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Abstract

Stabilized alpha-helical (SAH) peptides are valuable laboratory tools to explore important protein–

protein interactions. Whereas most peptides lose their secondary structure when isolated from the 

host protein, stapled peptides incorporate an all-hydrocarbon “staple” that reinforces their natural 

alpha-helical structure. Thus, stapled peptides retain their functional ability to bind their native 

protein targets and serve multiple experimental uses. First, they are useful for structural studies 

such as NMR or crystal structures that map and better define binding sites. Second, they can be 

used to identify small molecules that specifically target that interaction site. Third, stapled peptides 

can be used to test the importance of specific amino acid residues or posttranslational 

modifications to the binding. Fourth, they can serve as structurally competent bait to identify novel 

binding partners to specific alpha-helical motifs. In addition to markedly improved alpha-helicity, 

stapled peptides also display resistance to protease cleavage and enhanced cell permeability. Most 

importantly, they are useful for intracellular experiments that explore the functional consequences 

of blocking particular protein interactions. Because of their remarkable stability, stapled peptides 

can be applied to whole-animal, in vivo studies. Here we describe a protocol for the synthesis of a 

peptide that incorporates an all-hydrocarbon “staple” employing a ring-closing olefin metathesis 

reaction. With proper optimization, stapled peptides can be a fundamental, accurate laboratory tool 

in the modern chemical biologist’s armory.
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1 Introduction

Protein interactions are fundamental to the control of nearly every cellular function. The 

ability to manipulate these interactions is a highly desirable capability for both physiological 

experimentation and therapeutic benefit. Small molecules are particularly adept at targeting 

small hydrophobic pockets with high affinity and specificity [1]. However, the vast majority 

of protein interactions are mediated by relatively large and shallow interaction surfaces that 

are difficult to target with small molecules. Biologics, such as antibodies, are effective at 

recognizing large surface areas with high affinity, but their use is limited to targets that are 

extracellular [2]. Thus, many intracellular signaling pathways remain largely inaccessible to 

meaningful real-time manipulation.

Over billions of years of evolution Mother Nature has designed precise “lock-and-key” 

mechanisms to ensure specificity in the tremendous variety of intermolecular biologic 

recognition events. The most prevalent secondary structure element within proteins is the α-
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helix, which is employed for numerous protein–protein and protein–DNA interactions [3–5]. 

First modeled by Pauling and Corey, the alpha-helix contains 3.6 residues per turn with a 

rise of 0.15 nm per residue allowing for maximal reinforcement of hydrogen bonding 

between the amide protons and carbonyl oxygens [6]. The central core minimizes free space, 

while the amino acid side chains are displayed outwards to form unique topographies for 

interaction. Small peptides that correspond to a portion of a protein involved in such an 

interaction can potentially serve as effective binding partners because they accurately 

display a true mimic of its three-dimensional interaction surface. Nevertheless, taking a 

single helix out of the context of the entire protein has severe consequences on its structure 

and biological utility. In an aqueous environment, short peptides will often lose their alpha-

helical secondary structure and unfold into random coil devoid of structure [7]. The loss of 

structure allows peptides to achieve an extended conformation making them prime targets 

for protease degradation [8]. Finally, with few exceptions, peptides cannot penetrate the cell 

membrane [9].

Many methods have been established for the enforcement of the alpha helical conformation, 

but many of these approaches make use of groups that are polar or pharmacologically labile 

[10, 11]. Each of these obstacles for native polypeptides can be overcome by the insertion of 

an all-hydrocarbon cross-link [12–15]. In this strategy, peptides are synthesized containing 

two α-methyl, α-alkenyl glycine substitutions positioned either one or two helix turns apart 

followed by a ruthenium-catalyzed, ring-closing olefin metathesis reaction which is 

compatible with modern solid-phase peptide synthesis protocols [16, 17]. Both α,α-

disubstitution and macrocyclic bridge formation promote helix formation [18]. Likewise, the 

resulting amphipathic helix can promote cell permeability and precludes unfolding of the 

peptide enhancing its proteolytic stability [19].

Methodical examination of stereochemistry and chain length revealed that amino acids 

containing 5 carbon atoms in their alkenyl side chain with S stereochemistry (S5) placed one 

α-helical turn apart or, in the i and i+4 positions, is ideal [13]. Alternatively, to span two α-

helical turns, the R stereoisomer with an 8 carbonatom alkenyl chain (R8) is placed at the i 

position and S5 in the i+ 7 position [20].

