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The idea of simply staple a peptide to improve in general its biofunctional properties is recently heavily discussed. Supporters of peptide stapling often defend studies showing no improvement in cell permeability with the lack of evidence that the 

introduced staple has really increased helicity. Furthermore, stabilizing a peptide may lower the energy barrier for binding via reducing entropic efforts, but it is making them not necessarily cell-penetrant. We could show for our successful stapled peptide 

that even with an induced α-helical formation in solution that there is no general improvement in cellular uptake and it even seems the stapling is disturbing the natural formation of the helix in a membrane environment. We could also demonstrate in 

divers experiments that membrane attraction by the stapled analogues seems to be degraded. Nevertheless, stapled peptides have shown potential as therapeutic agents and therefore it is worth investigating further in this field of peptide science.  

 

1) de Araujo, A. D. et al. Comparative alpha-helicity of cyclic pentapeptides in water. Angew Chem Int Ed Engl 53, 6965-6969 (2014). 

2) Lau, Y. H., de Andrade, P., Wu, Y. & Spring, D. R. Peptide stapling techniques based on different macrocyclisation chemistries. Chem Soc Rev (2014) 

Future Plans 

The Candidates 
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Biological Background The lactam stapling 

amide bond lactam bridge 

(Lys(i)  Asp(i+4)) 

- lactam staples are introduced via substitution of 

two amino acids at position Lys (i) & Asp (i+4) 

which is known as a favourable distance   

 

- single positions are chosen either to lock a helix 

turn degraded by a proline or to not disturb the 

amphipathic character of the peptide 

The Idea 

- α-helical amphipathic CPPs normally adopt their 

secondary structure not until being close to the 

hydrophobic environment of a membrane  

 

- formation of the α-helical structure already in 

solution should  facilitate the binding properties 

and therefore improve the translocation process 
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formation of an α-helical secondary structure no structural change 

Circular Dichroism in the aqueous phase - effect of the lactam staple 

In aqueous solution the lactam stapling shows the strongest effect of an α-helical formation and stabilization for „WW synthetic peptide“  and „MAP“  

CD spectra of the stapled analogue CD spectra of the linear peptide CD spectra of the stapled analogue CD spectra of the linear peptide CD spectra of the stapled analogue CD spectra of the linear peptide CD spectra of the stapled analogue CD spectra of the linear peptide 
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Leakage of WWSP  

and the stapled analogue 

Schematic fluorescence time scan  

of the leakage 
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stapled stapled

WW signal sequence WW signal sequence MAP MAP

E. coli 256 µg/mL - 16 µg/mL 64 µg/mL

S. aureus 16 µg/mL - 16 µg/mL 256 µg/mL

P. aeruginosa - - 256 µg/mL -

E. faecalis 64 µg/mL - 256 µg/mL -

Leakage of MAP  

and the stapled analogue 

Minimum inhibitory concentrations of WWSP, MAP and 

the stapled analogues 

Hemolysis of erythrocytes after treatment 

with MAP/ stapled MAP 

Hemolysis of erythrocytes after treatment 

with WWSP/ stapled WWSP 

Known as the most effective α-helix nucleators, lactam stapled peptides confer 

greatest α-helicity compared to other stapling techniques, but all success achieved 

beyond in vitro characterisation, the biological targets have been only extracellular or 

membrane-bound. Although lactamisation is a well-known stapling technique there is 

much less evidence in literature compared to e.g. hydrocarbon-stapling that shows 

thereby an improvement in cell permeability.1,2 Especially in the case of potent cell-

penetrating peptides, whose cargos aim on intracellular targets, this issue of 

optimizing membrane translocation plays a major role. Our goal is to analyze the 

membrane binding properties and conformational features of lactam stapled 

analogues of α-helical amphipathic CPP, and to determine their uptake efficiency and 

toxic effect on different types of membranes. Circular dichroism (CD) is used to 

determine the success of peptide stapling by evaluating the degree of induced α-

helical stabilization in the aqueous phase via comparison with the linear analogues. 

The most potent candidates are used to investigate their uptake efficiency and their 

toxicity on different bacteria as well as on Jurkat, HEK293T, and red blood cells. In 

addition, we started in vitro experiments to investigate translocation in lipid vesicles 

and leakage. 

