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Abstract

A key limitation for the development of peptides as therapeutics is their lack of cell permeability. 

Recent work has shown that short, arginine-rich macrocyclic peptides containing hydrophobic 

amino acids are able to penetrate cells and reach the cytosol. Here, we have developed a new 

strategy for developing cyclic cell penetrating peptides (CPPs) that shifts some of the hydrophobic 

character to the peptide cyclization linker, allowing us to do a linker screen to find cyclic CPPs 

with improved cellular uptake. We demonstrate that both hydrophobicity and position of the 

alkylation points on the linker affect uptake of macrocyclic cell penetrating peptides (CPPs). 

Our best peptide, 4i, is on par with or better than prototypical CPPs Arg9 and CPP12 under 

assays measuring total cellular uptake and cytosolic delivery. 4i was also able to carry a peptide 

previously discovered from an in vitro selection, 8.6, and a cytotoxic peptide into the cytosol. 

A bicyclic variant of 4i showed even better cytosolic entry than 4i, highlighting the plasticity of 

this class of peptides towards modifications. Since our CPPs are cyclized via their side chains (as 

opposed to head-to-tail cyclization), they are compatible with powerful technologies for peptide 

ligand discovery including phage display and mRNA display. Access to diverse libraries with 

inherent cell permeability will afford the ability to find cell permeable hits to many challenging 

intracellular targets.

Introduction

Diverse peptide libraries have become indispensable tools for the discovery of ligands 

and inhibitors to disease targets that are refractory to small molecule drug discovery (1–

3). In particular, in vitro selection strategies like phage display or mRNA display can 
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create libraries containing 109 and 1013 unique sequences, respectively (4–7). Additionally, 

incorporation of unnatural amino acids (8–13) and advances in cyclization strategies (14–16) 

allow for the generation of mRNA-displayed libraries with enhanced therapeutic relevance 

due to improved protease stability (17–20). While these approaches reliably uncover stable, 

high affinity binders to selected intracellular targets, there is no generalizable approach to 

enable permeability of these peptides (21, 22).

A potential strategy for enabling permeability of these peptides relies on attachment of 

a linear cell penetrating peptide (CPP), such as Arg9 (23), Tat (24), or Penetratin (25), 

for cellular uptake (26, 27). While standard CPPs do enable permeability of some cargos, 

endosomal entrapment remains an issue (28–31). Furthermore, CPPs have been tested in 

clinical trials, but so far none of these trials have led to an FDA-approved CPP conjugate 

(27). Recent work by Pei and co-workers has led to the development of short, cyclic CPPs 

that provide high cellular uptake and endosomal escape (32–35), two ideal characteristics 

of a generalizable CPP (31, 32). Inclusion of these cyclic CPPs in one-bead-one-compound 

libraries led to cell permeable peptide inhibitors of protein-protein interactions (PPIs) with 

nanomolar to low micromolar affinity (36, 37). However, these CPPs are cyclized in a head-

to-tail fashion. This type of chemistry is incompatible with co-translational incorporation 

into peptide libraries using phage display or mRNA display, which require the C-terminus of 

the peptide to be attached to a phage coat protein or the encoding mRNA respectively (5, 7, 

38).

Here we describe the design and optimization of a short CPP compatible with in vitro 
selections and compare its uptake and cytosolic entry to conventional and cyclic CPPs. This 

new CPP promises to enable the synthesis of diverse mRNA or phage-displayed peptide 

libraries with high inherent permeability.

Results and Discussion

Concept for design of new cyclic CPPs

The cyclic CPPs designed by Pei and coworkers include four sequential Arg residues 

adjacent to two hydrophobic residues (e.g. Phe and 2-naphthylalanine) cyclized in a head-

to-tail manner (Figure 1A). Replacing the head-to-tail cyclization approach with a side 

chain alkylation/cyclization strategy would free up the C-termini for compatibility with the 

display technologies (Figure 1B). Side chain alkylation also permits a diversity of linkers 

to be attached in order to optimize cell penetration. Moreover, we anticipated that some of 

the hydrophobic character could be shifted from the peptide itself to the linker. We chose 

alkylation chemistry between cysteine and aryl bromomethyl derivatives because of its wide 

application to peptide library cyclization (16, 19, 39–43).

Linker screening leads to a peptide with high total cellular uptake.

