50% and short side chains can
successfully anchor to the interior of the membrane via its
uncharged side chains. Having uncharged, hydrophobic side
chains is suﬃcient to facilitate insertion and span the
membrane. This indicates that membrane insertion is less
eﬃcient with shorter cationic side chains. However, it is
possible to optimize the eﬃciency of the peptide by combining
high charge coverage to achieve a large landing rate and a ﬁnite
fraction of uncharged side chains to assist in the hydrophobic
insertion process.
Dynamic Adaptability of Metaphilic Peptides Can
Enhance Membrane Permeation. Previous studies have
suggested that penetration of amphiphilic helical peptides into a
bilayer perturbs the hydrophobic interactions of the membrane
core, thus leading to membrane destabilization. This process
depends on both the hydrophobic content of the peptide and
membrane penetration depth. Indeed, the reduction of
membrane activity of cationic amphiphilic α-helices has been
found to correlate with decreased hydrophobicity.46,47 Accordingly, the relative sizes of the polar and hydrophobic faces of an
amphiphilic helical peptide have been shown to aﬀect the
induced membrane curvature.11,48−53 For metaphilic peptides,
there is a wider range of possibilities. Although sometimes
AMPs can become amphiphilic and α-helical as they touch
down on a membrane,54 the simulation model here predicts
that the metaphilic peptide will undergo a series of structural
transitions as it engages the membrane that are not possible for
most proteins or peptides: it has uniformly distributed side
chains in bulk aqueous solution far from a membrane, but
adopts a facially amphiphilic structure near a membrane, with
cationic end groups arranged to face toward the membrane
surface. Once adsorbed onto the membrane surface, the peptide
reorganizes its side-chain components to invert its facial
amphiphilicity with cationic end groups associated with the
polar lipid headgroups at the surface, while the hydrophobic
moieties penetrate further into the membrane core. Depending
on the length of the side chains relative to the membrane
thickness, terminal groups of the side chains can diﬀuse through
the membrane, so that it is possible for a single metaphilic
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peptide to present guanidinium groups to polar lipid headgroups on both leaﬂets of the membrane, which is not possible
for AMPs. These eﬀects lead to two interesting consequences.
It is known that details of amphiphilic conformation can play
important roles in peptide−membrane interactions necessary
for function.49,57−59 The ability of metaphilic peptides to invert
their facial amphiphilicity via progressive side-chain migration
suggests a direct translocation mechanism with no analogue in
natural peptides. Moreover, simultaneous presentation of
curvature-generating guanidinium groups to both membrane
leaﬂets may lead to signiﬁcantly enhanced membrane curvature
generation,60−66 which we explore in the next section.
Metaphilic Peptides Can Induce Negative Gaussian
Curvature Necessary for Membrane Permeation. To
assess the membrane-permeating mechanism of these peptides,
we used high-resolution synchrotron small-angle X-ray
scattering (SAXS) to quantitatively characterize the membrane
deformations induced by metaphilic peptide variants. Small
unilamellar vesicles (SUVs) were prepared from a phospholipid
mixture of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) at
a molar ratio of 20/80. Each metaphilic peptide was incubated
with SUVs at a speciﬁed peptide-to-lipid (P/L) molar ratio
corresponding to an electroneutral P/L charge ratio and the
resulting membrane structures were characterized using SAXS.
We found that all α-helical metaphilic peptides (P1, P4−P6,
P10−P14) resulted in the restructuring of the lipid vesicles into
phases rich in negative Gaussian curvature (NGC) (Figure
3A,B), whereas control samples of SUVs only exhibited a broad
characteristic feature consistent with the form factor of
unilamellar vesicles. For every helical peptide, we typically
observed a coexistence of phases: (1) one set of peaks with
integral Q-ratios, which indexed a lamellar (Lα) phase with
periodicity in the range of 5.5 to 7.4 nm; (2) a second set of
correlation peaks with Q-ratios √1:√3:√4:√7:√9, consistent with an inverted hexagonal (HII) phase with a lattice
parameter of 6.8 to 8.0 nm; (3) a third set of peaks with
characteristic Q-ratios that indexed either a Pn3m “doublediamond” or an Im3m “plumber’s nightmare” cubic (QII)
lattice, or a coexistence of both. Q-ratios of
√2:√3:√4:√6:√8:√9 and √2:√4:√6:√8 correspond to
Pn3m and Im3m cubic phases, respectively. In our experiments,
cubic phase lattice parameters were found to range from 15.4 to
28.2 nm for Pn3m and 20.9 to 24.8 nm for Im3m (Figure
3C,D). For coexisting Pn3m and Im3m cubic phases, the ratio
of their lattice parameters was close to the Bonnet ratio of
1.279,67 indicating that the amount of curvature is balanced
across the cubic phases, and thus implying that they are close to
equilibrium. A bicontinuous cubic phase, such as Pn3m and
Im3m, consists of two nonintersecting aqueous regions
separated by a lipid bilayer that traces out a periodic minimal
surface. All points along this minimal surface have NGC, which
is also known as saddle-splay curvature due to its shapethe
surface bends upward in one direction and bends downward in
the orthogonal direction. NGC is topologically required for
processes such as pore formation, budding, blebbing, and
vesicularization,21,63,64,68 all of which destabilize and compromise the barrier function of membranes. In fact, for molecules
and peptides with functions determined by their membranedisrupting activity, a strong correlation has been identiﬁed
between NGC generation and their activity. For example,
AMPs generally kill bacteria by inducing membrane permeabilization.6−9,69 Recent studies have shown the trend of NGC

