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Abstract

Previous cell-penetrating peptides (CPPs) generally have low cytosolic delivery efficiencies due 

to inefficient endosomal escape. In this study, a family of small, amphipathic cyclic peptides was 

found to be highly efficient CPPs, with cytosolic delivery efficiencies of up to 120% (compared to 

2.0% for Tat). These cyclic CPPs bind directly to the plasma membrane phospholipids and enter 

mammalian cells via endocytosis followed by efficient release from the endosome. Their total 

cellular uptake efficiency correlates positively with the binding affinity for the plasma membrane, 

whereas their endosomal escape efficiency increases with the endosomal membrane-binding 

affinity. The cyclic CPPs induce membrane curvature on giant unilamellar vesicles and budding of 

small vesicles, which subsequently collapse into amorphous lipid/peptide aggregates. These data 

suggest that cyclic CPPs exit the endosome by binding to the endosomal membrane and inducing 

CPP-enriched lipid domains to bud off as small vesicles. Together with their high proteolytic 

stability, low cytotoxicity, and oral bioavailability, these cyclic CPPs should provide a powerful 

system for intracellular delivery of therapeutic agents and chemical probes.
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Many hydrophilic compounds such as proteins, peptides, and nucleic acids (e.g., siRNA) 

possess highly potent and specific biological activities in vitro but cannot be used as 

therapeutic agents or research tools because they are impermeable to the cell membrane. 

A major breakthrough was the discovery in the late 1980s that the highly positively 

charged HIV Tat peptide,47YGRKKRRQRRR57, can translocate across the mammalian 

cell membrane.1,2 Since then, a large family of short peptides (typically 10–30 residues) 

capable of penetrating the cell membrane at low μM concentrations without causing 

significant membrane damage has been identified and collectively called “cell-penetrating 

peptides” (CPPs).3–5 Moreover, the CPPs have been used to deliver hydrophilic cargos 

including small-molecule drugs,6,7 peptides,8–10 proteins,11,12 nucleic acids,13–15 and 

nanoparticles16, 17 into cultured mammalian cells and live organisms. However, further 

progress of the CPP field has been hampered by two major bottlenecks. First, the 

mechanism of cell entry by CPPs is incompletely understood and remains a subject 

of debate. The existing evidence in the literature suggests that at least two different 

mechanisms are operative for Arg-rich CPPs [e.g., nonaarginine (R9) and Tat]. In the first 

mechanism (direct translocation), the cationic CPPs interact with membrane phospholipids 

generating neutral ion pairs, which passively diffuse across the membrane in an energy

independent manner.18–20 In the second mechanism (endocytosis), CPPs bind to cell 

surface receptors (e.g., heparin sulfate) and/or membrane phospholipids and are internalized 

by clathrin-mediated endocytosis,21 caveolae/lipid-raft-mediated endocytosis,22,23 and/or 

receptor-independent macropinocytosis.24,25 It is generally believed that at low CPP 

concentrations, endocytosis is the primary mechanism for cellular uptake, whereas direct 

translocation becomes significant at high CPP concentrations (>10 μM),18 but other factors 

such as the specific sequence of CPP, the cargo size, and the cell type can also affect the 

mechanism as well as the efficiency of cell entry.26,27

The second and perhaps greater bottleneck is the poor endosomal escape efficiency and lack 

of mechanistic understanding of the escape process. CPPs that enter cells by endocytosis are 

initially localized in the early endosomes and in effect still “outside” the cell. To gain access 

to the cytosol or nucleus, the CPPs must translocate across the endosomal membrane. For 
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most of the previous CPPs, endosomal escape is very inefficient, resulting in entrapment of 

most of the “internalized” CPPs inside the endosome and low cytosolic delivery efficiency 

(typically <5%).28,29 Lack of an efficient CPP has in turn hampered the mechanistic study of 

the escape process and therapeutic applications of CPPs. Although several endosomal escape 

mechanisms have been proposed,30 their validity awaits further testing.

We31,32 and others33–35 recently discovered that cyclization of Arg-rich CPPs increase 

their cellular uptake efficiency. In particular, cyclo(FΦRRRRQ) (cFΦR4, where Φ is L-2

naphthylalanine, CPP 1, Table 1) is a highly active CPP, capable of delivering a variety 

of cargo molecules (e.g., small-molecule dyes, peptides, and proteins) into the cytosol of 

mammalian cells with efficiencies 4- to 12-fold higher than that of R9, Tat, and penetratin.32 

In this work, we synthesized a series of cFΦR4 analogs by modifying the peptide sequence 

and/or stereochemistry and examined their cell-penetrating activities. These efforts led 

to several exceptionally active CPPs of greatly improved endosomal escape efficiencies. 

By using these CPPs as tools, we investigated the mechanism of endosomal escape in 

cultured mammalian cells and model membranes. The results allowed us to propose a novel 

mechanistic model for the endosomal escape process.

EXPERIMENTAL SECTION

Materials

Reagents for peptide synthesis and other materials are described in Supporting Information. 

All of the peptides used in this work were purified by reversed-phase HPLC to at least 95% 

homogeneity and their authenticity was confirmed by MALDI-TOF mass spectrometry.

Cell Culture

HeLa, NIH 3T3 and A549 cells were maintained in medium consisting of DMEM, 10% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin. H1299 cells were grown in 

RPMI-1640 supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were 

cultured in a humidified incubator at 37 °C with 5% CO2.

