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We demonstrate that recently observed increases in cell permeation

activity of cyclic peptides via transporter sequences are due to the

underlying phase behavior of peptide–lipid complexes and their

relation to the topological requirement of membrane permeation.

We also show how these effects can be amplified by incorporating

hydrophobicity in these sequences.
Cyclic peptides exhibit strong enhancement in receptor-binding

affinity, specificity, and stability against enzymatic degradation rela-

tive to their linear counterparts, which is due in part to their reduced

conformational freedom.1–5 In general, however, the translocation

efficiency across cell membranes for such cyclic peptides is low,

thereby limiting their applications. Recent work has shown that

a significant increase in cyclic peptide translocation efficiency is

possible when cationic and hydrophobic residues are incorporated

into cyclic peptides, notably arginine and tryptophan.6–9 However, at

present there is no detailed molecular understanding of these effects.

The relative importance of peptide cyclicity and hydrophobicity in

these transporter sequences is not known, nor the precise relation

between these cyclic transporter sequences and linear cell penetrating

peptides (CPPs) such as HIV TAT, ANTP penetratin, or

oligoarginine.10–18

In this work, we show that observed increases in cyclic peptide cell

permeation activity correlate strongly with the phase behavior of the

underlying peptide–lipid system, and are related to the induction of

negative Gaussian membrane (or ‘saddle-splay’) curvature, which is

topologically necessary for pore formation and other membrane

destabilization mechanisms.11 Furthermore, we apply recently iden-

tified sequence rules for cell penetrating peptides and show using high

resolution synchrotron small angle X-ray scattering (SAXS) how the

presence of cationic charge, hydrophobicity, and peptide cyclicity

work together to amplify the membrane curvature generation

required for membrane permeation, and quantitatively delineate the
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relative importance of each using mutant sequences.We demonstrate

that cyclic peptides, even short peptides that exhibit no activity in

their linearized versions, can have increased tendency for generating

negative Gaussian curvature. We show that this design criterion can

improve a peptide’s ability to penetrate cells as measured by cell

uptake experiments. The detailed agreement between biophysical

measurements and cell uptake experiments suggests that deterministic

molecular design of optimized transporter sequences is possible.

To isolate the synergistic effects of peptide cyclicity, hydropho-

bicity, and arginine content, four peptides are synthesized: two cyclic

peptides, cyc-R4 (cyclo(Arg-Arg-Arg-Arg-Gln)) andcyc-R4F2 (cyclo

(Phe-Phe-Arg-Arg-Arg-Arg-Gln)), and their linear counterparts, lin-

R4 (Arg-Arg-Arg-Arg) and lin-R4F2 (Phe-Phe-Arg-Arg-Arg-Arg-

Gln). (In the synthesis of cyclic peptides, Gln serves as a convenient

anchor for attachment to the solid phase aswell as the point ofN-to-

Cpeptide cyclization.7)Arg is chosenas the cationic component since

it is a principal component in prototypical cell penetrating peptides

such as HIV TAT, ANTP, and polyArg. In addition, since Arg is

expected to generate membrane curvature via multidentate H-

bonding near themembrane surface, and since aromatic residues can

hydrogen bond at polar–apolar interfaces,19–21 Phe is chosen as the

hydrophobic amino acid for this study. Details of the materials and

methods, including SAXS, confocalmicroscopy, cell culture, peptide

uptake, and cytotoxicity measurements, are included in the ESI†.

Eukaryotic membranes are complex, with protein as well as lipid

components, with different headgroups, chain lengths, and architec-

tures. We have chosen to work with ternary mixtures of DOPS/

DOPE/DOPC lipids (DOPS: 1,2-dioleoyl-sn-glycero-3-phospho-L-

serine; DOPE: 1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine;