Figure 3. Metaphilic helical peptides generate NGC necessary for
membrane permeation. SAXS spectra from DOPS/DOPE = 20/80
membranes incubated with homopolymer (A) and random
copolymer (B) peptides at electroneutral P/L molar ratios.
Correlation peaks corresponding to identiﬁed cubic phases are
indicated (black lines). Inset in (A) provides an expanded view of
the cubic reﬂections (boxed region) for P5. (C,D) Indexing of the
peptide-induced Pn3m and Im3m cubic phases is shown by plotting
the measured Q positions, Qmeasured, versus the assigned reﬂections
in terms of Miller indices, √(h2 + k2 + l2). The slopes of the linear
regressions were used to calculate their lattice parameters, which
are listed in the legends.

generation and membrane permeation for a large number of αhelical AMPs,60,63 AMP mutants,60,65 and synthetic AMP
analogues.70−72 Similarly, this trend has also been observed for
a range of CPPs and transporter sequences.61,62,64,66 We found
that the amounts of NGC generated by the present metaphilic
peptides are comparable to those generated by AMPs60,63 and
CPPs.61,62,64,66 From the simulation data, it is clear that
metaphilic peptides can interact with membranes in ways that
many peptides cannot. However, the SAXS results above show
that metaphilic peptides retain the ability to permeabilize
membranes like AMPs and CPPs.
We ﬁnd that the inducible asymmetric shape of these
metaphilic peptides is necessary in facilitating NGC and
membrane permeation activity. Nonhelical P3, a random-coil
2862
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Figure 4. Relations of membrane permeation with hydrophobic volume and cationic charge. Membrane permeation, as measured by FITC
and peptide uptake in cells, was found to correlate with the hydrophobic volumes and cationic charges of metaphilic helical peptides. A set of
homopolypeptides (P1, P5, P6) with similar degree of polymerization and charge exhibited both FITC (A) and peptide (C) uptake levels that
tracked well with their diﬀerent hydrophobic volumes. Conversely, a set of random copolypeptides (P10−P14) with identical degree of
polymerization and comparable hydrophobic volumes showed that increasing cationic charge correlated with increased FITC (B) and peptide
(D) uptake. (E) Among all nine metaphilic helical peptides tested, we also observed that the ratio of FITC uptake to peptide uptake generally
increased with hydrophobic volume. Greater hydrophobic volumes promote more stable pores with longer lifetimes, which allow more
eﬃcient membrane permeation by free molecules of peptide and FITC. In contrast, lower hydrophobic volumes are expected to yield more
transient pores with shorter lifetimes, and thus, facilitate rapid translocation of the peptide across a membrane.

peptide synthesized from racemic monomers45 and cognate to
metaphilic peptides considered here, was not able to generate
NGC, although it is able to interact with the membrane to
induce lamellar and inverted hexagonal phases (Figure 3A).
Consistent with this, P3 demonstrated signiﬁcantly lower
membrane permeability.45 Together, these results suggest that
the asymmetric elongated shape stabilized by the rigid helical
backbone is important for membrane permeation.
A Critical Comparison of Membrane Activity of
Metaphilic Peptides, AMPs, and CPPs. We assessed the
membrane permeation of a broad range of metaphilic peptides
displaying diﬀerent side-chain lengths, types, and distributions.
Peptide uptake alone and ﬂuorescein isothiocyanate (FITC)
uptake, when coincubated with peptide, were measured in
HeLa cells in previous experiments.45 FITC, a membraneimpermeable ﬂuorophore, has been used to evaluate peptideinduced pore formation in cell membranes, as the presence of
pores allows molecules to enter cells via diﬀusion.73,74 The
results show that all of the α-helical metaphilic peptides
exhibited membrane permeability, which is in agreement with
our SAXS measurements showing that they are able to induce
the curvature required for such membrane activity. In addition,
the membrane permeabilities of the peptides were all found to
be higher than those of well-known arginine-rich CPPs such as
a domain of the human immunodeﬁciency virus type 1
tranactivator of transcription protein (HIV-TAT) and nonaarginine (R9).45
Among the helical homopolypeptides (P1, P4−P6), P6 had
the longest charged side chains and resulted in the highest
FITC and peptide uptake levels.45 We hypothesize that this is
due in part to its metaphilic presentation of guanidinium groups
to the lipid headgroups of both inner and outer leaﬂets, which
can promote eﬃcient generation of curvature at both

