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A hybrid comprising an autophagy-inducing peptide (AIP) 

and a cell-penetrating peptide (CPP) connected via 

heterodimeric leucine zippers was generated and delivered 

into cells. The hybrid successfully induced autophagy 

without significant cell death, while the same AIP directly 

connected to a CPP caused both autophagy and significant 

cell death. 

Intracellular delivery of functional peptides (artificial bioactive 

peptides) is important for the development of peptide drugs that 

target various proteins inside cells. Cell-penetrating peptides (CPPs)1 

such as the Tat protein transduction domain (Tat PTD)2 and 

oligo(arginine)s such as R113, have been developed as powerful 

agents for macromolecule delivery systems. In general, these CPPs 

contain several positively charged amino acids and are directly 

conjugated to the termini of macromolecules. Although there is no 

doubt about the usefulness of these types of CPPs in peptide delivery 

systems, they also have some negative effects on the systems. It has 

been reported that these positively charged CPPs may interfere with 

the biological function of the cargo peptide owing to nonspecific 

interactions with the negatively charged nucleic acids and membrane 

proteins inside the cells.4 To eliminate this disadvantage, several 

systems with cargo peptides that are detachable from the CPP have 

been developed.5 These methods, however, have their own problems 

and complexities. Hence, a new methodology to deliver 

biomolecules into cells is required. 

Leucine zipper (Lz) motifs are seen in many cellular proteins 

and form an α-helix structure. The Lz motif can be made to carry a 

positive or negative charge by introducing charged amino acids.6 A 

basic lysine residue (K) may be used for the generation of a 

positively charged Lz (Lz(K)), and an acidic glutamic acid residue 

(E) may be used for producing a negatively charged Lz (Lz(E)). 

Furthermore, Lz(K) and Lz(E) are able to form a 1:1 hybrid through 

electrostatic interactions. Here, a novel method using the 

heterodimeric Lz-based hybrid peptides for functional peptide 

transduction into cells was evaluated. In this study, a bioactive 

peptide was conjugated to Lz(K), while R11 was conjugated to 

Lz(E). When mixed in vitro, these two components spontaneously 

associated with each other via Lz motifs and formed a hybrid peptide 

that can be transduced to cells. After delivery of the hybrid peptides 

into cells, the bioactive peptide conjugated to Lz(K) is expected to 

dissociate from Lz(E)-R11 because the linkages between the Lz 

motifs are non-covalent. 

 

 
Fig. 1 (A) Sequences of fluorescently labeled leucine zipper peptides with or 

without R11 CPP. The red letters indicate the charged amino acids critical for 

forming a hybrid between Lz(K) and Lz(E). bA represents β-alanine. (B) 

Sequences of Beclin 1-Lz(K), Lz(E)-R11 and their control peptides. 

To assess the hybrid formation between Lz(K) and Lz(E) 

peptides, four fluorescently-labeled Lz motif peptides with or 

without an R11 type CPP (Fam-Lz(K), Tmr-Lz(E), Tmr-Lz(E)-

R11, and Tmr-Lz(K)-R11; Fam and Tmr are fluorescein and 

tetramethylrhodamine, respectively; Fig. 1A and Fig. S1, ESI†) 

were prepared by a conventional solid-phase peptide synthesis 

(Fig. S2, ESI†). They were used in fluorescent titration 

experiments, in which gradually increasing amounts of the 

Tmr-labeled peptides were titrated against a constant amount of 

Fam-Lz(K) in aqueous buffer at pH 7.0 (Fig. 2A). The 

fluorescence intensity of Fam-Lz(K) was decreased by the 
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addition of Tmr-Lz(E), which was due to Förster resonance 

energy transfer from Fam to Tmr (open circles). The result 

implies that Fam-Lz(K) interacts closely with Tmr-Lz(E). 

When a greater than equimolar amount of Tmr-Lz(E) was 

added to Fam-Lz(K) (Tmr-Lz(E)/Fam-Lz(K) > 1), the rate of 

decrease in fluorescence intensity of Fam-Lz(K) was 

significantly reduced. These results indicate that Tmr-Lz(E) 

formed a 1:1 hybrid with Fam-Lz(K). The titration curve of 

Tmr-Lz(E)-R11 against Fam-Lz(K) showed a similar behavior 

(closed circles). In contrast, the fluorescence intensity of Fam-

Lz(K) showed no apparent decrease following addition of Tmr-

Lz(K)-R11 (closed squares). These results indicate that R11 

does not significantly obstruct the specific hybrid formation of 

Lz(E) and Lz(K). 