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine). Depending on

cell type, these comprise �70% of lipids in most eukaryotic cells.22 A

ternary mixture of DOPS/DOPE/DOPC allows us to independently

vary the charge density and the intrinsic curvature of the membrane,

both of which are important parameters for the present problem.23 It

should be noted that even studies with ternary membranes can only

give a baseline picture, due to the existence of specialized amphiphiles

such as sterols in eukaryotic membranes, which play important roles

in raft formation, protein sorting and cell signaling.24

Rather than directly solving the structure of a CPP induced pore,

we map out the conditions under which CPPs induce topologically

active membrane curvature at specific global peptide/lipid (P/L)

molar ratios using SAXS‡. It is well established10–12 that lin-R4 has

negligible cell penetrating activity, so we perform a baseline
This journal is ª The Royal Society of Chemistry 2012
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comparison of lin-R4 with cyc-R4. When exposed to lin-R4, small

unilamellar vesicles (SUVs) were observed to undergo a structural

phase transition to inverted hexagonal (HII) and lamellar (La) phases

(Fig. 1a) due to strong electrostatic interactions. In contrast, when

exposed to cyc-R4, an additional phase is observed. By indexing the

peaks of the diffracted intensity curve, we find that the new phase is

a cubic Pn3m ‘double-diamond’ structure, as indicated by the char-

acteristic correlation peaks with ratiosO2 : O3 : O4 : O6. The first two
peaks of Pn3m are indicated by the green arrows in Fig. 1a for the

cyc-R4 curve, whereas for the lin-R4 curve, there are no such peaks.

By fitting the slopes of the measured q values at every peak, we

calculate the lattice parameter to be a¼ 18.0 nm (Fig. 1a, inset). This

is consistent with the behavior of the HIV TAT peptide.15 The Pn3m

is a bicontinuous cubic phase where two non-intersecting water

channels are separated by a lipid bilayer.25 The bilayer traces out

a minimal surface, and indicates that negative Gaussian curvature

exists at every point of each of the two constituent monolayer leaflets,
Fig. 1 Comparison between cyclic peptides (cyc-R4, cyc-R4F2) and their

linear counterparts (lin-R4, lin-R4F2). (a) SAXS measurement for cyc-R4

and lin-R4; (b) SAXS measurement for cyc-R4F2 and lin-R4F2 (DOPS/

DOPE/DOPC ¼ 20/80/00, peptide/lipid molar ratio P/L ¼ 1/10). The

SAXS intensity curves in (a) and (b) are shifted for clarity. (c) Calculated

average magnitude of Gaussian curvature |K| from the lattice constants of

Pn3m cubic phase. Insets in (a) and (b) show indexation of the Pn3m

cubic phase by agreement between the measured peak q positions and the

Miller indices h, k, l, with the relationship q ¼ 2p(h2 + k2 + l2)1/2/a, for

a cubic phase with lattice constant, a. The arrows (green) in (a) indicate

the first two peaks of the Pn3m cubic phase.

This journal is ª The Royal Society of Chemistry 2012
the type of curvature necessary for ‘hole’ formation in a membrane.

This indicates that the peptide clearly induces negative Gaussian

curvature strain on a membrane surface. In addition to being

a necessary condition for pore formation, negative Gaussian curva-

ture is also required for processes such as budding or blebbing, which

is observed in macropinocytosis.26 Interestingly, although negative

Gaussian curvature on a monolayer leaflet (as in a transmembrane

pore) is distinct from negative Gaussian curvature in a bilayer (as in

a bud or bleb), there is a strong correlation between peptide induced

membrane permeation and peptide induced formation of cubic

phases,15,16,23 which suggests that the root phenomenon of negative

Gaussian membrane curvature generation by peptides can be

expressed as different structural outcomes in isolated membranes

under different conditions.

The role of hydrophobicity in cell penetrating peptides is

complex.16 The inclusion of a single hydrophobic amino acid can

change the translocation mechanism. Moreover, the amino acid

contents of natural cell penetrating peptides and antimicrobial

peptides follow basic design rules that are rooted in the need for

generating negative Gaussian membrane curvature, so that the

addition of hydrophobicity can either enhance or suppress activity,

depending on the lysine and arginine content.16,23 Following those

design rules, we add two phenylalanines to the baseline R4 peptide to

make a new peptide R4F2. Whereas lin-R4 does not induce a cubic

phase, and does not exhibit cell penetrating activity, both lin-R4F2

and cyc-R4F2 induce Pn3m cubic phases rich in negative Gaussian

curvature (alin-R4F2 ¼ 13.6 nm and acyc-R4F2 ¼ 11.4 nm, Fig. 1b),

illustrating the important role of both hydrophobicity and cyclicity.