membrane locations.60−66 The longer hydrophobic side chains
also allow deeper membrane penetration and membrane
spanning, which can further facilitate membrane curvature
and destabilization48,49,51 (see below). Previous work has
similarly suggested that a greater number of arginines results
in stronger membrane curvature eﬀects60−62,75 and that
arginine side chains can penetrate into the membrane interior
due to attraction to the phosphate groups on the distal leaﬂet of
the bilayer, leading to the formation of transient pores.75−78
Consistent with this picture, metaphilic peptides with shorter
side chains that cannot span the membrane generally have
lower uptake activity.
We speciﬁcally compared helical metaphilic peptides with
similar degrees of polymerization and cationic charge (P1, P5,
P6) and found that both their FITC and peptide uptake levels
tracked with their hydrophobic volumes (Figure 4A,C). (See
Methods for deﬁnitions and calculations of hydrophobic
volume.) Among metaphilic peptides with similar levels of
hydrophobic volume (P10−P14), we observed that membrane
permeation activity increased with increasing cationic charge
(Figure 4B,D). We further identiﬁed a more general relation
among all tested helical metaphilic peptides, namely, that
increases in the hydrophobic volume resulted in a higher ratio
of FITC uptake to peptide uptake (Figure 4E). We hypothesize
that these identiﬁed trends can be explained by diﬀerences in
AMP vs CPP behavior, and diﬀerences in how free dyes and
free peptides translocate into cells.
In these experiments, FITC molecules and peptides are not
conjugated to one another, so both can diﬀuse independently in
solution when coincubated with cells. In order for FITC
molecules to enter cells, the peptides need to form suﬃciently
stable pores in the membrane to allow free FITC to pass
through. AMPs typically permeate membranes by forming
2863
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transmembrane pores,79,80 and therefore, free molecules of
AMPs or FITC are able to gain access to the cell interior
through those pores. The membrane-associated peptides that
create the pores themselves can also stochastically translocate
into the cell as the pores close.79,81 In general, the lifetimes of
membrane pores can vary greatly,77,79 with transient pores
allowing only a few peptides to translocate before closing, and
more persistent pores allowing both membrane-associated
peptides and free molecules through.76 AMPs generally contain
more hydrophobic residues than CPPs and generate stable
membrane pores,62,79,80 whereas CPPs are less hydrophobic
and cross membranes quickly via transient pores.61,62 Therefore, synthetic peptides that have suﬃcient hydrophobicity can
exhibit AMP-like behavior and insert into the membrane to
create transmembrane pores that allow transport across
membranes. In contrast, synthetic peptides with low hydrophobicity can behave like CPPs, which are able to translocate
across membranes via transient membrane permeation.15,62,75,82,83
We observed that greater peptide hydrophobic volume
generally results in increased uptake of both FITC and peptide.
Previous work has shown that increasing the hydrophobicity of
CPPs enhances their interaction with the membrane, in turn
aﬀecting their behavior, which can change from rapid
translocation across membranes to inducing slow leakage of
dye from vesicles.61,62,84 This ﬁnding suggests that hydrophobicity, which increases aﬃnity for the membrane core and
promotes deeper membrane penetration, can aid in stabilizing
peptide-induced pore formation and yield longer pore lifetimes.61,62,77,84 By increasing the time that a membrane pore
remains open, small molecules such as FITC, as well as free
peptides in solution that are not membrane-associated, can ﬂow
through into the cell. However, there is the potential trade-oﬀ
between stable pore formation and translocation across a
bilayer. As hydrophobicity enhances association of the peptide
with the membrane interior to create a stable pore, it also
impairs internalization of the peptide due to the greater chance
of being retained in the membrane core.18,61,77,84,85 This
reciprocity provides a hypothesis as to why we see the ratio of
FITC uptake to peptide uptake generally being higher for
peptides with greater hydrophobic volume. As previously
mentioned, increased peptide hydrophobicity predominately
facilitates increased uptake of both FITC and free peptides, yet
attenuates the translocation of lipid-associated peptides that
compose the pores. Conversely, we expect lower hydrophobicity to inhibit the uptake of free molecules, and instead,
promote internalization of membrane-associated peptides.
Thus, a compensatory exchange exists between free peptide
uptake and lipid-associated peptide uptake, which together
constitute the total measured peptide uptake. Understandably,
because FITC uptake requires stable pores, the eﬀects of
peptide hydrophobicity would be more prominent for FITC
uptake in comparison to peptide uptake. As a result, the
observed relationship between hydrophobic volume and the
ratio of FITC uptake to peptide uptake will reﬂect that of
hydrophobicity and FITC uptake. We also found that both
FITC and peptide uptake increased with increasing cationic
charge. The initial step for cellular entry of either molecule
involves electrostatic interactions between the peptide and the
membrane surface.15,86−88 Therefore, increased positive charge
can promote more eﬃcient binding of the peptide to the
negative charges on the cell surface, which can subsequently
enhance overall membrane permeation and cellular up-

take.15,39,87 Finally, it is important to note that the cationic
charge speciﬁcally for the metaphilic peptides originates from
their guandinium groups. Interestingly, the guanidinium group
of arginine has been found to play a key role in CPP membrane
permeation,89,90 and an increased number of arginines increases
both the ability to generate NGC and cellular uptake.16,60−62,75,90,91 All of these ﬁndings are in agreement with
our observations here.
Metaphilic Peptide Behavioral Trends Consistent with
Mean-Field Description. We further characterized the ability
of metaphilic peptides to induce NGC by a simple mean-ﬁeld
model. The model is an extension of the opposing-forces
model,92,93 supplemented by a hydrocarbon chain free energy
that reﬂects the packing of the lipid tails in a bilayer
geometry.94,95 Speciﬁcally, each lipid is characterized by its
cross-sectional area ai at the polar−apolar interface, its crosssectional area ah at the headgroup region (measured at ﬁxed
distance lh away from the polar−apolar interface), and the
eﬀective hydrocarbon chain extension b; see Figure 5A. The
lipid free-energy model (see Methods for details) features

