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Abstract
We report the first use of a photoinduced 1,3-dipolar cycloaddition reaction in “stapling” peptide
side chains to reinforce a model peptide helical structure with moderate to excellent yields. The
resulting pyrazoline “staplers” exhibit unique fluorescence useful in a cell permeability study.

Peptide helices are frequent mediators of key protein-protein interactions that regulate many
important biological processes such as stress response and apoptosis.1 However, when peptide
helices are taken out of protein context and placed into aqueous buffer in isolation, they usually
adopt random coil conformations, leading to a drastic reduction in biological activity and thus
diminished therapeutic potential. Among numerous strategies that aim to stabilize or mimic
peptide helices,2 the most straightforward, yet effective, strategy is sidechain cross-linking
(“peptide stapling”).3-6 In addition to structural reinforcement, peptide stapling usually leads
to increased metabolic stability, improved membrane permeability, and potentially enhanced
binding affinity to protein targets due to pre-organization.

Since peptide stapling necessitates macrocyclization, an entropically unfavorable process,7
very few reactions are known to date that give rise to good yields along with the reinforced
structures. These include disulfide bond formation,3 lactam formation,4 ruthenium-catalyzed
ring closing metathesis,5 and copper-catalyzed azide-acetylene cycloaddition.6 While these
reactions have enabled the synthesis of stapled peptide helices, the development of additional
stapling reactions with high yields and predictable structural effect is still highly desirable.
Herein, we report the first synthesis of stapled peptide helices using a photoinduced nitrile
imine-mediated intramolecular 1,3-dipolar cycloaddion reaction, and the subsequent
structural, photophysical, and preliminary cellular uptake studies of the stapled peptides.

We recently reported a photoactivated nitrile imine-mediated 1,3-dipolar cycloaddition as a
new bioorthogonal reaction for protein labeling both in vitro and in vivo.8 During these studies,
we observed that the nitrile imine species, while reactive toward suitable alkenes, was
exceedingly stable in the aqueous medium. To probe whether this unique reactivity profile can
be harnessed to “staple” peptides, we appended an alkene and a tetrazole moiety, respectively,
to peptide sidechains located at the i and i + 4 positions of Balaram’s 310-helix9 (scheme in
Table 1). We chose this peptide helix model because it has been studied previously by Grubbs
and co-workers5a in demonstrating ruthenium-catalyzed ring closing metathesis chemistry for
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peptide stapling. We envisioned that upon photoirradiation, tetrazole would undergo the
cycloreversion reaction to generate the nitrile imine dipole in situ, which would then react with
proximal alkene dipolarophile to form a fluorescent pyrazoline cross-linker. To examine
conformational effect on the reaction efficiency, we prepared a series of linear peptide
precursors (1-8) by attaching various alkene and tetrazole moieties, respectively, at the
sidechains of either lysines or ornithines located at the 2- and 6-positions (Table 1). To effect
macrocycloaddition, the linear peptides (150 μM in acetonitrile) were photoirradiated with a
302-nm handheld UV lamp (UVM, 0.16 AMPS) for 2 hours and the resulting stapled peptides
were purified by reverse-phase HPLC. Interestingly, we found: 1) the lysine sidechains gave
higher yields than the ornithine sidechains (compare peptides 3-8 to 1-2), suggesting that larger
rings cause less strains and therefore are more conducive to the macrocycloaddition reactions;
2) N-(4-methoxy)- and N-(4-dimethylamino)-phenyl tetrazoles gave higher yields than simple
N-phenyl tetrazole (compare 6 and 8 to 3), which can be attributed to higher reactivities of the
corresponding nitrile imines;10 3) linear peptide 8 carrying methacrylic and N-(4-
dimethylamino) phenyl tetrazole sidechains afforded the highest yield (94%), suggesting that
both the tetrazole reactivity and the alkene conformational rigidity (methacrylic vs. acrylic)
are important for the macrocycloaddition reaction; and 4) the stapling reaction involving
peptide 8 was found to be tolerant of protic solvents such as EtOH and iPrOH as well as EtOH/
H2O (1:1) mixture, affording similar yields (see Table S1 in ESI). Additionally, a preliminary
study with a p53 analog, Ac-LTFαHYWAQLβS-NH2 where α and β represent methacrylic and
N-(4-methoxy) phenyl-tetrazole modified lysine, respectively, showed that the cyclized
product was isolated in 74% yield, indicating that the stapling is compatible with the polar side
chains.11