Peptide Synthesis and Labeling

Peptides were synthesized on Rink amide resin LS (0.2 mmol/g) using standard Fmoc 

chemistry. The typical coupling reaction contained 5 equiv of Fmoc-amino acid, 5 equiv of 

2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) 

and 10 equiv of diisopropylethylamine (DIPEA) and was allowed to proceed with mixing 

for 75 min. After the addition of the last (N-terminal) residue, the allyl group on the 

C-terminal Glu residue was removed by treatment with Pd(PPh3)4, phenylsilane (0.1 and 

10 equiv, respectively) in anhydrous DCM (3 × 15 min). The N-terminal Fmoc group 

was removed by treatment with 20% piperidine in DMF and the peptide was cyclized by 

treatment with benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate 

(PyBOP)/HOBt/DIPEA (5, 5, and 10 equiv) in DMF for 3 h. The peptides were deprotected 

and released from the resin by treatment with 82.5:5:5:5:2.5 (v/v) TFA/thioanisole/water/

phenol/ ethanedithiol for 2 h. The peptides were triturated with cold ethyl ether (3x) 

and purified by reversed-phase HPLC on a C18 column. The purity of product (>98%) 
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was assessed by reversed-phase HPLC equipped with an analytical C18 column. The 

authenticity of each peptide was confirmed by MALDI-TOF mass spectrometry. To 

generate fluorescently labelled peptides, an Ne-4-methoxytrityl-L-lysine was added to the 

C-terminus prior to peptide synthesis. After the solid-phase synthesis was complete but 

before cleavage, the lysine side chain was selectively deprotected using 1% (v/v) TFA in 

DCM. The resin was incubated with 5 equiv. of a reactive fluorescent labelling reagent 

(fluorescein isothiocyanate, Lissamine rhodamine B sulfonyl chloride, or naphthofluorescein 

succinimidyl ester) and 5 equiv. of DIPEA in DMF overnight. The labeled peptide was 

deprotected, triturated, purified, and analyzed by MALDI-TOF MS as described above.

Flow Cytometry

HeLa cells were cultured in 12-well plates (1.5 × 105 cells per well) overnight. The cells 

were incubated for 2 h with 5 μM fluorescein isothiocyanate (FITC), rhodamine B (Rho), 

or naphthofluorescein (NF)-labelled peptide in cellular media. At the end of incubation, the 

cells were washed with DPBS twice, detached from the plate with 0.25% trypsin, diluted 

into clear DMEM, pelleted at 250G for 5 min, washed twice with DPBS, resuspended in 

DPBS, and analyzed on a BD FACS LSR II flow cytometer. For the FITC-labelled peptides, 

a 488-nm laser was used for excitation and the fluorescence was analyzed in the FITC 

channel. For the rhodamine-labelled peptides, a 561-nm laser was used for excitation and the 

fluorescence was analyzed in the PE channel. For NF-labelled peptides, a 633-nm laser was 

used for excitation and the fluorescence emission was analyzed in the APC channel.

Confocal Microscopy

One mL of HeLa cell suspension (~5 × 104 cells) was seeded in a 35-mm glass-bottomed 

microwell dish (MatTek) and cultured overnight. For end-stage imaging, cells were gently 

washed with DPBS twice and treated for 2 h with Rho- or FITC-labelled peptides 

(5 μM) in phenol-red free, HEPES supplemented DMEM containing 1% FBS in the 

presence or absence of fluorophore-labeled dextran. After removal of the medium, the 

cells were gently washed with DPBS twice and imaged on a Nikon A1R live-cell confocal 

equipped with 100× oil objective or a Visitech Infinity 3 Hawk 2D-array live cell confocal 

microscope equipped with 60× oil objective. Data were analyzed using NIS-Elemenets AR 

or MetaMorph Premier.

Fluorescence Polarization (FP) Analysis of CPP Binding to SUVs

A typical FP experiment involved incubating 100 nM fluorescently labeled peptide with 

varying concentrations of SUV solutions (0–7 mM) in DPBS for 2 h at room temperature. 

The FP values were measured on a Tecan Infinite M1000 PRO microplate reader, with 

excitation and emission wavelengths at 470 and 535 nm, respectively, for fluorescein or 530 

and 580 nm for rhodamine. EC50 values were determined by plotting the FP values as a 

function of phospholipid concentrations and fitted to a four-parameter logistic curve with 

GraphPad PRISM ver.6 software.
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Apparent Endosomal Escape Efficiency

The apparent endosomal escape efficiency of each peptide, relative to that of CPP 1, was 

calculated using equation:

γ = (MFIIDNF/MFIIDRho)/(MFI1NF/MFI1Rho) × 100% .

Giant Unilamellar Vesicles (GUVs)

GUVs mimicking the endosomal membrane [50% phosphatidylcholine (PC), 

20% phosphatidylethanolamine (PE), 10% phosphatidylinositol (PI), 20% 

bis(monooleoylglycero)phosphate (BMP), and 0.5% TopFluor-cholesterol (where 

indicated)] were electroformed. GUVs were harvested, resuspended with 0.5 mg ml−1 

Lucifer Yellow (where indicated) at pH 7 or pH 5 and imaged within 4 h. Where indicated, 

CPP peptides were added and images were obtained continually for 20 min or at 60 min 

post-addition for end-point imaging. Imaging was performed on a Leica SP2 confocal 

microscope using a 63× objective.

RESULTS

Structural Variation of cFΦR4 Produces Cyclic CPPs of Improved Efficiency

To gain insights into the structure-activity relationship (SAR) of cyclic CPPs and to 

potentially obtain CPPs of improved efficiencies, we modified the structure of cFΦR4 

(Table 1, peptide 1) by varying its amino acid sequence (Table 1, peptides 2–4 and 14–17), 

length (peptides 5–8), stereochemistry (peptides 9, 13, and 18), or a combination of the 

above (peptides 10, 11, and 12). Each peptide also contained an additional lysine on the 

Gln side chain and was labeled at the lysine side chain with fluorescein isothiocyanate 

(FITC) (Figure S1A in Supporting Information). HeLa cells were incubated with 5 μM 

FITC-labeled peptides for 2 h and their cellular uptake efficiencies were assessed by flow 

cytometry analysis (Table 1). All 17 cFΦR4 analogs are functional CPPs, with activities 

higher than that of Tat and R9 and 11 of them are more active than cFΦR4. Inspection of 

the 18 cyclic CPPs and their uptake efficiencies revealed several important trends. First, 

a combination of two aromatic hydrophobic and three arginine residues is sufficient to 

generate a functional CPP (e.g., peptide 5), but the uptake efficiency depends critically on 

its actual sequence (e.g., compare peptides 1–4). Further addition of arginine or hydrophobic 

residues may either increase (e.g., compare peptides 1 and 5–7) or decrease the CPP activity 