Figure 5. Membrane insertion of a metaphilic peptide results in a
less negative Gaussian modulus. (A) We characterize a lipid
molecule in terms of the cross-sectional area ai at the hydrocarbon
chain-headgroup interface, the cross-sectional headgroup area ah
(measured at a surface parallel to the hydrocarbon chainheadgroup interface at distance lh away), and the eﬀective thickness
b of the hydrocarbon chain region. The volume vL occupied by the
lipid’s two hydrocarbon chains is conserved. The polar headgroup
is represented by a light-shaded circle. (B) The Gaussian modulus
(measured in units of the thermal energy unit kBT) as a function of
the peptide-to-lipid ratio P/L. The full molecular model (solid line)
accounts for both the increase in the hydrophobic volume of the
membrane core upon peptide insertion and electrostatic interactions of the anionic lipid headgroups with the cationic terminal
groups of the metaphilic peptide side chains. This is contrasted
with ignoring either the hydrophobic peptide volume (vP = 0,
dashed line) or electrostatic interactions (dash-dotted line).
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“opposing forces” due to the presence of repulsive interactions
between lipid headgroups and a chain-stretching penalty, which
are both counterbalanced by a surface tension that acts at the
polar−apolar interface.
For any membrane curvature, the conformation of the
membrane can be energetically optimized, subject to
conservation of the hydrophobic lipid volume vL. This allows
calculation of the Gaussian modulus κ.̅ Note that negative κ̅
implies a stable bilayer. When κ̅ becomes positive, the
membrane tends to spontaneously adopt saddle-like conformations that are characterized by NGC. We chose model
parameters of our molecular free energy that are typical for a
lipid bilayer with 20 mol % charged lipids (ϕ = 0.2), obtaining a
Gaussian modulus κ̅ = −3.1kBT.
Inserting metaphilic peptides into the lipid bilayer with a
peptide-to-lipid ratio P/L will perturb the host lipid bilayer and
thus alter κ.̅ Within our mean-ﬁeld framework, we account for
two diﬀerent types of perturbation. The ﬁrst originates from
insertion of the hydrophobic moieties of the peptide into the
hydrocarbon core of the lipid bilayer, and the second relates to
the electrostatic interactions of the charged terminal groups of
the peptide side chains with the anionic lipid headgroups. Our
model describes the former as an eﬀective increase of the
hydrophobic lipid volume vL → vL + vPP/L where vP is the
hydrophobic volume of the peptide. The latter is quantiﬁed
based on the Poisson−Boltzmann model, which describes free
energies of charged surfaces in an electrolyte solution as a
function of their eﬀective surface charge density.
We used model parameters that reﬂect a typical experimental
situation, with ϕ = 0.2, a hydrophobic peptide volume vP = 15
nm3, and zc = +35 charges per peptide. Figure 5B shows the
Gaussian modulus κ̅ as a function of P/L from P/L = 0 to P/L
= 1/175. The maximal value P/L = ϕ/zc = 1/175 reﬂects
electroneutrality of the membrane. Membrane destabilization is
absent when the hydrophobic volume of the peptide is assumed
to vanish (dash-dotted line) or when electrostatic interactions
are ignored (dashed line). However, when both perturbation
modes are accounted for (solid line), the Gaussian modulus
adopts a positive sign.
Deep insertion of the peptide into the hydrocarbon core of
the membrane tends to not only increase the membrane
thickness, but also increase the cross-sectional area per lipid.
Yet, a larger cross-sectional lipid area implies weaker mutual
headgroup repulsion and an increased surface tension energy at
the polar−apolar interface. Hence, we expect the membrane to
seek a deformation mode that decreases ai even if at the same
time ah increases. This is accomplished by a saddle deformation.
The electrostatic neutralization of the anionic lipid headgroups
by the terminal groups of the metaphilic peptide side chains
further lowers the headgroup repulsion strength and, therefore,
even more so enhances the tendency of the membrane to
minimize its free energy by adopting NGC.
In our mean-ﬁeld description above, we found that their
facially amphiphilic structural organization allows metaphilic
peptides to penetrate deeply into the membrane and render the
Gaussian modulus less negative. In addition, peptides with
cationic charges also shift the Gaussian modulus to less negative
values. Both of these changes in the membrane Gaussian
modulus are destabilizing and promote NGC generation, which
is necessary for membrane permeation. These mean-ﬁeld trends
are in agreement with SAXS measurements and cell uptake
results. In fact, these trends are strikingly similar to those
observed for AMPs.60,63,70,71 Here we see that these metaphilic

peptides give us a valuable perspective: It is not possible to vary
hydrophobicity and charge of many AMPs and CPPs over a
large range due to solubility and stability issues.38−42 However,
the adaptable architecture of metaphilic peptides can
accommodate greater cationic charge and hydrophobicity. As
a result, these are ideal systems for testing how physicochemical
properties impact membrane activity, as the above comparison
shows. Further details on the molecular model can be found in
Methods and Supporting Information.