Our initial strategy focused on cyclization of peptides CFRRRRCG (1) and CWRRRRCG 

(2), chosen because they contained a hydrophobic amino acid adjacent to four arginines, 

similar to Pei’s head-to-tail cyclized peptides (Figure 2A). We cyclized these peptides 

with nine different aromatic bromomethyl linkers (a-i) specifically chosen to examine the 
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difference between xylene (a-c) and naphthalene (d-i), as well as the structural diversity 

provided by the different substitution patterns (Figure 2B), giving peptides 1a through 1i 
and 2a through 2i. Most of the linkers were commercially available, and the others were 

synthesized using radical halogenation of the corresponding methyl-substituted naphthalenes 

(44) (SI, Scheme 1). We purposefully only used symmetrical aromatic linkers to avoid 

synthesizing mixtures of isomers. Each of the peptides was labeled with carboxyfluorescein 

(FAM) following a 6-aminohexanoic acid spacer at the N-terminus, and purity was validated 

by HPLC and MALDI-MS (Figures S1-S8).

Cellular internalization of each peptide in MDA-MB 231 cells was analyzed via flow 

cytometry (Figure 3 and Figure S9). Fluorescence due to peptides bound to the cell surface 

was suppressed by aggressive trypsin treatment and the effectiveness of this process was 

validated with a cell surface trypan blue quench (45, 46) (Figure S10).

Significant differences in cell permeability were observed among the cyclic versions of 

peptide 1 having various analogs of xylene (1a-1c) and naphthalene (1d-1i) as a linker. 

Likewise, cyclic peptides designed based on peptide 2 (2a-2i) also displayed varying 

abilities to penetrate through cell membrane (Figure 3). Several trends were identified. First, 

the tryptophan-containing peptides (2a-2i) showed better uptake than the phenylalanine-

containing peptides (1a-1i). Second, peptides cyclized with naphthalene linkers always 

resulted in better cellular uptake than the xylene analogues in the context of both peptides. 

Third, within a given series, there was a correlation between the position of the alkylation 

points and permeability, with closer attachment points promoting higher permeability. These 

trends are potentially connected to increases in hydrophobicity as evidenced by HPLC. 

Although the retention times were quite similar for all compounds, the permeability of the 

peptides correlated with HPLC retention times (Figure S11). The best CPPs of the group 

were 2h and 2i, and these were investigated more fully.

Evaluation of the effect of additional hydrophobic amino acids on total cellular uptake.

To investigate the effects of increasing numbers of hydrophobic amino acids on cellular 

uptake, we compared peptides 2–5 (Figure 2A), cyclized with the best linker, i, using flow 

cytometry (Figure 4 and Figure S12). We also included R9 and Pei’s peptide, CPP12 
(33), as positive controls, and the impermeable 5-FAM (47) as a negative control. The 

peptide with a single Trp (2i) was significantly better than a peptide lacking Trp (3i), 
showing a similar uptake to R9. Interestingly, addition of either another Trp (4i) or a 

naphthylalanine (φ, 5i), did not lead to significant improvements. CPP12 demonstrated the 

highest permeability, but only showed a 1.3-fold enhancement over R9, 2i, and 5i. With the 

knowledge that our peptides show comparable cellular entry to R9 but are more resistant 

to proteolysis due to cyclization, and are theoretically compatible with in vitro translation 

techniques, we further assessed cellular entry of these peptides to ensure true cytosolic 

delivery.
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Standard assays for cytosolic delivery show that our cyclic CPPs are able to enter the 
cytosol.

Flow cytometry with fluorescein-labeled peptides measures total cellular uptake, but cannot 

distinguish if the peptides have successfully escaped the endosomes to reach the cytosol. To 

measure cytosolic entry, we pursued two reported approaches. First, confocal microscopy 

of 2i showed time-dependent increases in fluorescence and diffuse fluorescence throughout 

cells which increased over time, consistent with cytosolic entry after endosomal escape 