(e.g., compare peptides 3 and 8), depending on the specific sequence of the resulting 

CPP. Second, the stereochemical configuration of the arginine and hydrophobic residues 

greatly impacts the CPP activity, as illustrated by the 6-fold difference in activity between 

diastereomers cFΦR4 and peptide 9 [cyclo(fΦRrRrQ), where f is D-phenylalanine and 

r is D-arginine]. Similarly, peptides 11 and 12 are 3- to 6-fold more active than their 

stereoisomers 6 and 7, respectively (Table 1). Peptides 9 and 18 are a pair of enantiomers 

and yet have different CPP activities (by 3-fold). These results clearly demonstrate that, like 

the previous observations with other CPPs,36–38 proper spatial arrangement of the arginine 

and hydrophobic side chains is critical for obtaining highly efficient cyclic CPPs.
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Cyclic CPPs Enter Cells via Endocytosis and Display Low Cytotoxicity

We previously showed that cFΦR4 binds directly to the plasma membrane phospholipids, 

enters cells via endocytosis, and escapes from the early endosome into the cytosol.32 

To determine whether the improved cyclic CPPs also enter cells by endocytosis, we 

selected two of the most active CPPs, 9 and 12, labeled them with the pH-insensitive 

dye rhodamine B (Rho), and monitored their entry into HeLa cells by flow cytometry at 

different temperatures or under ATP-depleted conditions (by treatment with sodium azide 

and 2-deoxyglucose). Energy depletion decreased the total cellular uptake efficiency of 

CPPs 1, 9, and 12 by ~80%, while incubation at 4 °C almost completely blocked their 

cellular entry (≥95% reduction; Figure S2A). We also treated HeLa cells with 3 μM FITC

labeled CPP 9 and monitored the intracellular fluorescence by live-cell confocal microscopy 

over a 2-h period (Figure 1A and Video S1 in SI). Approximately 20–30 min after the 

addition of the CPP, mobile fluorescence puncta emerged inside the cells. At ~60 min, 

diffuse fluorescence became clearly visible, along with the fluorescence puncta. After 90 

min, diffuse fluorescence began to dominate the cell interior and finally at 2 h, the cells were 

almost uniformly labeled with green fluorescence. Remarkably, the CPP 9-treated cells (at 

2 h) exhibited stronger fluorescence than the surrounding growth medium, indicating that 

CPP 9 was actively transported into the cells, causing its concentration inside the cells. To 

ascertain that the diffuse fluorescence was not a result of photo-induced internalization39 

caused by repeated exposure to the laser light during confocal imaging, we treated HeLa 

cells under the same conditions and imaged only once after the 2-h incubation period. The 

same diffuse intracellular fluorescence pattern was observed (Figure 1B). In contrast, HeLa 

cells treated with 3 μM FITC-labeled Tat for 2 h showed only weak, punctate fluorescence 

inside the cells (Figure 1C). Taken together, the above observations strongly suggest that 

CPPs 1, 9, and 12 all enter cells through endocytosis followed by endosomal release, 

although minor contributions by other mechanisms cannot be ruled out.

CPPs 1, 9, and 12 were also tested for potential cytotoxicity against four different cell lines 

(HeLa, NIH 3T3, and lung cancer A549 and H1299 cells) by the MTT assay. No significant 

cytotoxicity was observed against any of the cells at 50 μM CPP (Figure S2B in SI).

Quantitation of Endosomal Escape and Cytosolic Delivery Efficiencies

The data in Table 1 do not inform what fraction of the “internalized” CPPs reached the 

cytosol. To quantitate the cytosolic entry of CPPs, we employed a pH-sensitive fluorophore, 

naphthofluorescein (NF), as the reporter.40 With a pKa of ~7.8, NF is almost completely 

protonated and non-fluorescent (when excited at ≥590 nm) under acidic conditions, such as 

inside the endosomes (pH≤6.0). When an NF-labeled CPP escapes from the endosomes into 

the cytosol (pH~7.4), the large increase in fluorescence intensity is conveniently quantified 

by flow cytometry analysis. Similarly, the total cellular uptake (in both endosomes and 

cytosol) can be determined by labeling the CPP with a pH-insensitive dye such as Rho. 

Comparison of the two fluorescence intensity values allows for a quantitative assessment of 

the endosomal escape efficiency.

We selected CPPs 1, 2, 4, 7, 9, 11, and 12, which have varying levels of cellular 

uptake efficiencies (Table 1), for further quantitative assessment. Linear CPPs Tat, R9, 
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and miniature protein 5.3, which was previously reported to have unusually high cytosolic 

delivery efficiency,41,42 were used as controls. To quantitate the total cellular uptake, each 

of the 10 CPPs was labeled with Rho through a flexible, hydrophilic linker (miniPEG) to 

minimize any effect of the dye on the CPP activity (Figure S1B). HeLa cells were treated 

with 5 μM labeled CPP for 2 h at 37 °C and then analyzed by flow cytometry. The CPPs 

produced mean fluorescence intensity (MFI) values ranging from 32% to 278% relative to 

cFΦR4 (which is defined as 100%; Table 2). Among the 10 CPPs tested, CPP 11 was taken 

up most efficiently by the cells (2.8-fold better than cFΦR4). CPPs 9 and 12 both entered 

cells 1.5-fold more efficiently than cFΦR4. Notably, the miniature protein 5.3 was taken 

up by HeLa cells only 1.2-fold better than cFΦR4, whereas Tat and R9 were ~2-fold less 

efficiently than cFΦR4.