CONCLUSIONS AND PROSPECTS
Membrane-permeating peptides such as AMPs and CPPs are
usually composed of linear sequences of amino acids and have
simple architectures. By using a class of peptides with a
chemically adaptive metaphilic architecture, which have quasiliquid surfaces and highly deformable shapes, we showed that it
is possible to interact with the membrane in unexpected ways,
and signiﬁcantly enhance the membrane-permeating activity of
linear arginine-based peptides. The root causes of this
enhancement are explored using a combination of computer
simulations, X-ray diﬀraction, and mean-ﬁeld theory. Since the
metaphilic architecture allows for permeation and translocation
mechanisms not available for most peptides, these results here
suggest that it may be possible to engineer nanoscopic
molecular architectures optimized for applications such as
antimicrobial agents for multidrug-resistant bacteria and drug
delivery systems.
METHODS
Synthesis of Polypeptides. All peptides (P1, P4−P6, P10−P14)
were previously synthesized and characterized elsewhere.45 The
synthesis procedures are outlined in Scheme S1 of the Supporting
Information. Typically, L-glutamic acid (1 equiv) was monoesteriﬁed
using various chloroalkyl alcohols (1.5−2 equiv) under the catalysis of
H2SO4. The resulting γ-chloroalkyl-L-glutamic acid was puriﬁed by
recrystallization in deionized water/2-propanol (1:1, v/v) and
lyophilized (yield 30−70%). The lyophilized amino acid (1 equiv)
was then reacted with phosgene (80% solution in toluene, 1.2−1.5
equiv) in anhydrous tetrahydrofuran (THF) at 50 °C for 2 h to yield
γ-chloroalkyl-L-glutamate-based N-carboxyanhydrides (NCAs), which
were further puriﬁed through recrystallization in THF/hexane (1:1, v/
v, three times) (yield 60−70%). The dried NCA monomers were
transferred into a glovebox and stored at −30 °C.
To obtain the target polypeptides, hexamethyldisilazane was used to
initiate the controlled ring-opening polymerization of NCAs in
anhydrous dimethylformamide (DMF),43,96,97 where the degree of
polymerization was predetermined by the feeding monomer-toinitiator ratio. After >99% monomer conversion (monitored by
Fourier transform infrared spectroscopy), an aliquot of the DMF
solution was transferred to a new vial, diluted, and injected into gel
permeation chromatography (GPC) for the determination of degree of
polymerization and polydispersity (polydispersity <1.26 for all
polymers). NaN3 was then added (10 equiv compared with sidechain chloro groups) and the mixture was stirred at 60 °C for 48 h.
The resulting azide-functionalized polypeptide was puriﬁed through
extraction with chloroform, and subsequent precipitation in hexane/
diethyl ether (1:1, v/v) (yield 70−85%). For the ﬁnal copper-catalyzed
click chemistry step, azide-functionalized polypeptide (1 equiv of azido
groups) was mixed with propargyl guanidine (1.5 equiv),
N,N,N′,N′,N″-pentamethyldiethylenetriamine (0.10 equiv), and CuBr
(0.01 equiv) in DMF in a glovebox. The mixture was stirred at room
temperature for 24 h, and the ﬁnal guanidine-functionalized metaphilic
peptide was puriﬁed by dialysis against deionized water followed by
lyophilization (yield 60−70%). To incorporate additional hydrophobic
moieties (P10−P14), long chain alkynes were added together with
propargyl guanidine for coconjugation. Azide-functionalized polypep2865