Next, the hybrid of Fam-Lz(K) and Tmr-Lz(E)-R11 was 

used to evaluate whether it is taken up by cells. U-251 MG cells 

were treated with an equimolar mixture of Fam-Lz(K) and 

Tmr-Lz(E)-R11 (Fig. 2B). Fluorescence signals from both 

Fam-Lz(K) and Tmr-Lz(E)-R11 were detected in the cells. By 

contrast, images of U-251 MG cells incubated with Fam-Lz(K) 

alone showed no Fam signal, indicating that internalization did 

not occur (Fig. S3, ESI†). These results suggest that Fam-Lz(K) 

is successfully delivered into cells by forming the hybrid with 

Tmr-Lz(E)-R11.  

 

 
Fig. 2 (A) Fluorescence titration curves of Tmr-labeled peptides against Fam-Lz(K) 

in aqueous buffer. The concentration of Fam-Lz(K) is constant at 15 nM and a 

gradually increasing amount of Tmr-labeled peptide was used for titration. The 

excitation wavelength was set at 500 nm to measure Fam fluorescence intensity. 

(B) Confocal microscopy images of U-251 MG cells treated with hybrid peptides. 

The cells were treated with 10 µM of the Fam-Lz(K)/Tmr-Lz(E)-R11 hybrid for 4 h 

at 37°C. Fam and Tmr fluorescence signals were separately detected. The 

merged image is also included in the right panel.  

To evaluate whether the functional peptide transduced by 

the Lz-based hybrid had the expected bioactivity in cells, a 

Lz(K) that was conjugated to a functional autophagy-inducing 

peptide, Beclin 1 peptide7, (Beclin 1-Lz(K)) and a negative 

control peptide that consisted of a scrambled sequence of 

Beclin 1 peptide (Beclin(scr)-Lz(K)) (Fig. 1B and Fig. S4, 

ESI†) was synthesized. An R11-bearing Lz(E) (Lz(E)-R11) was 

also prepared to make hybrid peptides with the above Lz(K)-

bearing peptides. Beclin 1-R11 and Beclin(scr)-R11 are Beclin 

1 and Beclin 1(scr) peptides directly conjugated to R11, which 

are the same peptides used in the previous report7 except for the 

usage of R11 instead of Tat PTD as the CPP, and are known to 

induce autophagy after transduction into cells. We used R11 

peptide as the CPP since it shows satisfactory permeability to 

wider variety types of cell lines when compared to Tat PTD8. 

 

 
Fig. 3 (A) Autophagy induction in cells treated with the Lz-based hybrid peptides. 

HeLa cells were treated with 10 μM peptides for 1 h. The cells were fixed and 

stained with anti-LC3 antibody followed by fluorescently labeled secondary 

antibody. Representative fluorescence images are shown. Arrows indicate LC3-

positive dots, a marker of autophagy. (B) Representative fluorescence images of 

endogenous Beclin 1 proteins. HeLa cells were treated with the indicated 

peptides. The cells were fixed and stained with anti-Beclin 1 antibody followed 

by fluorescently labeled secondary antibody. (C) The number of Beclin 1-positive 

dots per cell cytoplasm. Beclin 1-positive dots observed in (B) were counted. 

Approximately 30 cells of each sample were evaluated and the mean of Beclin 1 

dots per cell cytoplasm was calculated. (D) The Lz-based hybrid peptides induced 

p62/SQSTM degradation. HeLa cells were treated with 10 μM peptides for 3 h. 

The cells were lysed and the cell extract was separated by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). An autophagy marker 

p62/SQSTM1 was detected on an immunoblot. 

Beclin 1-Lz(K) or Beclin(scr)-Lz(K) was mixed with Lz(E)-

R11 peptides to prepare the desired hybrid peptides, Beclin 1-

Lz(K)/Lz(E)-R11 and the negative control Beclin(scr)-
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Lz(K)/Lz(E)-R11. HeLa cells were treated with these hybrids 

or Beclin 1-R11 (Fig. 3A). As expected, treatment of cells with 

Beclin 1-R11 resulted in augmented number of LC3-II dots in 

the cytoplasm, a marker for autophagy induction, as compared 

with control cells treated with phosphate-buffered saline (PBS). 