Next, to quantitate the cytosolic (and nuclear) delivery efficiencies, the 10 CPPs were 

similarly labeled with NF, again via a flexible miniPEG linker (Figure S1C). HeLa cells 

were incubated with the NF-labeled peptides (5 μM) for 2 h at 37 °C and analyzed 

by flow cytometry. cFΦR4 showed 10- and 5-fold higher cytosolic entry than Tat and 

R9, respectively (Table 2), in excellent agreement with the previous data determined by 

other methods.40 Also in agreement with the report of Schepartz and co-workers who 

directly measured the cytosolic concentrations of several peptides/proteins by fluorescence 

correlation spectroscopy,42 the miniature protein 5.3 is a remarkably active CPP, having a 

cytosolic entry efficiency 7.7-fold higher than that of cFΦR4 (or 78-fold better than Tat). 

Among the cyclic CPPs tested, 9, 11, and 12 have 3.1-, 2.5-, and 6.0-fold higher cytosolic 

entry efficiencies, respectively, than cFΦR4, whereas CPPs 2, 4, and 7 are less effective. 

By comparing the total cellular uptake (MFIRho) and cytosolic entry efficiencies (MFINF), 

we calculated the apparent endosomal escape efficiencies of the 10 CPPs, relative to that of 

cFΦR4 (which is defined as 100%; Table 2). The results show that while miniature protein 

5.3 is highly efficient in endosomal escape (6.3-fold better than cFΦR4), Tat and R9 are 

not (4.3- and 2.5-fold, respectively, less efficient than cFΦR4). Cyclic CPPs 9 and 12 have 

substantially improved endosomal escape efficiencies relative to cFΦR4 (2.0- and 4.0-fold, 

respectively). In contrast, CPP 11 has the most efficient initial uptake (2.8-fold higher than 

cFΦR4) but exits the endosome less effectively (0.89-fold relative to cFΦR4). Finally, we 

determined the absolute cytosolic delivery efficiencies (defined as the ratio of cytosolic 

over extracellular CPP concentration) for the 9 CPPs by using the previously reported 

value for Tat [2.0%, which was experimentally determined by fluorescence correlation 

spectroscopy42] as a reference and the relative cytosolic entry efficiencies derived from this 

work (Table 2). Thus, R9 has a cytosolic delivery efficiency of 4.0%, in agreement with 

the previously reported value of 4.4%.42 Miniature protein 5.3 has an efficiency of 156%, 

compared to the reported value of 50% (see below). The 7 cyclic CPPs have cytosolic 

delivery efficiencies ranging from 7.5% (CPP 2) to 121% (CPP 12) (Table 2).

To confirm the flow cytometry results, we examined HeLa cells that had been treated 

with the Rho-labelled CPPs (5 μM for 2 h) by live-cell confocal microscopy (Figure 2). 

As expected, R9 produced predominantly punctate fluorescence in the cytoplasmic region, 

consistent with its marginal endosomal escape efficiency (Table 2). In a stark contrast, 

cells treated with CPPs 9 and 12 showed intense and predominantly diffuse fluorescence 
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throughout the entire cell volume, suggesting that the CPPs efficiently exited the endosomes. 

In the case of CPP 12, strong accumulation in the nuclear region was observed, likely 

caused by binding of CPP 12 to nucleic acids in the nucleoli. Cells treated with cFΦR4 

or CPP 7 displayed both punctate and diffuse signals in the cytoplasmic region as well 

as readily visible fluorescence in the nuclear region, as would be expected from their 

intermediate endosomal escape efficiencies. CPPs 2 and 4 resulted in overall weaker and 

predominantly punctate fluorescence in the cytoplasmic region. CPP 11 showed intense 

fluorescence signals (including puncta) in the cytoplasmic region but relatively weak signal 

inside the nucleus, a pattern consistent with efficient endocytic uptake followed by less 

efficient endosomal escape. Similar results were obtained when the confocal microscopic 

experiments were repeated with the FITC-labeled CPPs (Figure S3). We found that while 

miniature protein 5.3FITC was distributed throughout the cell volume, indicating a facile 

endosomal escape process,41 strong binding and localization of 5.3FITC to the plasma 

membrane and intracellular organelles was evident (Figure S3). This may explain the 

different cytosolic delivery efficiencies determined by the two different methods (156% 

vs 50%; Table 2). The membrane-bound 5.3 can be detected by flow cytometry but not by 

fluorescence correlation spectroscopy, which monitors the diffusion of a fluorophore into 

and out of a small cytoplasmic volume.42

Total Cellular Uptake Efficiency Correlates with Plasma Membrane Binding

The mechanism of cyclic CPP uptake (i.e., binding to the plasma membrane phospholipids 

followed by endocytosis) predicts a positive correlation between the total cellular uptake 

efficiency and the binding affinity to the plasma membrane. To test this hypothesis, 

we prepared small unilamellar vesicles (SUVs) that mimic the plasma membrane of 

mammalian cells [45% phosphatidylcholine (PC), 20% phosphatidylethanolamine (PE), 

20% sphingomyelin, and 15% cholesterol; SUV1] and measured the binding affinity of the 

10 Rho-labeled CPPs in Table 2 for SUV1 by fluorescence polarization (FP) (Figure 3A). 

The miniature protein 5.3Rho bound most tightly, with an EC50 value (lipid concentration 

at which half of the CPP is bound) of 13.7 μM (Table 2). The seven cyclic CPPs bound to 

SUV1 with EC50 values of 169–2060 μM. R9 bound only weakly, with an EC50 value of 