DOI: 10.1021/acsnano.6b07981
ACS Nano 2017, 11, 2858−2871

Article

ACS Nano

resuspended in aqueous 100 mM NaCl, 10 mM N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES) (pH 7.4) to a concentration of 20 mg/mL. The aqueous lipid suspension was incubated at
37 °C overnight, sonicated until clear, and extruded through a 0.2 μm
pore Nucleopore ﬁlter (Whatman) to obtain SUVs.
Metaphilic peptides were solubilized in aqueous 100 mM NaCl, 10
mM HEPES (pH 7.4) and mixed with SUVs at electroneutral P/L
molar ratios, which are calculated based on 20 mol % of lipids having
anionic charge. Samples were hermetically sealed into quartz capillaries
(Hilgenberg GmbH, Mark-tubes) for SAXS experiments at the
Stanford Synchrotron Radiation Lightsource (SSRL, beamline 4−2)
using monochromatic X-rays with an energy of 9 keV. Scattered
radiation was collected using a Rayonix MX255-HE detector (73.2 μm
pixel size) and 2D SAXS powder patterns were integrated with Nika
1.50100 package for Igor Pro 6.31 and FIT2D.101
The integrated scattering intensity I(Q) was plotted against Q using
Origin Lab software. Phases present in each sample were identiﬁed by
tabulating the measured peak positions, Qmeasured, and comparing their
ratios with those of the permitted reﬂections for diﬀerent crystal
phases. The lattice parameter of each identiﬁed phase was calculated
from the slope of the linear regression through points corresponding
to the peaks. For powder-averaged cubic and hexagonal phases, each
point corresponding to a peak was deﬁned by coordinates of the
assigned reﬂection (in terms of Miller indices h, k, l) and Qmeasured. For
a cubic phase, Q = (2π/a)√(h2 + k2 + l2), and for a hexagonal phase,
Q = (4π/(a√3))√(h2 + hk + k2), where a is the lattice parameter.
Therefore, the slopes of the regressions of Qmeasured vs √(h2 + k2 + l2)
and Qmeasured vs √(h2 + hk + k2) are 2π/a and 4π/(a√3), respectively,
which can be used to calculate a. For a lamellar phase, each point
corresponding to a peak has coordinates of the order of the reﬂection,
N, and Qmeasured with the relation Q = 2πN/d. The regression of
Qmeasured vs N then has a slope of 2π/d, which yields the periodic
spacing d.
Cellular Uptake Experiments. Cellular uptake data were sourced
from experiments conducted previously elsewhere45 to be compared
with ﬁndings from this study. Brieﬂy, HeLa cells were seeded into 96well plates at a density of 1 × 104 cells/well and cultured for 24 h. The
culture medium was then replaced with serum-free Dulbecco’s
modiﬁed Eagle’s medium (DMEM). Endocytosis inhibitors chlorpromazine (10 μg/mL), genistein (200 μg/mL), methyl-β-cyclodextrin
(50 μM), and wortmannin (50 nM) were added to the cells 30 min
before the addition of peptide. To investigate the membrane
permeability, each peptide was labeled with rhodamine (RhB) and 2
μg was added into each well containing HeLa cells. After incubating
the RhB-peptide with the cells for 2 h at 37 °C, the cells were washed
with phosphate-buﬀered saline (PBS) containing 20 U/mL heparin
and then lysed using radioimmunoprecipitation assay (RIPA) buﬀer at
room temperature for 20 min. The intracellular content of the RhBpeptide in the cell lysate was quantiﬁed using spectroﬂuorimetry and
the cellular protein level was quantiﬁed using a bicinchoninic acid
(BCA) kit, such that the uptake level was expressed as the quantity
(μg) of RhB-peptide per 1 mg of cellular protein. Peptide-induced
pore formation in cell membranes was studied by measuring the
cellular internalization of membrane-impermeable FITC. The
procedures were the same as above, except 2 μg of peptide and 0.2
μg of FITC were added into each well containing HeLa cells. Cells
that were treated with only FITC served as the control. FITC in the
cell lysate was quantiﬁed using spectroﬂuorimetry and the uptake level
was expressed as the quantity (μg) of FITC per 1 mg of cellular
protein. The cellular uptake levels were compared against those of
HIV-TAT and R9 that had been ﬂuorescently labeled with
carboxytetramethylrhodamine (TAMRA).
Calculation of Hydrophobic Volume for Metaphilic Peptide
Comparisons. We deﬁned the hydrophobic volume of a metaphilic
peptide by the total number of methyl and/or methylene groups
present among its side chains. For uncharged side chains, this includes:
(a) R, conjugated alkyl chain with 4−6 hydrocarbons, (b) x + 2, spacer
between triazole and ester with 3, 6, or 8 methylene groups, (c) spacer
between backbone and ester with 2 methylene groups. For charged
side chains, this includes: (a) spacer between triazole and guanidine

tides were characterized by nuclear magnetic resonance (NMR) and
GPC for their chemical structures and molecular weights. The
polypeptides post click chemistry side-chain modiﬁcation were
analyzed by NMR to verify the eﬃciency of side-chain modiﬁcations
and by circular dichroism to analyze their conformation.45
Simulation Procedure. We performed molecular dynamics
simulations using the Lammps package to investigate the landing
and subsequent insertion process of prototypical metaphilic peptides
on and into a membrane.
In our coarse-grained model, all molecules were represented as
assemblies of spherical beads (diameter σ = 8.5 Å,98 the size of a lipid
headgroup). Speciﬁcally, the membrane was modeled as a bilayer of 4bead long lipids and spanned an entire cross-section of the system.
20% of the lipids carried a −1e charge on their headgroup. The peptide
possessed a helical core of 55 beads (corresponding to 55 amino
acids), onto each of which was grafted a 4-bead long, ﬂexible side
chain. Either 50% or 100% of the side chains carried a terminal +1e
charge. Both the membrane and the peptide were embedded in a 100
mM salt solution mimicking physiological conditions. A relatively large
system of size 60 × 60 × 60σ3 was chosen, giving rise to 7200 lipids
and over 17 000 ions. Periodic boundary conditions were applied in all
three dimensions.
The beads in the peptide core were grouped as a rigid body,
whereas those in the side chains or in the lipids were stiﬄy bonded by
a harmonic potential,
Ubond(r ) = k bond(r − r0)2
with equilibrium bond length r0 = σ and strength kbond = 300kBT/σ2.
For lipids, a strong angle potential was introduced between two
adjacent bonds to maintain a linear structure,

Uangle(θ) = kangle(θ − θ0)2
with θ0 = 180° and kangle = 10kBT/rad2. All nonbonded beads were
subject to excluded-volume eﬀects and Coulomb interactions. The
former were implemented via a shifted-truncated Lennard-Jones (LJ)
potential with strength ε = 0.8kBT and cutoﬀ rc = 21/6σ, while the latter
was treated via Ewald summation with a relative accuracy of 10−4.
Moreover, we employed a widely used generic model with implicit
solvent to eﬃciently account for hydrophobicity.99 Uncharged beads in
the hydrophobic side chains and lipid tails experienced an eﬀective
attraction,