The average Gaussian curvature induced by those peptides per unit

cell can be quantified via hKi ¼ 2pc/a2A0, where a is the cubic lattice

constant, c is the Euler characteristic, and A0 is the surface area per

unit cell (c ¼ �2 and A0 ¼ 1.919 for Pn3m). This provides a way to

directly compare the relative effects of hydrophobicity and peptide

cyclicity under the same conditions (target lipid composition PS/PE/

PC¼ 20/80/00, P/L¼ 1/10). The averagemagnitudes of theGaussian

curvature generated by cyc-R4 and lin-R4F2 are |K|z 0.020 nm�2 and

|K| z 0.035 nm�2, respectively (Fig. 1c), indicating that the contri-

bution to negative Gaussian curvature generation from hydropho-

bicity in these peptides is greater than that from peptide cyclicity.

Interestingly, when both of these enhancement mechanisms are

combined in cyc-R4F2, the induced negative Gaussian curvature is |K|

z 0.050 nm�2, which is significantly higher than either mechanism

alone, suggesting that the mechanisms can be additive and that it is

possible to amplify cell penetrating activity by combining both

mechanisms: by adding appropriate hydrophobic amino acids, we

increase the negative Gaussian curvature generation ability of cyc-

R4F2 by almost 3-fold relative to cyc-R4, which is itself already much

more active than lin-R4. This will be confirmed by cell uptake

experiments described below.

It is in principle possible to tune the activity of cell penetrating

peptides with different membrane compositions, since the generation

of negative Gaussian curvature is affected by the lipid compositions

of the target membrane and peptide/lipid molar ratios (Fig. 2). For

a fixed lipid composition PS/PE/PC¼ 20/80/00 at P/L¼ 1/45, SAXS

measurements reveal that the system consists of only a unilamellar

membrane form factor, indicating that no significant restructuring of

the SUVs has taken place. As the P/L ratio is increased, new phases

appear. For example, above P/L ¼ 1/10, there are three coexisting

phases: a lamellar phase (La), an inverted hexagonal phase (HII), and
Soft Matter, 2012, 8, 6430–6433 | 6431

http://dx.doi.org/10.1039/c2sm25405k


Fig. 2 Effect of lipid composition and peptide/lipid molar ratio on the

membrane activity of cyc-R4. (a) SAXS data show different phase

behaviors of the cyc-R4 peptide–lipid system at different peptide/lipid

molar ratios for PS/PE/PC ¼ 20/80/00. The SAXS intensity curves are

shifted for clarity. (b) Gaussian curvature obtained at different P/L molar

ratios for PS/PE/PC ¼ 20/80/00. (c) Phase diagram for the cyc-R4

peptide–lipid system as a function of lipid composition and peptide/lipid

molar ratios. The symbols denote the following: La (diamond): lamellar

phase; HII (square): inverted hexagonal phase; C (triangle): Pn3m cubic

phase; and I (cross): form factor.

Fig. 3 Internalization of peptides into MCF7 cells in vitro. MCF7 cells

are incubatedwith lin-R4F2-FITC (a and c) or cyc-R4F2-FITC (b andd) at

10 mM concentration for 5 h without serum. (a and b): three-dimensional

reconstructions of the LSCM images of cells after incubation with lin-

R4F2-FITC (green) and cyc-R4F2-FITC (green), respectively, showing

greater internalization for the latter case; (c and d): the corresponding

differential interference contrast images of (a and b) (scale bar ¼ 40 mm).
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a Pn3m cubic phase (C) (Fig. 2a). Interestingly, the magnitude of