>5000 μM, while Tat showed no significant binding.32 A plot of the total cellular uptake 

efficiency against the plasma membrane binding affinity (1/EC50) showed a roughly linear 

correlation between the two variables for R9 and the cyclic CPPs, but not for Tat or 5.3 
(Figure 3B). Note that a number of other factors (e.g. binding to cell-surface proteoglycans 

or serum proteins) may affect the total cellular uptake efficiency. Tat and R9 have previously 

been shown to bind with high affinity to the cell surface proteoglycans and are subsequently 

internalized by endocytosis.43

Endosomal Escape Efficiency Correlates with Endosomal Membrane Binding

To test whether there is a similar correlation between the endosomal escape efficiencies 

of CPPs and their binding affinities to the endosomal membrane, we prepared SUVs 

that mimic the late endosomal membrane of mammalian cells [50% PC, 20% PE, 10% 

phosphatidylinositol (PI), and 20% bis(monooleoylglycero)phosphate (BMP);44 SUV2] and 

examined their interaction with the Rho-labeled CPPs (Figure 3C). Compared to SUV1, the 

cyclic CPPs bound to the negatively charged SUV2 with much higher affinities, having EC50 
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values of 16–250 μM (Table 2). Again, miniature protein 5.3Rho bound most tightly to SUV2 

(EC50 = 7.8 μM), while Tat showed the weakest binding (EC50 = 2580 μM). Remarkably, 

for all 10 CPPs tested in this study, their endosomal escape efficiency increased linearly 

with the endosomal membrane-binding affinity (1/EC50) (Figure 3D). To mimic the acidic 

environment in late endosomes, we also determined the binding affinities of the 10 CPPs for 

SUV2 at pH 5.5. All of the CPPs bound to SUV2 with increased affinities compared to the 

neutral pH (Table S1). These results strongly suggest that physical interaction between CPPs 

and the endosomal membrane phospholipids is a critical step during the endosomal escape 

process.

Cyclic CPPs Do Not Cause Endosomal Membrane Leakage

The proposed mechanisms for CPP release from the endosome often invoke the destruction 

of or pore formation on the endosomal membrane.30 To test whether cyclic CPPs cause 

endosomal membrane leakage, HeLa cells were treated with an endocytosis marker, Rho

labeled dextran (dextranRho), in the absence and presence of 5 μM FITC-labeled cyclic CPP 

12 and the intracellular distribution of dextranRho was examined by confocal microscopy. 

While CPP 12 generated strong, diffuse fluorescence throughout the cell, indicating that a 

significant fraction of CPP 12 had escaped from the endosome into the cytosol, dextranRho 

remained mostly entrapped inside the endosomes as evidenced by its punctate fluorescence 

in the cytoplasmic region (Figure S4A). Similar results were obtained with all other cyclic 

CPPs examined (Figure S3). We also treated HeLa cells with NF-labeled R9 in the absence 

and presence of unlabeled CPP 12 and quantitated the cytosolic entry of R9
NF by flow 

cytometry. The presence of 5 μM CPP 12 had minimal effect on the cytosolic entry of R9
NF 

(Figure S4B). Finally, we generated LUVs that mimic the late endosomal membrane, loaded 

them with the small-molecule dye calcein, and tested whether the cyclic CPPs could disrupt 

the LUV membrane causing the release of calcein from the vesicles. While the addition 

of 1% Triton X-100 (a positive control) resulted in rapid and complete release of the dye 

(100%), cyclic CPPs 1, 9, and 12 (each at 20 μM) resulted in 10–20% dye release over a 

30-min period (Figure S4C). As a comparison, R9 and penetratin caused 1 and 23% dye 

release, respectively, under the same conditions. These results strongly argue against the 

endosomal lysis and pore forming mechanisms, either of which would have caused rapid 

release of dextranRho and R9
NF into the cytosol. The small amount of CPP-induced calcein 

release from the LUVs is likely caused by budding and collapsing of small vesicles (see 

below).

Cyclic CPPs Induce Vesicle Budding In Vitro

We chose CPP 12 and giant unilamellar vesicles (GUVs) as a model system to examine the 

effect of cyclic CPPs on the endosomal membrane structure by confocal microscopy. GUVs 

that mimic the late endosomal membrane in phospholipid composition were generated by 

electroformation at pH 7, with 0.5% BODIPY-labeled cholesterol added as a membrane 

marker (Figure 4A). After the GUVs had been formed, Lucifer yellow was added to the 

external solution to monitor the GUV membrane integrity. Lowering the external pH to 

5.0 had little effect on the GUV structure. However, incubation of the GUVs with 5 μM 

CPP 12 for 1 h (at pH 7) resulted in a general reduction in the GUV sizes and formation 

of very small vesicles, apparently as a result of vesicle fission (Figure 4A). Most of the 
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vesicles (~90%) had no visible Lucifer yellow fluorescence inside their lumen, suggesting 

that CPP 12 did not disrupt the membrane integrity of these vesicles or that of the progenitor 

GUVs. The remaining vesicles (~10%) contained a spectrum of Lucifer yellow fluorescence 

intensities inside the lumen, from similar brightness to the external solution to barely 

detectable (Figure S5). When the experiment was carried out at an external pH of 5.0, 

the fission and reduction in GUV sizes were more dramatic. In addition, many small, 

amorphous, and intensely fluorescent aggregates (green) were formed (Figure 4A part III). 

These aggregates contained a mixture of phospholipids, cholesterol, and CPP 12, since they 

were intensely fluorescent when any of the three components was fluorescently labeled (data 

not shown). Finally, increasing the CPP 12 concentration to 20 μM (at pH 5.0) resulted in 

the total disappearance of the GUVs and the formation of very small vesicles (<1 μm in 

diameters) as well as numerous lipid/cholesterol/peptide aggregates (Figure 4A part IV). 

Again, most of the small vesicles contained no detectable Lucifer yellow inside. Similar 

results were observed with cFΦR4 and CPP 9 (data not shown).

To glimpse the intermediate events during the GUV structural changes, we incubated GUVs 

under milder conditions (e.g., 5 μM CPP 12 and at pH 7) and obtained confocal images at 

various time points (0 to 60 min). Four main types of intermediate lipid structures/events 

were observed. A common event involved outward budding of small vesicles from the 

GUV membrane (Figure 4B part I and V). The newly budded vesicles did not contain 

Lucifer yellow in their lumen. Another common event was the formation of amorphous 

aggregates outside the GUVs as described above (Figure 4B part II). In fact, the budding 

and aggregation events are usually coupled (Figure 4B part III). Although relatively less 

frequent, formation of lipid aggregates inside the GUV lumen (Figure 4B part IV and 

S6A) and inward budding of vesicles (Figure 4B part V and S6B) were also observed. 