Ucos(r ) = − ε cos2[π(r − rc)/2wc],

rc ≤ r ≤ rc + wc

with wc = 1.6σ. Due to the soft attraction (strength ε = 0.8kBT), side
chains and lipids tended to display moderate aggregation, remaining in
the liquid state rather than forming a solid.
When studying the landing process via steered molecular dynamics,
we conﬁned the lipid headgroups of the outer leaﬂet of the membrane
within the x−y plane, and simultaneously ﬁxed the center of mass of
the peptide core but released all other degrees of freedom. By
systematically varying the distance between the peptide and the
membrane, we could measure the free-energy change upon landing.
Here the system was examined in the NVT ensemble by applying a
Langevin thermostat to introduce thermal ﬂuctuations. In the
subsequent investigation of the insertion process, to allow the
reconﬁguration of the membrane upon insertion, we also applied a
Berendsen barostat and kept the system under constant pressure, equal
to the osmotic pressure of a 100 mM salt solution. All simulations
were performed for more than 107 time steps, with time step dt =
0.002τ, where τ = (mσ2/ε)1/2 (m the bead mass) was the LJ time unit.
SAXS Experiments. SUVs were prepared from lyophilized
phospholipids DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)) and DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) purchased from Avanti Polar Lipids. Brieﬂy, individual lipid
stock solutions were prepared by dissolving DOPS and DOPE in
chloroform at 20 mg/mL. A model membrane composition was
prepared from the lipid stock solutions as a mixture of DOPS/DOPE
at a 20/80 molar ratio. The lipid mixture was evaporated under N2 and
desiccated under vacuum overnight to form a lipid ﬁlm, and then
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well-known from both experiments103 and MD simulations.104 Hence,
we used b0 = vL/a0 = 1.31 nm as input in eq 3 to determine the
headgroup repulsion parameter B.
Series expansion of the left-hand side of eq 2, minimization with
respect to η, and comparison with the right-hand side of that equation
allowed us to calculate the Gaussian modulus κ,̅ the relaxation
parameter η, and the bending stiﬀness κ. It was convenient to express
the results in terms of the dimensionless quantities B̅ = Bb20/(γv2L), τ̅ =
τb30/(γvL), lc̅ = lc/b0, and lh̅ = lh/b0. Eq 3 was then equivalent to
B̅ = 1 − 2τ ̅(1 − lc̅ ). With that, our ﬁnal results are

with 1 methylene group, (b) x + 2, spacer between triazole and ester
with 3, 6, or 8 methylene groups, (c) spacer between backbone and
ester with 2 methylene groups. For example, for metaphilic peptide
P11: (0.5)(69)(5 + 3 + 2) + (0.5)(69)(1 + 3 + 2) = 552 total methyl
and/or methylene groups.
Mean-Field Theory. We employed a molecular lipid model that
was proposed and analyzed in previous work.94 It describes the free
energy per lipid
f (ai , ah , b) = γai +

B
+ τ(b − lc)2
ah

(1)

in a lipid bilayer as a function of three molecular quantities, ai, ah, and
b; see Figure 5A. The ﬁrst contribution to f corresponds to the
interfacial energy of exposing the apolar hydrocarbon chains to the
polar headgroup region; ai is the cross-sectional area per lipid at this
interface, and γ ≈ 12kBT/nm2 is the corresponding surface tension.
The second term accounts for the repulsive interactions between lipid
headgroups, described in terms of a single headgroup interaction
surface of cross-sectional area ah per lipid, located a ﬁxed distance lh
away from the interface between the hydrocarbon chains and
headgroups. All headgroup interactions (steric, ionic, dipolar,
hydration, etc.) are lumped into a single parameter, B. Finally, the
third term in eq 1 describes the stretching/compression energy of the
hydrocarbon chain region, where b is the actual thickness and lc the
preferred thickness of the hydrocarbon core for each membrane leaﬂet.
The prefactor τ and the preferred thickness lc have been previously
estimated using detailed molecular-level chain packing calculations,94
resulting in τ = 7.9kBT/nm2 and lc = 1.16 nm for lipids with two
−(CH2)15−CH3 hydrocarbon chains. We also assumed that the
hydrophobic volume per lipid, vL = 0.918 nm3, is conserved for any
given conformation ai, ah, and b. The bending free energy per unit area
of an initially planar and symmetric lipid bilayer
ΔfE
aE

+

ΔfI
aI

=

κ
(c1 + c 2)2 + κ ̅c1c 2
2

κ̅ =

2 2
b0 γ {2(1 − lc̅ )[2 + 3 lh̅ (2 + lh̅ )]τ ̅ − 3 lh̅ (2 + lh̅ )}
3

η=

b0 1 + 2 lh̅ − (1 − lc̅ )(3 + 4 lh̅ )τ ̅
2
1 + τ̅

(4)

⎧
κ = γb02⎨(1 + 2 lh̅ )2 [1 + 2( lc̅ − 1)τ ̅ ]
⎩
−

[1 + 2 lh̅ + ( lc̅ − 1)(3 + 4 lh̅ )τ ̅ ]2 ⎫
⎬
1 + τ̅
⎭

As introduced above, we used γ = 12kBT/nm2, τ = 7.9kBT/nm2, lc =
1.16 nm, vL = 0.918 nm3, and b0 = 1.31 nm. With that, we obtained the
following values for κ,̅ η, and κ as functions of the distance lh between
the headgroup interaction surface and the polar−apolar interface
(Table 1).