(Figure 5 A,B and Figure S13) (30, 31). We then prepared carboxynaphthofluorescein (NF) 

versions of our peptides to monitor cytosolic entry. This fluorophore is useful for measuring 

cytosolic entry because the pKa of the naphthofluorescein renders it minimally fluorescent at 

endosomal/lysosomal pH but highly fluorescent in the cytosol (48). We compared cytosolic 

entry of 2iNF,4iNF, CPP12NF, and R9NF in the presence and absence of 10% FBS using 

naphthofluorescein as a negative control. Within serum-free conditions, 2iNFand 4iNF 

showed statistically identical cytosolic entry that was significantly higher than all other 

peptides (Figure 5C). Cytosolic entry of each of the peptides was significantly affected by 

the presence of serum, which corelates to previous studies with CPP12 (49). 2iNF and 4iNF 

demonstrated similar reductions in fluorescence (6.2-fold and 6.4-fold, respectively), while 

CPP12NF showed a 5.6-fold reduction. R9NF was least affected, only reducing by 1.9-fold. 

The cytosolic entry in the presence of serum was similar for all of the peptides (Figure 5C 

and Figure S14).

Peptide 4i is able to deliver impermeable cargo into the cytosol.

We next attached 4i to a cell impermeable cargo found during an in vitro selection: 

peptide 8.6 (Figure 6A), a known inhibitor of protein-protein interactions involving the 

tandem BRCT domains of breast cancer associated protein 1 (BRCA1) (50). To create 

our conjugate, we simply appended the sequence of peptide 4 onto the N-terminus of 8.6 
using standard peptide coupling chemistry. This peptide was cyclized on resin with linker i 
regioselectively using orthogonal cysteine protecting groups (Cys-StBu in the CPP portion).

The cellular uptake of the resulting peptide, 4i-8.6 was compared with 8.6. As expected, 

4i-8.6 showed significantly higher uptake than 8.6 via standard flow cytometry (Figure 6 B, 

S15), reaching similar cellular uptake to 4i. To assess cytosolic delivery, we then prepared 

naphthofluorescein-labeling experiments, testing 4i-8.6NF in both serum-free and high serum 

conditions relative to 8.6NF and 4iNF (Figure 6 C, S14). In the absence of serum, 4iNF 

showed enhanced cytosolic entry relative to 4i-8.6NF (p<0.001) and maintained higher entry 

into cells than 8.6NF (p=0.02) . We also tested R9–8.6NF but found that it was toxic to cells 

at 5 µM and therefore it was not included in our analysis. In the presence of 10% serum, 

4iNF, 4i-8.6NF, and surprisingly 8.6NF all demonstrated similar levels of cellular entry. Given 

that 8.6 is relatively impermeable when labeled with FAM, we surmise that the increased 

hydrophobicity of the NF fluorophore improved cellular entry. Taken together, these studies 

show 4i is able to carry peptide cargos into cells, similar to other CPPs.
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Peptide 4i delivers a cytotoxic peptide into the cytosol.

To further give evidence for cytosolic delivery, we conjugated 4i to the cancer cell-selective 

cytotoxic peptide, PVKRRLFG (LFG). LFG is known to block the interaction of the cyclin 

A/cdk2 complex with substrates (51, 52) and this leads to cancer-cell selective toxicity 

through blocking of E2F phosphorylation (52, 53). The cyclin A/cdk2 complex is known 

to shuttle between the cytosol and nucleus (54). Conjugates of LFG with conventional 

CPPs (Tat, Pen) are known to have micromolar IC50 values in various cancer cell lines, 

and have shown moderate efficacy in multiple cancer mouse models (53). We treated 

U2OS osteosarcoma cells with LFG, non-labeled 4i, and non-labeled 4i-LFG (Figure 7). 

As expected (52), LFG alone was non-toxic to the cells even at the highest concentration 

tested (50 μM). 4i-LFG, on the other hand, had an IC50 of 2.1 μM, evidence that CPP 4i was 

able to deliver the LFG peptide into the cytosol. 4i itself did show weak cytotoxicity, with an 

IC50 > 50 μM.