Inward budding resulted in the formation of intraluminal vesicles (ILVs) filled with Lucifer 

yellow. We noticed that some of the ILVs did not contain Lucifer yellow, likely because 

they were formed during GUV electroformation (i.e., prior to the addition of Lucifer 

yellow). It appears that the membrane integrity of the GUVs was maintained during all 

of these intermediate events, as no Lucifer yellow fluorescence was detectable inside the 

lumen of the GUVs. The varying levels of Lucifer yellow inside the small percentage of 

vesicles (Figure S5) were likely caused by inward budding and subsequent collapsing of 

the ILVs and/or the coupled inward budding/aggregation events. The presence of green 

fluorescence puncta inside some of these vesicles (which likely reflect lipid/cholesterol/

peptide aggregates) is consistent with the above scenario. Outward budding and vesicle 

collapsing would result in the release of a small amount of calcein from the LUVs upon 

treatment with cyclic CPPs (Figure S4C).

We next mixed GUVs (unlabeled) with 20 μM FITC-labeled CPP 12 at pH 5.0 and imaged 

the GUVs by confocal microscopy at 2-s intervals for a period of 5 min. Upon mixing, 

CPP 12 immediately bound to the GUV membrane, which became intensely fluorescent 

(Figure 4C, t = 0 s and Video S2 in SI). Initially, CPP 12 was uniformly distributed 

over the entire GUV membrane. However, at 228 s, the membrane-bound CPPs started to 

cluster together forming multiple highly fluorescent foci on the GUV membrane. Over time, 

some of these foci turned into small membrane buds, with the CPP concentrated at the 
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regions of increased membrane curvature (Figure 4C, t = 230 s). Some of the membrane 

buds eventually progressed into budding vesicles, which subsequently pinched off the GUV 

membrane (Figure 4C, t = 238 and 240 s). Immediately before pinching off, the CPP was 

concentrated at the narrow neck that connects the budding vesicle and the GUV membrane 

(Figure 4D and S6C). Compared to budding off of intact vesicles, a more frequent event 

involved budding vesicles collapsing at the site of budding and the formation of lipid/CPP 

aggregates at the GUV surface (Figure 4D and Video S3 in SI). Again, immediately before 

the vesicles collapsed, the CPP was concentrated at the GUV/bud interface. The budded 

vesicles and the aggregates were greatly enriched in the CPP content relative to the GUV 

surface, which gradually became depleted in CPP content and barely visible under the 

imaging conditions. Concomitantly, the GUVs experienced profound structural changes, as 

their membranes became much more fluidic and flexible.

Cyclic CPPs Are Orally Bioavailable

The excellent proteolytic stability of small cyclic peptides and the high membrane 

permeability of the cyclic CPPs suggest that they may be orally bioavailable. We thus 

performed preliminary studies on the pharmacokinetic (PK) properties of cFΦR4 and 

CPP 9. Figure 5 shows the plasma concentration versus time curves of cFΦR4 in mice 

following intravenous injection (IV) and oral gavage (PO) at 1.5 and 40 mg kg−1 doses, 

respectively. Non-compartmental analysis of the mouse PK data demonstrated a plasma 

elimination half-life of ~1 h, a total plasma clearance of 0.08 ml min−1, and a terminal 

volume of distribution of 7.51 ml (Table S2). These data suggest that cFΦR4’s distribution 

is limited to approximately total body water but greater than the extracellular fluid.45 CPP 

plasma clearance values are much lower than mouse hepatic and renal blood flow (1.8 

and 1.3 ml min−1, respectively) but approach glomerular filtration rates (0.25 ml/min). 

These results suggest that cFΦR4 can penetrate the intracellular space in vivo, consistent 

with its in vitro properties. Remarkably, when given orally at a dosage of 40 mg kg−1, a 

maximal plasma concentration (Cmax) of 3.2 μM was achieved within the first hour after 

administration and resulted in 4% oral bioavailability for cFΦR4. CPP 9 demonstrated 

similar oral bioavailability (data not shown).

DISCUSSION

In this study, structural variation of cFΦR4 resulted in a family of cyclic CPPs that are 

up to 60-fold more active than Tat and R9, two of the most active and widely used 

CPPs. With cytosolic delivery efficiencies of 62–120%, CPP 9 and 12 represent, to our 

knowledge, the most active CPPs reported to date. The only other system having a similar 

level of efficiency is the 36-residue miniature protein 5.3 (156%) reported by Schepartz and 

co-workers.41,42 For both cyclic CPPs and the miniature protein, the high cytosolic delivery 

efficiency is primarily the result of a vastly improved endosomal escape process. Compared 

to conventional CPPs and miniature protein 5.3, which are linear peptides comprising of 

proteinogenic amino acids, the cyclic CPPs are much more stable against proteolysis due 

to conformational rigidity. Indeed, CPPs 1 and 9 demonstrated oral bioavailability, making 

them the first validated examples of orally bioavailable CPPs. The 4% bioavailability (for 

cFΦR4) is much higher than that of most orally administered peptidyl drugs currently on the 
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market (generally <1–2%).46 Further studies are required to characterize the precise means 

of CPP elimination and evaluate potential relationships between in vitro properties and in 
vivo oral absorption. These features should make the cyclic CPPs an excellent scaffold for 

therapeutic as well as research applications.