Table 1. Values for κ,̅ η, and κ as Functions of lh

(2)

lh (nm)

κ̅ (kBT)

η (b0)

κ (kBT)

0.1
0.3
0.5

6.0
−3.1
−13.5

0.14
0.18
0.23

14.9
23.3
33.6

102

can be expressed in terms of the two principal curvatures c1 and c2,
measured at the bilayer midplane, with κ and κ̅ denoting the bending
stiﬀness and Gaussian modulus, respectively. The left-hand side of eq 2
separates the free energy into contributions from the external (E) and
internal (I) leaﬂet of the lipid bilayer. We characterized the lipid
conformation in the external leaﬂet by aEi , aEh , bE and in the internal
leaﬂet by aIi , aIh, bI. Knowing these quantities allowed us to calculate the
bending-induced change in free energy per lipid, Δf E = f(aEi ,aEh ,bE) −
f(a0,a0,b0) and Δf I = f(aIi ,aIh,bI) − f(a0,a0,b0), in the external and
internal leaﬂet, respectively, where a0 is the equilibrium cross-sectional
area per lipid of a planar membrane. Note that the conservation of the
hydrophobic volume per lipid, vL, links a0 = vL/b0 to the equilibrium
chain extension b0 in a planar membrane. More generally, for
nonvanishing membrane curvatures, conservation of vL links the crosssectional areas aE = vL/{bE[1 + (c1 + c2)bE/2 + c1c2b2E/3]} and aI = vL/
{bI[1 − (c1 + c2)bI/2 + c1c2b2I /3]} of the lipids in the external and
internal leaﬂets, measured at the bilayer midplane, to their respective
chain lengths bE and bI. In fact, the molecular cross-sectional areas aEi =
aE[1 + (c1 + c2)bE + c1c2b2E], aIi = aI[1 − (c1 + c2)bI + c1c2b2I ], aEh = aE[1
+ (c1 + c2)(bE + lh) + c1c2(bE + lh)2], and aIh = aI[1 − (c1 + c2)(bI + lh) +
c1c2(bI + lh)2] can all be related to bE and bI through simple geometric
relations. Yet, the hydrophobic thicknesses bE = b0[1 + η(c1 + c2)] and
bI = b0[1 − η(c1 + c2)] of the external and internal leaﬂets, respectively,
may themselves be curvature-dependent. We accounted for the
curvature-induced adjustment of leaﬂet thickness through a yet
unknown relaxation parameter η. The free energy in eq 2 adopts its
minimum with respect to η. Force equilibrium of a planar membrane
yields the condition

B=

γvL2
b02

− 2τvL(b0 − lc)

A small headgroup, such as for lh = 0.1 nm, entails a positive
Gaussian modulus and thus instability with respect to NGC. Growing
headgroup size increases the bending stiﬀness and decreases the
Gaussian modulus to more negative values. In the following we use lh
= 0.3 nm.
Metaphilic peptides insert into the hydrocarbon core of the host
bilayer such that their hydrophobic moieties are buried into the
hydrocarbon core whereas the charged groups extend toward the
polar−apolar interface. The burying of the peptide into the
hydrocarbon core is described in our model by an eﬀective increase
in the lipid’s hydrophobic volume vL → vL + veff
P P/L, where P/L is the
peptide-to-lipid ratio and veff
P is the eﬀective hydrophobic volume of
the peptide. If the peptide’s monomers were all hydrophobic, veff
P = vP
would correspond to the hydrophobic volume of the peptide, vP = 15
nm3 for P11. The eﬀective value veff
P is expected to be somewhat
smaller than vP, depending on how much area the charged groups
occupy at the membrane’s polar−apolar interface and at the
headgroup interaction surface. The electrostatic interactions of the
cationic side chains with the anionic lipid headgroups can be described
within the classical Poisson−Boltzmann theory. As noted by
Israelachvili,93 the inverse 1/ah-dependence of the headgroup
repulsion free-energy contribution is consistent with the linearized
Poisson−Boltzmann model, which is applicable for membranes with
mole fractions of up to 20% of charged lipids at physiological
conditions.105 This simply implies replacement of the headgroup
repulsion parameter in eq 1 by B − kBT2πlBlD[ϕ2 − (ϕ − zcP/L)2],
where lB = 0.7 nm is the Bjerrum length in water, lD = 1 nm is the
Debye screening length at physiological conditions, and zc = +35 is the
number of cationic side chains in P11. We also recall that ϕ = 0.2 is the
mole fraction of anionic lipids. Figure 5B was then calculated for veff
P =
3
10 nm3 and zc = +35 (solid line), veff
P = 10 nm and zc = 0 (dashed
line), and veff
P = 0 and zc = +35 (dash-dotted line). A more systematic
description of the Gaussian modulus and the bending stiﬀness for

(3)

for the equilibrium thickness b0. Typical values for the equilibrium
cross-sectional area per lipid of a planar membrane, a0 ≈ 0.7 nm2, are
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variations of veff
P and zc is presented in Figure S1 of the Supporting
Information, and suggests that insertion of metaphilic peptides into
membranes generally tends to shift the Gaussian modulus toward less
negative values but has little eﬀect on the bending stiﬀness.
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