Circular Dichroism in membrane 

 mimicking lipid vesicles 

CD spectra of WWSP CD spectra of stapled WWSP 

CD spectra of MAP CD spectra of stapled MAP 
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Viability of Jurkat cell after treatment 

with WWSP/ stapled WWSP 

Viability of HEK293T cell after 
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Confocal microscopy 

Translocation 

FACS 

Leakage 

Lactam stapling restrains the natural  α-helical 

formation of the peptides in lipid environments 
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AIMS                                                     

Cell-penetrating peptides (CPPs) have the intriguing ability to cross hydrophobic cellular membranes, and they are even able to transport and deliver various hydrophilic cargoes 

into cells. Typically, CPPs are built up of 5-30 amino acids and can be allocated to three major classes: (i) cationic, (ii) amphipathic, or (iii) hydrophobic. Here, we suggest a novel 

concept for the design of CPPs, based on a “charge zipper” motif that was recently discovered in the membrane proteins TatA1 and TisB2. Charged peptidic side chains can be 

accommodated within the lipid bilayer, provided that they are stabilized by intramolecular ladders of salt bridges. Furthermore, we examine the difference between stapeled 

amphiphilic α-helical CPPs and their linear analogues. Circular dichroism (CD) is used to determine the extent of helicity in different lipid vesicles, and Oriented CD reveals the helix 

alignment in the membrane. Solid-state NMR gives us a more accurate picture of the alignment of the helix and facilitates the precise calculation of peptide tilt angles. By 

establishing a medium-throughput screen for model membranes we intend to measure the uptake efficiency of a CPPs and leakage of the lipid vesicles simultaneously. All 

experiments are aimed at detecting correlations between the uptake efficiency of a CPP, its local structure, aggregation tendency, the lipid composition and membrane curvature. 
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CONCLUSION 

„Charge zippers“ have been recently discovered in membrane proteins, where ladders of salt bridges compensate the charged side chains and allow them to be embedded in the 

hydrophobic membrane interior. Based on this motif, we have designed a new class of cell-penetrating peptides and synthesized representative sequences to be tested. Circular 

Dichroism and Oriented Circular Dicroism measurements have been performed to determine the secondary structure and membrane alignment of four unstapeled, potential α-helical 

CPPs (Hoffmann-La Roche). The diversity of the CPPs (Hoffmann – La Roche) leads to heterogeneous CD & OCD results. Further investigations are necessary to find the right 

conditions for all peptides to allow them to insert in the lipid bilayer. In a next step, the comparison with the stapeled analogues will show the importance of the helicity for membrane 

attraction. Furthermore, we are establishing an orthogonal CPP assay (based on Wimley)4 using fluorescently labeled (7-Amino-4-carbamoylmethylcoumarin) CPPs to measure their 

desired CPP activity and any undesirable membrane disruption, and to correlate these with the structural properties and membrane binding affinities of these peptides.  
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Excitation [nm] Emission [nm]5 

ACC (free) 350  450  

ACC - Peptide 325  400  

Tb3+/DPA 270  490/545  

An orthogonal CPP assay (Wimley et al.)4 facilitates the measurement of the CPP 

activity (peptide translocation) and membrane disruption (leakage of the vesicles) 

simultaneously. 
 

TatAd23-60 

Original  „charge zipper“  in  the pore-forming membrane protein 
TatA from the bacterial protein translocase (B. subtilis)1 
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CZ-CPP No1 

Sterically optimized synthetic cell penetrating candidate,  
derived from the TatAd sequence 

 

α
-h

e
li

x
  
  
  
β

-s
tr

a
n

d
 

 No spectral overlap of the free ACC, the bound ACC, 

    and the Tb3+/DPA complex 

 Translocation and leakage can be quantified at the  

    same time 

Schematic view of the CPP assay 

External solution: 

Dipicolinic acid (chelat complex builder) 

α1-antitrypsin (chymotrypsin inhibitor) 

Fmoc-SPPS 

Synthesis of the peptide attached to the fluorophore ACC (7-Amino-4-

carbamoylmethylcoumarin) via standard Fmoc-synthesis, using Rink 

Amide resin as the solid support. 