One of the benefits of synthesizing a peptide is the flexibility to include select modifications. 

For example, incorporating amino acids that are phosphorylated, methylated, or glycosylated 

easily explores posttranslational modifications. Moreover, peptides can be easily tracked in 

microscopy experiments by synthesizing them with specific labels such as FITC or various 

Alexa Fluor dyes [12]. Addition of a biotin moiety bestows a useful handle to pull down the 

peptide and any interacting partners with streptavidin [21]. A photoreactive group for UV 

light-induced covalent cross-linking can be used to capture interacting proteins and map 

interaction surfaces [21, 22]. Therefore, in addition to simply blocking a specific interaction, 

stapled peptides are valuable tool compounds in exploration of protein–protein interaction 

mechanisms in general. The methods subsequently described are broadly applicable and 

have been used to successfully manipulate numerous and diverse protein targets.
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2 Materials

1. Rink amide MBHA resin.

2. 1-Methyl-2-pyrrolidinone (NMP).

3. Piperidine.

4. 2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

hexaflurophosphate (HCTU).

5. N,N-diisopropyl ethylamine (DIEA).

6. 1,2-Dichloroethane (DCE).

7. Grubbs catalyst (Grubbs I (bis(tricyclohexylphosphine)-benzylidene ruthenium 

(IV) dichloride)).

8. Dichloromethane (DCM).

9. Methanol.

10. Methyl-tert-butyl ether.

11. Acetic anhydride.

12. Trifluoroacetic acid (TFA).

13. Triisopropylsilane (TIS).

14. 1,2-Ethanedithiol (EDT).

15. Diethyl ether.

16. Acetonitrile.

17. Fmoc amino acids.

18. Fritted reaction vessel (e.g., disposable chromatography columns or peptide 

synthesis glassware).

19. Machines: Peptide synthesizer.

20. Machines: HPLC/LC/MS.

3 Methods

3.1 Design Considerations

In the design of stapled alpha-helical peptides, it is crucial to mimic as closely as possible 

the original sequence of the protein in question. Residues known or presumed to be involved 

in the binding interaction being targeted should remain intact. In turn, the staple should be 

located away from the binding interface to avoid interference with the interaction surface. 

Because the location and size of the staple are crucial to the successful stabilization of the 

helix, panels of compounds with staples at different allowed locations with different chain 

lengths should be designed and synthesized. Once the ideal position and size of the staple 

have been found (based on in vitro binding studies with its target), substitutions to the native 
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sequence can be undertaken in order to optimize the peptide for improved binding and 

potency.

3.2 Peptide Synthesis

The synthesis of stapled peptides is carried out using standard Fmoc 

(fluorenylmethoxycarbonyl) solid-phase peptide synthesis protocols (Fig. 1). The procedure 

outlined below is suitable for the synthesis of a single stapled peptide in a 25 μmol scale.

1. Swell Rink Amide MBHA resin (100–200 mesh, preferably with a substitution 

lower than 0.4 mmol/g) with 1 mL NMP for 15 min.

2. To remove the Fmoc-protecting group, wash the resin with 1 mL of a 20 % (v/v) 

solution of piperidine in NMP for 15 min and drain. Repeat once.

3. Wash resin with 1 mL NMP for 1 min draining to waste. Repeat five times.

4. Couple the Fmoc amino acid onto the drained resin by addition of 10 equivalents 

N-α-Fmoc-protected amino acid in NMP, 9.9 equivalents of HCTU in NMP, and 

20 equivalents of DIEA. The reaction is shaken at room temperature for 45 min. 

If coupling a sterically hindered amino acid (His, Ile, Pro, Thr, Trp, Val) shake 

for 60 min. To couple an olefinic amino acid, add the cross-linker, HCTU, and 

DIEA in a molar ratio of 4:3.8:8 to the resin and shake for 60 min.

5. Wash resin with 1 mL NMP for 1 min, five times draining to waste after each 

wash.

6. Go back to step 2, and repeat for each amino acid to add.

7. Once the synthesis has been completed, the resin is washed twice with DCM (1 

mL × 3 min) and shrunk with methanol (1 mL × 5 min).

3.3 Olefin Metathesis

In order to carry out the olefin metathesis reaction, the N-terminus of the peptide must not 

be exposed as the free amine. The reaction may be carried out with the peptide protected as 

the Fmoc carbamate.