Peptide 4i is compatible with in vitro translation

Looking forward, a CPP such as 4i would be desirable to append during the process 

of selection, thus tying both cell permeability and target affinity to any peptides as they 

emerge from selection. Previous work from our lab has demonstrated the compatibility of 

mRNA display with two orthogonal cyclization chemistries, cysteine bis-alkylation using 

m-dibromoxylene (DBX) (Figure 2 B compound b) and copper mediated azide-alkyne 

cyclizaiton (CuAAC) (18, 19). The change from DBX to 2,3-bis(bromomethyl)naphthalene 

is a potentially significant one, as the naphthalene is likely to be less soluble in the 

aqueous milieu required for in vitro selections. To test this, we took a mRNA previously 

identified from an in vitro selection (18) and performed an in vitro translation reaction in the 

presence of the methionine surrogate γ-azidohomoalaine (Aha) and phenylalanine analog 

p-ethynylphenylalanine (YnF) (Figure 8 A). We then captured this peptide on Ni-NTA 

and performed sequential cysteine alkylation with 2,3-bis(bromomethyl)naphthalene and 

CuAAC. The reactions were monitored by MALDI-MS. Since the click reaction does not 

lead to a mass change, we added 5 mM of the phosphine TCEP to reduce any remaining 

azide to the amine using Staudinger chemistry. As seen in Figure 8 B, only the bicyclic 

peptide mass is observed, indicating a complete bicyclization of the peptide. The only 

change in the protocol involved increasing the acetonitrile concentration to 50% during 

cysteine alkylation to improve solubility of the 2,3-bis(bromomethyl)naphthalene linker and 

allowing for greater reaction time, with 2 hours at room temperature resulting in complete 

cyclization. With this small change, the 2,3-bis(bromomethyl)naphthalene chemistry can be 

incorporated into mRNA display or phage display selection protocols.

Bicyclization of 4i improves cytosolic entry.

To further investigate the consequences of bicyclization on the cell permeability of 4i 
and to simulate a peptide that could be identified using mRNA display, we prepared a 

naphthofluorescein-labeled bicyclic peptide CS-2NF and directly tested its ability to enter 

the cytosol (Figure 9 A). This peptide traded one of the tryptophan residues in 4i for an 

azidohomoalanine (Aha), providing a cyclization handle for click chemistry with a second 

Aha residue at the N-terminus using Spring’s double click approach (55). We reasoned that 
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the hydrophobic triazole formed after click would be sufficient to maintain permeability. To 

our delight, this peptide showed over 2.5-fold enhanced cytosolic entry relative to 2i, 4i, and 

CPP12, in the presence of 10% serum (Figure 9 B, S16, p<0.001). Although it would be 

presumptuous to conclude that this enhanced permeability would extend to bicycles of any 

size and composition, it is highly encouraging that addition of a second, overlapping ring not 

only does not destroy the activity of 4i, but rather improves it.

Summary and Outlook

The main focus of our work was the development of a new cyclic CPP, 4i, that provides 

high cellular uptake and endosomal escape. This new CPP is expected to have several 

important benefits. First, we have shown that the alkylating group contributes significantly 

to permeability (Figure 3) enabling simple linker screening for future optimizations (41, 56). 

Second, unlike CPPs cyclized in a head-to-tail fashion, peptide 4i is easily implemented 

into an in vitro translation workflow (Figure 8). This opens the door for the use of in vitro 
selection strategies to optimize the peptide sequence for enhanced permeability (57–59). 

Moreover, we have attached 4i onto a peptide discovered using mRNA display, and have 

shown that while cytosolic entry is diminished, the conjugate is on par with prototypical 

CPPs. Peptide 4i is also able to deliver a cell impermeable cytotoxic peptide into the cytosol. 

Finally, we have demonstrated that bicyclization can enhance cytosolic entry through the 

synthesis of a peptide similar to those created in some mRNA-displayed peptide libraries. 

Taken together, the novel CPPs described herein open the doors for the creation of diverse 

bicyclic peptide libraries containing peptides with inherent cell permeability and promise to 

provide a new source of leads in drug discovery for difficult targets.

Materials and Methods

Peptide synthesis.

The peptides were synthesized using a Liberty Automated Peptide Synthesizer with a 

Discover Microwave module (CEM). Rink Amide MBHA resin (EMD Millipore, CEM) 

was chosen as the solid support for a standard 0.1 mmol scale synthesis using standard 

N-α-Fmoc-protected amino acids (CEM, Chem Impex). Cys-StBu was coupled using the 50 

°C coupling temperature (standard Cys coupling method). Azidohomoalanine was coupled 

for one hour at room temperature. Peptides were synthesized using HATU/DIEA or DIC/

Oxyma, with 10 eq. of amino acid added at each coupling. All reagents were freshly 

prepared the day of each synthesis.

Pe ptide cyclization.