Entrapped in unilamellar vesicles: 

Chymotrypsin (cleavage enzyme) 

Terbium 3+ (ion for chelat complex) 

 

Excitation and emission wavelengths of the fluorophores 

qqrkrkiwsilaplGttlvklvaGic-NH2 
(primary amphipathic and left-handed helical) 

Ac-PLILLRLLRGQF-NH2 
(hydrophobic or amphipathic helical; Pept1) 

 

Ac-AAVLLPVLLAAP-NH2 
(hydrophobic; MPS analogue) 

 

Ac-KLALKALKALKAALKLA-NH2 
(amphipathic helical; MAP analogue) 
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CD spectra of Roche-CPP1 

in different lipid vesicles 

(α-helical content ~56%) 

CD spectra of Roche-CPP2 

in different lipid vesicles 

(α-helical content ~87%) 

CD spectra of Roche-CPP3 

in different lipid vesicles 

(unstructured) 

CD spectra of Roche-CPP4 

in different lipid vesicles 

(α-helical content ~70%) 

OCD spectra of different Roche 

CPPs in oriented membranes 

TisB-DenselyChargedRegion 

Helical stress-response peptide TisB (from E. coli)2, 
extended by a complementary charged stretch  
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Cell-penetrating peptides (CPPs) have the intriguing ability to cross hydrophobic cellular membranes, and they are even able to transport and deliver various hydrophilic cargoes 

into cells. Typically, CPPs are built up of 5-30 amino acids and can be allocated to three major classes: (i) cationic, (ii) amphipathic, or (iii) hydrophobic. Here, we suggest a novel 

concept for the design of CPPs, based on a “charge zipper” motif that was recently discovered in the membrane proteins TatA1 and TisB2. Charged peptidic side chains can be 

accommodated within the lipid bilayer, provided that they are stabilized by intramolecular ladders of salt bridges. Furthermore, we examine the difference between stapeled 

amphiphilic α-helical CPPs and their linear analogues. Circular dichroism (CD) is used to determine the extent of helicity in different lipid vesicles, and Oriented CD reveals the helix 

alignment in the membrane. Solid-state NMR gives us a more accurate picture of the alignment of the helix and facilitates the precise calculation of peptide tilt angles. By 

establishing a medium-throughput screen for model membranes we intend to measure the uptake efficiency of a CPPs and leakage of the lipid vesicles simultaneously. All 

experiments are aimed at detecting correlations between the uptake efficiency of a CPP, its local structure, aggregation tendency, the lipid composition and membrane curvature. 
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CONCLUSION 

„Charge zippers“ have been recently discovered in membrane proteins, where ladders of salt bridges compensate the charged side chains and allow them to be embedded in the 

hydrophobic membrane interior. Based on this motif, we have designed a new class of cell-penetrating peptides and synthesized representative sequences to be tested. Circular 

Dichroism and Oriented Circular Dicroism measurements have been performed to determine the secondary structure and membrane alignment of four unstapeled, potential α-helical 

CPPs (Hoffmann-La Roche). The diversity of the CPPs (Hoffmann – La Roche) leads to heterogeneous CD & OCD results. Further investigations are necessary to find the right 

conditions for all peptides to allow them to insert in the lipid bilayer. In a next step, the comparison with the stapeled analogues will show the importance of the helicity for membrane 

attraction. Furthermore, we are establishing an orthogonal CPP assay (based on Wimley)4 using fluorescently labeled (7-Amino-4-carbamoylmethylcoumarin) CPPs to measure their 

desired CPP activity and any undesirable membrane disruption, and to correlate these with the structural properties and membrane binding affinities of these peptides.  
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Wavelength [nm]3 

DESIGN  OF  „CHARGE  ZIPPERS“  AS  CE L L-PENETRATING PEPTIDES 

  

SECONDARY STRUCTURE AND HELIX ALIGNMENT IN THE MEMBRANE  –  CPPS HOFFMANN - LA ROCHE 

  

Excitation [nm] Emission [nm]5 

ACC (free) 350  450  

ACC - Peptide 325  400  

Tb3+/DPA 270  490/545  

An orthogonal CPP assay (Wimley et al.)4 facilitates the measurement of the CPP 

activity (peptide translocation) and membrane disruption (leakage of the vesicles) 

simultaneously. 
 