The Beclin 1-Lz(K)/Lz(E)-R11 hybrid also increased the 

number of LC3-II dots while the Beclin(scr)-Lz(K)/Lz(E)-R11 

did not, indicating Beclin 1-Lz(K) peptide-specific autophagy 

induction. It was demonstrated in the previous report7 that the 

transduced Beclin 1-Tat PTD peptide inhibits the interaction of 

endogenous Beclin 1 protein with GAPR1 on the Golgi 

apparatus, resulting in the release of free Beclin 1 proteins to 

the cytosol, which enhances autophagy. The ability of the 

hybrid peptides to exhibit an identical function was tested. As 

seen in Figure 3B and 3C, Beclin 1-R11 treatment released 

endogenous Beclin 1 proteins into the cytoplasm. Interestingly, 

the released Beclin 1 proteins are detected as dot-like structures. 

The number of Beclin 1-positive dots in Beclin 1(scr)-R11-

treated cells is lower (1.22 per cell cytoplasm) than in Beclin 1-

R11-treated cells (3.62 per cell cytoplasm). Similarly, treatment 

of cells with Beclin 1-Lz(K)/Lz(E)-R11 hybrid peptides clearly 

increased the amount of Beclin 1-positive dots in the cytoplasm 

(5.74 per cell cytoplasm). On the other hand, treatment of cells 

with Beclin(scr)-Lz(K)/Lz(E)-R11, Beclin 1-Lz(K), Lz(E)-R11, 

and Beclin(scr)-Lz(K) did not lead to significant increases in 

the number of Beclin 1-positive dots (0.35, 0.26, 0.89, and 0.71 

per cell cytoplasm, respectively) as compared with PBS 

treatment (0.79 per cell cytoplasm). To further confirm the 

autophagy induction with the hybrid peptide we investigated 

the amount of p62/SQSTM1 protein in cells, which is a 

substrate of autophagy (Fig. 3D). It is well known that 

p62/SQSTM1 is degraded when autophagy is promoted. The 

Beclin 1-Lz(K)/Lz(E)-R11 hybrid significantly reduced the 

amount of p62/SQSTM1, suggesting the enhancement of 

autophagy with the hybrid. These results suggest that Beclin 1-

Lz(K)/Lz(E)-R11 was successfully delivered into the cytosol 

through formation of the hybrid between Lz motifs. 

Furthermore, internalized Beclin 1-Lz(K) peptide induced 

autophagy, indicating that the Lz motif-based transduction does 

not interfere with the physiological function of the peptide 

cargo in the cells.  

Beclin 1-Lz(K)/Lz(E)-R11 hybrid peptides were then 

compared with Beclin 1-R11 with respect to their abilities to 

induce autophagy. The peptide concentration to be added to the 

cells (Fig. 4A) was titrated. The augmented LC3-II production, 

a marker for autophagy induction, was observed by addition of 

5 µM Beclin 1-Lz(K)/Lz(E)-R11 hybrid (LC3-II/actin ratio 

0.37). It was more evident at 10 µM peptide concentration 

(LC3-II/actin ratio 0.82), while no obvious increase of LC3-II 

was detected by Beclin(scr)-Lz(K)/Lz(E)-R11 (LC3-II/actin 

ratio 0.09 and 0.13 at 5 µM and 10 µM, respectively). A strong 

increase of LC3-II was observed when Beclin 1-R11 was added, 

even at 5 µM concentration (LC3-II/actin ratio 0.54). Addition 

of Beclin(scr)-R11 did not change the amount of LC3-II. Next, 

a time-course experiment was conducted using a constant 

peptide concentration (10 µM) (Fig. 4B). Increased LC3-II 

production was detected as early as 0.5 h after Beclin 1-R11 

peptide addition but the Beclin 1-Lz(K)/Lz(E)-R11 hybrid 

required a 1-hour incubation. Interestingly, in the case of Beclin 

1-R11, another lower molecular weight band other than that 

attributable to LC3-II emerged at 2 hours’ incubation, and this 

band appeared more strongly at 3 hours’ incubation. By 

contrast, such a band was not observed following Beclin 1-

Lz(K)/Lz(E)-R11 addition. These results indicate that Beclin 1-

R11 induces autophagy at a lower concentration and faster than 

the Beclin 1-Lz(K)/Lz(E)-R11 hybrid peptide, but Beclin 1-R11 

may have an undesired side effect represented by emergence of 

the lower molecular weight band. This band may signal a 

degraded product of the LC3 protein.  

 

 
Fig. 4 Comparison of the Lz-based hybrid peptide with the R11 directly 

conjugated-peptide. (A) Cells were incubated with the indicated concentration of 

peptides for 1 h. The cell lysates were separated by SDS-PAGE and analyzed by 

western blot. An autophagy marker LC3 and actin were detected on 

immunoblots. The band intensity was quantified and the ratio of LC3-II/actin was 

calculated. (B) Cells were incubated with 10 μM of peptide for the indicated time.  