S-tBu protected cysteines were orthogonally deprotected by treatment with 50 mM 

dithiothreitol, 100 mM ammonium bicarbonate in DMF at 37 °C for 3 h (50 mg resin 

per 1 mL of S-tBu deprotection solution). The deprotection was repeated, if necessary, 

until complete removal of the S-tBu protecting group was observed by mass spectrometry. 

Cyclization was achieved with 170 μM tris(2-carboxyethyl)phosphine, 17 mM ammonium 

carbonate, and 8 mM dibromo linker in DMF at 37 °C for 2 h (50 mg resin per 2.5 mL 

of cyclization solution). For on-resin cysteine deprotection and cyclization, the resin was 

loaded into Poly-Prep Chromatography Columns (BioRad) and capped for each reaction. 
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The columns were slowly rotated using a rotisserie for each reaction. The reagents were 

subsequently removed via vacuum filtration through the filter at the bottom of each column. 

The resin was then washed thoroughly with alternating methanol and dichloromethane and 

dried by pulling a stream of air for at least 10 min to remove the volatile solvent prior to 

storage.

Peptide N-terminus fluorescent labeling.

The 5(6)-carboxyfluroescein was synthesized as described (60). The NHS coupling to the 

5(6)-carboxyfluorescein was achieved as described (61). In order to measure cellular uptake 

by fluorescence, 5(6)-carboxyfluorescein was coupled to the N-terminus of peptides (62) 

containing 6-aminohexanoic acid as a spacer between the peptide and fluorescent tag. An 

N-hydroxysuccinimide-activated carboxyfluorescein (NHS-FAM) was synthesized and used 

to provide faster reaction times and lower equivalents needed (0.05 mmol of peptidyl resin 

was incubated with 75 mg of NHS-FAM (0.158 mmol) in 5 mL DMF, 45 μL DIPEA for 

3 h). Carboxynaphthofluorescein-labeled peptides were synthesized as described (48). The 

solution was drained and the resin was washed with DMF, DCM, and MeOH. The reaction 

was monitored by cleaving small amounts of resin and analyzing by mass spectrometry, in 

case an additional coupling was needed before cleavage from the resin.

Bicyclization of CS-2.

The one-pot bicyclization of CS-2 was achieved via cysteine cyclization and azide-alkyne 

click chemistry adapted from Richelle et al (63). All solutions were puged with Ar prior 

to use. Labeled, cleaved peptide was dried and dissolved in 1:1 water:DMF to a final 

concentration of 5 mM. Cysteine cyclization was achieved by first adding 1.1 eq of 

2,3 bis(bromomethyl)naphthalene in DMF followed by aq. sodium bicarbonate to raise 

the pH>8. The reaction was allowed to proceed at room temperature for 20 min and 

checked via MALDI. After successful cysteine cyclization was confirmed, 1.1 eq of 1,3 

diethynylbenzene in DMF was added to the peptide solution. Separately, 2 eq of CuSO4 

were dissolved in water and added to 2 eq of THPTA in water, forming a dark blue solution. 

10 eq of sodium ascorbate were added, turning the solution brown then clear. This mixture 

was added to the peptide solution, which was then purged with argon. Cyclization occurred 

at room temperature for 25 min and was monitored via HPLC. Once complete, the peptide 

was purified via HPLC.

Mammalian cell culture.

MDA-MB 231 cells were maintained in DMEM (Dulbecco’s Modified Eagle’s Medium) 

supplemented with 10% FBS at 37 °C, with 5% CO2 and 95% humidity, until needed. They 

were grown in T-75 or T-150 flasks (Greiner) and passaged every 2–3 days.

Flow Cytometry.

MDA-MB 231 cells were seeded the day prior at 75,000 cells/well in a 24-well plate with 

1 mL DMEM supplemented with 10% FBS. Three wells were prepared for each peptide as 

well as for positive and negative controls. The cells were removed from the incubator and 

a glass pipette connected to a vacuum line was used to remove the media from each well. 
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Cells were incubated with 250 μL of media containing 5 μM fluorescently-labeled peptide 

for 2 h. After the 2 h incubation, the media was removed and cells were gently washed 

three times with 500 μL of 1x PBS. Cells were treated with 250 μL trypsin (0.05% or 

0.25%) for 5 min at 37 °C to lift from the plate and digest any extracellular bound peptide. 