TatAd23-60 

Original  „charge zipper“  in  the pore-forming membrane protein 
TatA from the bacterial protein translocase (B. subtilis)1 
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CZ-CPP No1 

Sterically optimized synthetic cell penetrating candidate,  
derived from the TatAd sequence 
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 No spectral overlap of the free ACC, the bound ACC, 

    and the Tb3+/DPA complex 

 Translocation and leakage can be quantified at the  

    same time 

Schematic view of the CPP assay 

External solution: 

Dipicolinic acid (chelat complex builder) 

α1-antitrypsin (chymotrypsin inhibitor) 

Fmoc-SPPS 

Synthesis of the peptide attached to the fluorophore ACC (7-Amino-4-

carbamoylmethylcoumarin) via standard Fmoc-synthesis, using Rink 

Amide resin as the solid support. 

Entrapped in unilamellar vesicles: 

Chymotrypsin (cleavage enzyme) 

Terbium 3+ (ion for chelat complex) 

 

Excitation and emission wavelengths of the fluorophores 

qqrkrkiwsilaplGttlvklvaGic-NH2 
(primary amphipathic and left-handed helical) 

Ac-PLILLRLLRGQF-NH2 
(hydrophobic or amphipathic helical; Pept1) 

 

Ac-AAVLLPVLLAAP-NH2 
(hydrophobic; MPS analogue) 

 

Ac-KLALKALKALKAALKLA-NH2 
(amphipathic helical; MAP analogue) 
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Wavelength [nm] 

Roche1/DMPC (1/50) 15°C

Roche1/DMPC (1/50) 30°C

Roche1/DMPC/DMPG(3/1) (1/50) 30°C

Roche1/DMPC/Chol(3/1) (1/50) 30°C

Roche1/DMPC/lyso-PC(9/1) (1/50) 30°C
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Wavelength [nm] 

Roche2/DMPC (1/50) 15°C
Roche2/DMPC (1/50) 30°C
Roche2/DMPC/DMPG(3/1) (1/50) 30°C
Roche2/DMPC/Chol(3/1) (1/50) 30°C
Roche2/DMPC/lyso-PC(9/1) (1/50) 30°C
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Wavelength [nm] 

Roche3/DMPC (1/50) 15°C

Roche3/DMPC (1/50) 30°C

Roche3/DMPC/DMPG(3/1) (1/50) 30°C

Roche3/DMPC/Chol(3/1) (1/50) 30°C

Roche3/DMPC/lyso-PC(9/1) (1/50) 30°C
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Wavelength [nm] 

Roche4/DMPC (1/50) 15°C

Roche4/DMPC (1/50) 30°C

Roche4/DMPC/DMPG(3/1) (1/50) 30°C

Roche4/DMPC/Chol(3/1) (1/50) 30°C

Roche4/DMPC/lyso-PC(9/1) (1/50) 30°C
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Wavelengh [nm] 

Roche1/DMPC/DMPG(3/1) (1/50) 30°C
Roche1/DMPC/DMPG(3/1) (1/50) 30°C mirrored
Roche2/DMPC/DMPG(3/1) (1/50) 30°C
Roche3/DMPC/DMPG(3/1) (1/50) 30°C
Roche4/DMPC/DMPG(3/1) (1/50) 30°C

CD spectra of Roche-CPP1 

in different lipid vesicles 

(α-helical content ~56%) 

CD spectra of Roche-CPP2 

in different lipid vesicles 

(α-helical content ~87%) 

CD spectra of Roche-CPP3 

in different lipid vesicles 

(unstructured) 

CD spectra of Roche-CPP4 

in different lipid vesicles 

(α-helical content ~70%) 

OCD spectra of different Roche 

CPPs in oriented membranes 

TisB-DenselyChargedRegion 

Helical stress-response peptide TisB (from E. coli)2, 
extended by a complementary charged stretch  
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