We have previously established that cFΦR4 binds directly to the plasma membrane 

phospholipids and enters mammalian cells by endocytosis.32 The greatly reduced cellular 

uptake of other cyclic CPPs at 4 °C or under energy-depletion conditions suggests that they 

also enter cells by the same endocytic mechanisms. This, of course, raises the question 

of how they exit the endosome, a major unsolved issue in the CPP field. Previously 

proposed mechanisms generally involved some form of endosomal membrane disruption, 

ranging from total destruction of the endosome [e.g., proton sponge effect] to transient 

pore formation.29,30 However, these mechanisms cannot explain all of the experimental 

observations. For example, complete destruction of the endosomal compartment would 

result in significant toxicity, but most of the Arg-rich CPPs (including cyclic CPPs) 

have been found to be relatively nontoxic to cultured cells. Disruption of the endosomal 

membrane would also increase the release of endocytosis markers such as dextranRho or 

R9
NF, which was not observed with cyclic CPPs (Figure S3 and S4). While formation of 

transient pores or inverted micelles may allow the release of CPPs alone or CPPs conjugated 

to small-molecule cargos, efficient release of CPPs conjugated to macromolecular cargos 

such as proteins would be more challenging.

The availability of CPPs with high as well as varying levels of endosomal escape efficiencies 

provided us a unique opportunity to investigate the mechanism of endosomal release. The 

results of these studies allowed us to propose an alternative endosomal release mechanism, 

in which the CPPs bind directly to the luminal side of the endosomal membrane, inducing 

membrane curvature and budding of the CPP-enriched lipids as small vesicles (Figure 6). 

During a budding process, the budding neck involves severe membrane distortion (i.e., 

formation of acute negative Gaussian curvatures) and represents the highest-energy state 

(the “transition state”).47 By selectively binding to the budding neck, the CPPs reduce the 

energy barrier and accelerate the rate of the budding event. Endosomal acidification further 

facilitates this budding event by increasing the binding affinity of arginine-rich CPPs for 

the membrane (Table S1). After budding off the endosomal membrane, the small vesicles 

presumably become less stable as the pH gradient across their membrane dissipates (we 

assume that the proton pumps are not sorted to the small vesicles) and collapse to release 

the luminal contents into the cytosol. pH gradients generated across artificial membranes 

last for minutes to hours depending on the lipid composition,48 indicating that protons 

move across lipid bilayers rather easily. Late endosome membrane is rich in negatively 

charged lipid BMP which, together with PI, should further enhance the binding of cationic 

CPPs to the endosomal membrane (Table 2, SUV2), thereby facilitating vesicle budding 

as well as concentrating the CPPs to the budding vesicles (Figure 4). Note that budding 

into the endosome (i.e., formation of multivesicular bodies) as well as outward budding 

from the endosome are well-established phenomena.49–51 By synchrotron small angle X-ray 

scattering analysis, Zhao et al. have previously shown that our cyclic CPPs are effective 

in generating negative Gaussian curvatures on artificial membranes.52 The cyclic CPPs 

differ from classical CPPs (e.g., Tat and R9) by containing both arginine and hydrophobic 

Qian et al. Page 12

Biochemistry. Author manuscript; available in PMC 2021 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



residues, both of which are critical for the CPP activity and formation of negative Gaussian 

curvatures.31,51 It was hypothesized that insertion of the hydrophobic side chains in between 

phospholipid molecules generates positive curvatures, whereas the bidentate hydrogen-bond 

interactions between the guanidinium groups and the lipid phosphates induce negative 

curvatures.53 It should be noted that our GUV studies involved adding CPPs to the external 

solution, whereas during endosomal escape, the CPP is inside the endosome (at least at the 

beginning). Our attempts to generate GUVs loaded with cyclic CPPs were unsuccessful. We 

note that the negative Gaussian curvature at the budding neck is symmetrical and predict that 

addition of CPPs to the luminal solution would similarly stabilize the budding neck structure 

and induce both outward and inward budding events. In this regard, an amphipathic peptide 

derived from the influenza virus M2 protein has previously been shown to generate negative 

Gaussian curvature on artificial membranes54 and induce both inward and outward budding 

of small vesicles from GUVs.47 Penetratin was also reported to cause the “fragmentation” 

of GUVs into smaller vesicles and the formation of lipid/peptide aggregates on both the 

outside and inside surfaces of GUVs.55–58 In vitro generation of a pH gradient across an 

LUV membrane (acidic inside) was shown to be sufficient to drive certain CPPs across 

phospholipid bilayers, indicating that endosomal escape can occur in the absence of other 

cellular machinery such as proteins.48,59

Our model is consistent with all of the experimental observations to date. It readily 

explains how large protein cargos attached to CPPs can exit the endosome in their native 

states.12,32 It also explains why most CPPs have minimal toxicity to cultured mammalian 

cells, since their release via vesicle budding does not compromise the integrity of the 

endosomal membrane (Figure 4). Our model predicts that peptides with higher binding 

affinity for the endosomal membrane would have greater endosomal release efficiency, 

which is exactly what we observed experimentally (Figure 3C, D). Our model explains why 

cyclic peptides are particularly effective CPPs whereas the corresponding linear peptides are 

not,31 because the entropic advantage associated with the more rigid structures of cyclic 

peptides allows them to bind to the fluidic membrane phospholipids more tightly than 

their linear counterparts. We previously observed that for endocyclic delivery of peptidyl 

cargos by cFΦR4, the delivery efficiency decreased dramatically as the cargo size (and thus 

the ring size) increased.31 Presumably, the larger rings are more conformationally flexible 

and bind to both plasma and endosomal membranes with lower affinities. It provides a 

simple explanation for the SAR of cyclic CPPs. The cyclic CPPs in Table 1 differ from 

each other by having different number of arginine/hydrophobic residues and/or different 

spatial orientation of the residues. Consequently, they bind to the plasma and endosomal 

membranes with different affinities and have different initial uptake and endosomal escape 

efficiencies. Since the correlation between endosomal escape efficiency and endosomal 

membrane-binding affinity applies to Tat, R9, cyclic CPPs, and the miniature protein 5.3, 

we hypothesize that the vesicle budding mechanism is operative for most (if not all) CPPs 

that enter cells by endocytosis. In fact, our model provides a plausible explanation for 

the different time points at which CPPs exit the endosome. cFΦR4 and 5.3 can exit from 

the early endosome because they bind to the endosomal membrane with sufficient affinity 

under neutral pH and do not require the acidic pH of the late endosome for membrane 

binding and vesicle budding.32,41,42 In contrast, Tat does not bind the early endosomal 
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membrane tightly enough at neutral pH and therefore cannot exit from the early endosome. 