negative Gaussian curvature generated in the membrane can be

quantitatively controlled by the P/L ratio (Fig. 2b). High P/L ratios

induce small lattice constants and consequently more negative

Gaussian curvature per unit cell |K|. By varying peptide/lipid ratios

and lipid compositions, we map out a phase diagram for the mixture

of cyc-R4 and lipidmembranes (Fig. 2c). In order to isolate the effects

of membrane intrinsic curvature from electrostatic effects, we

systematically vary the fraction of DOPE and DOPC while keeping

the fraction of DOPS constant in a tertiary PS/PE/PC membrane, so

that the intrinsic curvature of the membrane is varied without

significantly changing the charge density. As in the case for cell

penetrating peptides, such as HIV TAT, polyR, and ANTP pene-

tratin,11,15,16 we find that the cubic phase is favored for membrane

compositions rich in negative intrinsic curvature lipids (such as PS/

PE/PC¼ 20/80/00), suggesting that they share commonmechanisms,

and indicating that a high local concentration of DOPE is necessary

for peptide induced membrane restructuring. This suggests that lipid

microphase separation is important for forming the high curvatures

needed in pore formation, a behavior that is consistent with recent

mass spectrometry imaging of mating pores in tetrahymena.27

We perform cell uptake experiments in order to test translocation

efficiencies for cyclic peptides across membranes. After incubating

MCF7 cells with lin-R4F2-FITC (Ac-Phe-Phe-Arg-Arg-Arg-Arg-Glu

[Lys(FITC)-NH2]-OAll) and cyc-R4F2-FITC (cyclo{Phe-Phe-Arg-

Arg-Arg-Arg-Glu[Lys(FITC)-NH2]}), which are the FITC-labeled

versions of lin-R4F2 and cyc-R4F2 peptides, respectively, we exam-

ined the cells using laser scanning confocal microscopy (LSCM), as

shown in Fig. 3. The fluorescence intensity from lin-R4F2-FITC

treated cells (Fig. 3a) is significantly weaker than that from cyc-R4F2-

FITC treated cells (Fig. 3b). This suggests that cyc-R4F2-FITC is able

to enter cells more efficiently than lin-R4F2-FITC. In addition, the
6432 | Soft Matter, 2012, 8, 6430–6433
spatial distribution of the fluorescence signal inside theMCF7 cells is

also different between the two peptides, as lin-R4F2-FITC is mostly

located near the membrane periphery, while cyc-R4F2-FITC is

distributed throughout the intracellular environment. The three-

dimensional reconstructions of the LSCM images in Fig. 3b confirm

that the cyclic peptides have translocated to the cell interior, rather

than remaining on the cell surface.

In order to obtain a quantitative and statistical measure of

comparative peptide translocation efficiency, Fluorescence-Acti-

vated Cell Sorting (FACS) was performed with the MCF7 cells

incubated with lin-R4F2-FITC and cyc-R4F2-FITC. Fig. 4 shows

the mean fluorescence intensity of cell populations internalized with

the different peptides. Here, the mean fluorescence intensity repre-

sents the quantitative extent of peptide uptake by each cell pop-

ulation. The result demonstrates a strong increase in the mean

fluorescence intensity for cyc-R4F2-FITC treated cells compared

with lin-R4F2-FITC treated cells, and confirms the trends observed

from the LSCM images and peptide–lipid phase behavior from

SAXS measurements. MTS cell proliferation assays28 confirm that

these peptides are essentially non-cytotoxic under the experimental

conditions (Fig. S1, ESI†).

Negative Gaussian membrane curvature is a necessary ingredient

for membrane permeation. It has been recently shown that genera-

tion of this type of membrane curvature necessitates specific amino

acid compositions in pore forming peptides.11 Arginine can create

negative membrane curvature via induced electrostatic wrapping of

the cationic peptide by anionic cell membranes. However, it can also

create some positive curvature in the perpendicular direction via steric

effects from multidentate hydrogen bonding to bulking lipid head-

groups along the chain, thus resulting in negative Gaussian curva-

ture.16 We have shown that cyc-R4 has an enhanced activity for
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 FACS analysis showing quantitative uptake of peptides into

MCF7 cells, showing the progressive increase from incorporation of

peptide hydrophobicity and cyclicity. Cells are incubated with 5 mM

peptides for 5 h without serum. Error bars represent standard errors of

the mean.
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generating curvature relative to lin-R4. This is consistent with the

higher density presentation of guanidinium groups and to the

reduced conformational freedom in the cyclic arginine peptide. Both

of these effects enhance the crowding of peptide-associated lipid

headgroups. We have also shown that by adding two hydrophobic

phenylalanines to the cyclic peptide, the resultant cyc-R4F2 can

generate more negative Gaussian curvature, which empirically

translates into a higher cell penetrating efficiency from direct

measurement. We hypothesize that the additional hydrophobic resi-

dues reinforce the weak positive curvature generation from short

tracts of arginine, since short polyR does not induce the same degree

of excluded-volume interactions in associated lipid heads as long

polyR.16 This hypothesis is consistent with the well known observa-

tion that insertion of hydrophobic domains into membranes can

result in positive membrane curvature.11,16,29–32 Taken together, these

general principles can potentially guide the design of transporter

sequences for circular peptides.
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