The trypsin-cell solution was then transferred to individual centrifuge tubes for a 5 min 

centrifugation at 1800 rpm to pellet the cells. The supernatant was carefully removed. Cells 

were rinsed again with 300 uL of cold PBS, spun, and resuspended with 300 μL of cold 

1x PBS and stored on ice until injection into the BD FACSCanto II Analyzer. Healthy cells 

were gated based on their forward and side scatter properties in order to remove any dead 

cells or debris from analysis.

Each peptide sample was analyzed until 10,000 counts of healthy, single cells were obtained. 

Experiments with fluorescein-labeled peptides used a 488 nm laser and either 530/30 or 

585/42 bandpass filters. Experiments with naphthofluorescein-labeled peptides used a 633 

nm laser and a 660/20 bandpass filter. Mean fluorescent values correspond to the geometric 

mean unless otherwise stated.

For Trypan Blue quenching of extracellular bound peptides, the cells followed the same 

procedure as above but were treated with a 0.05% trypan blue solution prior to injection into 

the BD FACSCanto II Analyzer (45) .

Confocal microscopy.

MDA-MB 231 cells were cultured at 37 °C in DMEM supplemented with 10% FBS. The 

cells were plated on top of coverslips at 1.0 × 105 cells per well in a 12-well plate overnight. 

The following morning, the media was removed and each well of cells was incubated with 

500 μL of 5 μM peptide in media at 37 °C for 2 h or 4 h. The media was carefully 

removed and cells washed with 1x PBS. Cells were incubated with DAPI (4’6-diamidino-2-

phenylindole) in 1x PBS solution (1 mL of 250 nM for 5 min). The DAPI solution was 

removed and cells were washed twice with 2 mL of 1x PBS. Slides were treated with 

ProLong Gold Antifade (Invitrogen) to prevent photobleaching. A Zeiss LSM 710 on the 

Inverted Axio Observer Microscope was used at 63x magnification. Excitation/Emission: 

FAM- 488/531 nm, DAPI- 405/447 nm.

Cytotoxicity assays.

In vitro cytotoxicity of peptides LFG, 4i, and 4i-LFG against U2OS cells was determined 

by conducting CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Madison, WI). 

U2OS cells were seeded in 96-well plates at a density of 3 × 103 cells/well. The cells 

were treated with peptides in triplicate at a concentration level of 0.5–50 μM and incubated 

for 24h at 37 °C in a humidified atmosphere of 5% CO2. After the incubation period, 

CellTiter-Glo reagent (25 μL) was added to each well and the plate was incubated for 30 

minutes in the dark at room temperature. Cell viability was determined by measuring the 

luminescence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Cyclic cell penetrating peptides.
(A) A representative of the family of cell penetrating head-to-tail cyclized peptides described 

by Pei and co-workers. (B) Our strategy, which involves cyclization between cysteine thiols 

and hydrophobic aryl groups. The 2,3-substituted naphthalene is shown as a representative 

linker.
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Figure 2: Peptides and cyclization linkers
(A). Potential cell penetrating peptides prepared in this work. Lowercase letters signify 

D-amino acids. FAM = 5(6)-carboxyfluorescein with an aminohexanoic acid spacer, ϕ = 

naphthylalanine. CPP12 is cyclized head-to-tail. The K-FAM in CPP12 signifies a lysine 

attached to the glutamine side chain via the alpha carbon, and 5-FAM attached to lysine 

via its δ-amino group. (B) Cyclization linkers. In this work cyclic peptides are named by 

combining the peptide sequence name and the cyclization linker used.
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Figure 3: Cellular uptake experiments.
Peptides are arranged from low (top) to high (bottom) permeability in MDA-MB 231 cells 

as measured by flow cytometry. Each peptide was incubated at a concentration of 5 µM for 

2 h. The numbers in the boxes signify the mean fluorescence for cells incubated with that 

peptide.
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Figure 4: Hydrophobicity enhances uptake.
Relative fluorescence intensity of peptides with various hydrophobic groups compared to 