When the pH reaches 4.5–5.5 in late endosomes, Tat gains sufficient membrane binding 

and induces vesicle budding. R9 binds to the endosomal membrane with an intermediate 

affinity between those of cFΦR4/5.3 and Tat and thus exits the endosomal pathway later 

than cFΦR4/5.3 do but earlier than Tat does.32,41,42 Finally, it has not escaped our attention 

that, at sufficiently high concentration and under proper conditions, CPPs may operate on 

the plasma membrane by the same mechanism, resulting in their immediate availability in 

the cytosol (i.e. direct translocation18–20, 60–64). Thus, vesicle budding and/or membrane 

aggregation may represent a unifying mechanism for all CPPs.

In conclusion, we have discovered a family of exceptionally active and metabolically stable 

cyclic CPPs and elucidated their mechanism of cellular entry. Coupled with their low 

cytotoxicity and ease of preparation, these cyclic CPPs should provide a very useful class 

of general membrane transporters for cytosolic delivery of chemical probes and therapeutic 

agents.
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Figure 1. 
(A) Live-cell confocal microscopic images of HeLa cells after treatment with 3 μM FITC

labeled CPP 9 for indicated periods of time at 37 °C (0–120 min with images taken at 3-min 

intervals). (B) Same as (A) but imaged only once after 2 h incubation at 37 °C. (C) HeLa 

cells after treatment with 3 μM FITC-labeled Tat for 2 h at 37 °C. I, FITC fluorescence; II, 

DIC.
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Figure 2. 
Intracellular distribution of R9 and representative cyclic CPPs. HeLa cells were treated with 

Rho-labeled CPP (5 μM each) for 2 h at 37 °C, washed, and imaged by live-cell confocal 

microscopy (without fixation). Scale bars indicate 20 μm.
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Figure 3. 
Correlation between membrane binding affinity and total cellular uptake and endosomal 

escape efficiency. (A) Binding of Rho-labeled CPPs (100 nM each) to SUVs that mimic 

the plasma outer membrane (SUV1) as monitored by FP assay. (B) Plot of relative total 

cell uptake efficiency (relative to that of cFΦR4, 100%) against the binding affinity to 

SUV1 (1/EC50). (C) Binding of Rho-labeled CPPs (100 nM each) to SUVs that mimic 

the endosomal membrane (SUV2) as monitored by FP assay. (D) Plot of relative apparent 

endosomal escape efficiency (relative to that of cFΦR4, 100%) against the binding affinity to 

SUV2 (1/EC50).
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Figure 4. 
Cyclic CPPs induce membrane budding in vitro. (A) GUVs mimicking the late endosomal 

membrane composition (with 0.5% of fluorescein-labeled cholesterol) were incubated for 1 

h under the indicated conditions in the presence of 0.5 mg ml−1 of Lucifer yellow (shown in 

red) and imaged by confocal microscopy. Top panel, images from the FITC channel; bottom 

panel, images from the Lucifer yellow channel. (B) Images of representative GUV structures 

derived from the experiments in (A). Top panel, images observed from the FITC channel; 

bottom panel, images observed from the Lucifer yellow channel or the overlap of the above 
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two (part V). Arrows indicate the nascent vesicles and/or lipid-peptide aggregates formed. 

(C and D) Time lapse images of outward budding/aggregation events upon suspension 

of GUVs (without fluorescein-labeled cholesterol) in a buffer (pH 5) containing 20 μM 

FITC-labeled CPP 12. All scale bars indicate 10 μm.
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Figure 5. 
Pharmacokinetic properties of cFΦR4. Plasma concentrations versus time for cFΦR4 after 

oral administration of 40 mg kg−1 in PBS versus 1.5 mg kg−1 IV route to mice.
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Figure 6. 
Proposed mechanism of CPP uptake and endosomal escape.
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Table 1

Sequences and cellular uptake of CPPsa

CPP Peptide Sequence
Cellular Uptake
(MFIFITC, %)

1 cyclo(FΦRRRRQ) 100 ± 6

2 cyclo(RRΦFRRQ) 47 ± 10

3 cyclo(RRFRΦRQ) 163 ± 29

4 cyclo(FRRRRΦQ) 59 ± 8

5 cyclo(FΦRRRQ) 97 ± 2

6 cyclo(FΦRRRRRQ) 184 ± 47

7 cyclo(FFΦRRRRQ) 113 ± 6

8 cyclo(RFRFRΦRQ) 98 ± 4

9 cyclo(fΦRrRrQ) 602 ± 77

10 cyclo(rRFRΦRQ) 52 ± 2

11 cyclo(fΦRrRrRQ) 542 ± 33

12 cyclo(FfΦRrRrQ) 681 ± 71

13 cyclo(FϕrRrRQ) 200 ± 38

14 cyclo(FWRRRRQ) 126 ± 8

15 cyclo(YΦRRRRQ) 149 ± 7

16 cyclo(HΦRRRRQ) 53 ± 10

17 cyclo(PhgΦRRRRQ) 128 ± 32

18 cyclo(FϕrRrRq) 206 ± 32

Tat YGRKKRRQRRR 32 ± 4

R 9 RRRRRRRRR 35 ± 3

a
Φ, L-2-naphthylalanine; ϕ, D-2-naphthylalanine; f, D-phenylalanine; r, D-arginine; k, D-lysine; q, D-glutamine; Phg, L-phenylglycine. See Figure 

S1A in SI for detailed structures. All values are relative to that of CPP 1 (100%) and represent the mean ± S.D. of three independent experiments.
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