Since the unexpected lower molecular weight band was 

detected in the Beclin 1-R11-treated cells, it was hypothesized 

that Beclin 1-R11 may have cytotoxicity and induce apoptosis, 

resulting in degradation of LC3-II. To assess this, the 

possibility of apoptosis being induced by the addition of Beclin 

1-R11 and Beclin 1-Lz(K)/Lz(E)-R11 was tested. HeLa cells 

were cultivated in the absence or presence of the peptides for 3 

h and fixed. After fixation, cell death was evaluated with 

Annexin V-FITC and ethidium homodimer III (EH III) in 

apoptotic & necrotic cell detection kits (PromoKine, Heidelberg, 

Germany). The fluorescence images of the cells are shown in 

Figure 5. Beclin 1-R11 treatment made cells positive for both 

Annexin V-FITC and EH III fluorescence, which shows 

progression of apoptosis. On the other hand, neither significant 

Annexin V-FITC nor EH III fluorescent signals were detected 

in cells treated with Beclin 1-Lz(K)/Lz(E)-R11 hybrid peptide. 

The cells, which were treated with the hybrid for 3 h, washed 

with PBS, and further incubated in complete medium for an 

additional 21 h, still showed no noticeable cell death (data not 

shown). It was also obvious that the cell shape of Beclin 1-R11-

treated cells was different from that of PBS-treated cells and 

hybrid-treated cells. These results indicate that Beclin 1-R11 

causes not only autophagy but also undesired cell death, while 

the hybrid peptide induces autophagy without apoptosis. It 

remains unclear why Beclin 1-R11 has such the severe 

cytotoxicity. Although R11 is known to have relatively higher 

cytotoxicity than Tat PTD in certain assays, R11 itself may not 

be the determinant for the cytotoxicity in our system since 

Beclin 1-Lz(K)/Lz(E)-R11 hybrid treatment showed no 

significant cell death. In addition, treatment of cells with Lz(E)-

R11 alone also did not result in severe cell death (data not 

shown). The cytotoxicity of R11-containing peptides could be 

due to sequence and/or orientation of the peptide fused to R11, 

but not R11 itself. The cytotoxicity of CPP component is 

sometimes an obstacle for the present transduction systems but 
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the Lz-based transduction system allows us to utilize Lz(E)-

R11 for all cargos without any consideration about cytotoxicity.  

 

 
Fig. 5 Beclin 1-R11 evoked cell death. HeLa cells treated with peptide or PBS are 

stained with Annexin V-FITC (left) and EH III (center). The right panels show their 

phase contrast images. 

Conclusions 

In order to connect a CPP carrier with a cargo of interest 

without a direct covalent bond, heterodimeric leucine zippers 

were used. Similar, although not identical, Lz sequences were 

used in a previous study9 to deliver green fluorescent protein 

(GFP). However, whether a cargo executes the desired 

physiological function after delivery into cells remained largely 

unknown. The previously characterized autophagy-inducing 

peptide7 was used to investigate whether the peptide transduced 

by the Lz-based method described in this study works normally 

inside cells. Here, the results clearly showed the peptide-

dependent induction of autophagy in cells treated with Lz-based 

hybrid peptides, as expected. This suggests that the Lz-based 

transduction method can deliver a functional cargo. In 

comparison of the hybrid peptides with the peptide directly 

conjugated with R11 CPP (Beclin 1-R11), it was noticed that 

the latter induced severe cell death, while both induce 

autophagy with different features. We observed the protein with 

lower molecular weight than LC3-II on immunoblots. LC3-II 

recruted in the inner membrane of autolysosome is known to be 

degraded in general autophagy process. However, to our 

knowledge, there has been no report showing that the degraded 

products of LC3-II emerged as the lower molecular weight 

band detected in our results. Also, if the observed lower weight 

molecule was a cleavage product in the normal autophagy 

process, it would not have accumulated over incubation time 

and treatment of cells with the Beclin 1-Lz(K)/Lz(E)-R11 

hybrid should have shown the identical band. From these points 

of view, it may be unlikely that it was generated in the normal 

autophagy process. We observed severe cell death when the 

cells were terated with Beclin 1-R11, but not the hybrid 

peptides. Thus, it is likely that the lower molecular weight band 

would result from the undesired cytotoxicity of Beclin 1-R11 

which may activate cellular proteases to raise it although a 

responsible protease(s) remains unknown. 

In this study, it was first demonstrated that the Lz-based 

hybrid system expands the present methodology for functional 

biomolecules transduction and offers a suitable way to change 

the physiological function of cells. 
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