1. Swell resin by adding 1 mL dry DCE for 30 min.

2. Add 1 mL of freshly dissolved 10 mM Grubbs catalyst in DCE for 2 h with 

constant bubbling under nitrogen. Add additional DCE to avoid loss of volume 

due to evaporation.

3. Wash once with DCE (1 mL × 1 min). Repeat step 2.

4. Wash three times with DCE (1 mL × 1 min).

5. Shrink resin with methanol (1 mL × 5 min).

3.4 N-Terminus Modifications

1. The N-terminus of the peptide can be modified using amine-reactive agents. 

Acetylation of the N-terminus is carried out by treating the pre-swollen and 
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deprotected (i.e., free amine at the N-terminus) resin with 1 mL of a 2:1 (v/v) 

mixture of acetic anhydride and DIEA.

2. To attach other modifications such as fluoresceination or biotinylation, the 

swollen and deprotected resin is exposed to fluorescein isothiocyanate (FITC) or 

biotinyl-O-succinimide (Biotin-OSu) in the presence of DIEA.

3.5 Cleavage and Deprotection

1. Freshly make a cleavage cocktail that is 95 % TFA, 2.5 % TIS, and 2.5 % water 

on ice (CAUTION: mixture is exothermic). If the peptide has sulfur-containing 

amino acids or modifications (e.g., cysteine, methionine, biotin) then use 94 % 

TFA, 1 % TIS, 2.5 % water, and 2.5 % EDT.

2. Add 1 mL of cleavage cocktail per 20 mg peptide-bound resin, and shake at 

room temperature for 2–3 h (NOTE: the longer reaction times are necessary for 

peptides containing multiple arginines).

3. Filter the reaction mixture through a fritted disposable chromatography column, 

and collect the filtrate in a chilled, 15 mL conical tube containing 5–6 mL of cold 

diethyl ether. The peptide should precipitate immediately upon contact with the 

solvent.

4. Pellet the peptide by centrifugation at 3,000 ×g for 15 min at 4 °C.

5. Decant the ether supernatant, and air-dry the pelleted stapled peptide.

3.6 Purification

1. Dissolve the peptide in approximately 1 mL of 50 % acetonitrile in water.

2. Inject the peptide on a reverse-phase high-performance liquid chromatography 

with a C18 column and a mobile-phase gradient of water and acetonitrile, each 

with 0.1 % TFA.

3. Monitor the HPLC fractions by LC/MS, pooling fractions.

4. Pooled fractions are lyophilized overnight.

5. The lyophilized peptide is dissolved in DMSO and quantified by amino acid 

analysis.

6. Prepare stock solutions in DMSO at 1–10 mM and store at 4 °C or −20 °C.

4 Notes

1. Be sure to take proper precautions before using any chemicals. This includes 

appropriate safety goggles, lab coats, and closed toe shoes. All reactions should 

be carried out in a chemical fume hood.

2. Piperidine should be aliquoted using a disposable syringe and needle as the 

acidic fumes will corrode pipettes.
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3. Make sure that the frit is firmly in place and flush against the bottom before 

adding any reagents.

4. Optimization of the peptide through iterative syntheses that explore alternative 

staple sties and start and stop positions is essential in the process. These factors 

can be modified in order to avoid helix breakers (e.g., proline and glycine). Each 

compound should be tested for helicity, mechanism of action, and cell 

permeability.

5. In general, sulfUr-containing amino acids should be avoided because they may 

inactivate the ruthenium-containing Grubbs catalyst, leading to potentially low 

yields of product. If the use of a cysteine is necessary, then the trityl-protected 

variant Fmoc-Cys(Tr)-OH should be employed during coupling. Methionines can 

be substituted with the isosteric amino acid norleucine.

6. It is important to design a negative control stapled peptide to confirm target-

specific effects. Ensure that the negative control mutation does not appreciably 

affect helicity or cell penetration.
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Fig. 1. 
Scheme for Fmoc-based solid-phase peptide synthesis with ruthenium-catalyzed olefin 

metathesis. Reactions are numbered by step within the protocol, where Subheading 3.2, step 
2 represents the deprotection reaction, Subheading 3.2, step 4 the coupling reaction, and 

Subheading 3.3 the metathesis reaction. The chemical structure in Subheading 3.2, step 2 is 

that of piperidine, Subheading 3.2, step 4 the Fmoc-protected amino acid, and Subheading 

3.3 the Grubbs catalyst. Gray ball represents rink amide MBHA resin
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