R9 and the reported peptide, CPP12. Each peptide was incubated with MDA-MB 231 cells 

at a concentration of 5 µM for 2 h. Error bars represent the standard deviation of three 

independent experiments. φ = 2-naphthylalanine, f = D-phenylalanine. * indicates significant 

difference from all other peptides except 2i, 5i, or R9 p<0.001. Split diamonds indicate 

differences from all other conditions p<0.01, 1-way ANOVA, Tukey.
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Figure 5: Evidence for cytosolic entry of CPPs.
(A) and (B): Confocal micrographs for live-imaged MDA-MB 231 cells treated for 2 h (A) 

and 4 h (B) with 5 µM of 2i. Upper left—green channel showing the peptide, Upper right—

blue channel showing the DAPI nuclear stain, Lower left—brightfield image, and Lower 

right—merge. Scale bar = 30 µm (C) Flow cytometry of carboyxnaphthofluorescein-labeled 

peptides. MDA-MB 231 cells were treated with 5 µM peptide for 2 h in DMEM without 

(0%, dark purple bars) or with (10%, pink bars) FBS. Fold changes for each peptide between 

serum-free and serum-supplemented media are shown. * indicates a significant difference 
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from peptides other than 2iNF or 4iNF within a group (p<0.001). Split diamonds indicate 

significant differences between all other peptides within a group (p<0.001). NF is shown as 

an arithmetic mean as some cells exhibited negative fluorescence, preventing calculation of a 

geometric mean.
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Figure 6: Peptide 4i enables delivery of cell-impermeable peptide cargo.
(A) Structure of peptide 4i-8.6. (B) Relative fluorescence intensity of FAM-labeled peptides 

measured by flow cytometry as compared to 4i. MDA-MB 231 cells were incubated with 

5 µM FAM-labeled peptide for 2 h, trypsinized, and total cellular uptake was measured by 

flow cytometry (488 nm laser, 530/30A filter). Bars represent the relative geometric mean 

fluorescence intensity across 3 replicates. Fold change over 4i is labeled on bars. * indicates 

significant difference from FAM and 8.6. (C) Mean (geometric) fluorescence intensity of 

NF-labeled peptides measurd by flow cytometry. MDA-MB 231 cells were incubated with 

Abrigo et al. Page 19

ACS Chem Biol. Author manuscript; available in PMC 2024 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5 µM NF-labeled peptides in serum-free or 10% serum media for 2 h, trypsinized, and total 

cellular uptake was measured flow cytometry (633 nm laser. 660/20A filter). * indicates 

difference from peptides in the 10% serum condition (p<0.025). Split diamond indicates 

significant difference from all conditions (2-way ANOVA, Holm-Sidak, p<0.003). NF is 

shown as an arithmetic mean as some cells exhibited negative fluorescence, preventing 

calculation of a geometric mean.
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Figure 7: Cytotoxicity assay of peptides LFG, 4i, and 4i-LFG against U2OS cells.
Cell viability was measured after 24 h incubation using CellTiter-Glo reagent. The results 

represent the data obtained from the experiments performed in triplicate. Error bars 

represent the standard deviation.
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Figure 8: Linker i is compatible with in vitro translation.
(A) mRNA coding sequence for peptide 9.3b, discovered in Hacker et. al. (18). The blue 

macrocycle is formed via cysteine bisalkylation using 2,3-bis(bromomethyl)naphthalene. 

The red macrocycle is formed via copper-assisted click between L-β-azidohomoalanine 

(Aha) and p-ethynyl-L-phenylalanine (YnF). (B) In vitro translation of peptide 9.3b 

followed by bicyclization on Ni-NTA resin yields a single major product of bicyclized 

peptide. Expected m/z : 2759.18 [M+H]+ . Observed: 2759.12.
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Figure 9: Selection-compatible bicyclization improves cytosolic entry.
(A) Structure of peptide CS-2NF. The peptide contains two rings, one available for variable 

sequences (green) closed by a bis-alkyne linker, and another (blue) containing the CPP 

sequence. Fluorophores for study are appended to the N-terminal azidohomoalanine via 

an aminohexanoic acid spacer. (B) Mean fluorescence intensity of NF-labeled peptides in 

media containing 10% serum. MDA-MB 231 cells were incubated in 5 μM NF-labeled 

peptide for 2 h, trypsinized, and analyzed via flow cytometry (633 nm laser, 660/20A 

filter). * indicates significant difference from both NF and CS-2NF . Split diamonds indicate 

significant difference from all conditions (1-way ANOVA, Tukey, p<0.001). NF is shown as 

an arithmetic mean as some cells exhibited negative fluorescence, preventing calculation of a 

geometric mean.
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