To examine the stapling effect on peptide secondary structure, we measured the far-UV circular
dichroism (CD) spectra of the stapled peptides in trifluoroethanol (TFE) at 25 °C. Because the
tetrazoles in the linear peptides are labile to the CD scanning light (short wavelength UV light),
we prepared a photo stable control peptide, Ac-Val-Lys(Ac)-Leu-Aib-Val-Lys(Ac)-Leu-
NH2 (17; Ac = acetyl; Aib = amino isobutyric acid) as a linear surrogate. Peptide 17 showed
typical CD spectrum of a right-handed 310-helix with a strong negative band around 208 nm
(π→π*) and a weak negative band around 222 nm (n→π*) (Figure 1a).12 The percent helicity
of 17 was determined to be 53% on the basis of mean residue ellipticity (MRE) at 208 nm.13

By comparison, stapled peptides 11 and 14 showed similar percent helicity (51% for both)
while 16 exhibited slightly higher percent helicity (64%) (Fig. 1a), indicating that the methyl
group attached to the pyrazoline rings reinforces the helical structures. To further characterize
the stability derived from the stapling, we measured thermal melting point (Tm) of the most
helical peptide 16 by following its ellipticity over a wide temperature range (20 - 85 °C),14 and
compared it to that of the linear photo stable peptide 17 (Fig. 1b). We found that stapled peptide
16 exhibited higher melting temperature (Tm = 63 °C) than linear peptide 17 (Tm = 48 °C); the
15 °C-increase is greater than 10 °C-increase observed for a double cysteine alkylation cross-
linker spanning the i and i + 11 positions of an α-helical peptide,3b suggesting that helical
reinforcement afforded by the pyrazoline cross-linker is robust.

Since pyrazoline crosslinkers are fluorescent, we measured the UV and fluorescence spectra
of the eight stapled peptides (Fig. 2). As expected, large Stokes shifts (74 ~ 169 nm) were
observed, in excellent agreement with our previous observation.8a In general, it appears that
the strained, stapled peptides with lower percent helicity (see Fig. 1a) showed consistently
smaller Stokes shifts compared to their relaxed counterparts (compare 10 to 9, 12 to 11, and
13 to 14) (Fig. 2).15 Since Stokes shift reflects the electronic displacement in potential surfaces
between the ground and excited states of the chromophore, the decreases in Stokes shift
observed in 10, 12, and 13 can be attributed to the rigidified ground states and thus increased
potential surfaces—the result of macrocyclic ring strains.16
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To assess whether the stapled peptides are capable of penetrating cell membrane, we took
advantage of the intrinsic fluorescence of the pyrazoline cross-linkers8 and monitored the
stapled peptide cellular uptake by fluorescent microscopy. Because stapled peptide 13 showed
maximum absorption at 356 nm and a broad emission band at 400-700 nm (Fig. 2e), matching
closely to commercial DAPI filter settings (ex 365 nm, em 445 ± 25 nm), we decided to use
peptide 13 in our cellular uptake assay.17 After incubating HeLa cells with 100 μM of peptide
13 for 4 hours in a 37 °C CO2 incubator, the cells were washed twice with PBS before fixing
with 4% paraformaldehyde and the subcellular distribution of peptide 13 was examined by
fluorescent microscopy. Interestingly, punctuated fluorescence was observed in discrete
cytoplasmic regions within HeLa cells (Fig. 3a), resembling closely to the intracellular
distribution pattern of the hydrocarbon-stapled BH3 helix,18 which in turn suggests that the
pyrazoline stapled peptides penetrates cell membrane via a similar pinocytotic pathway. In a
control experiment, treatment of HeLa cells with a linear analog 18 (Ac-Val-Lys(Pyr)-Leu-
Aib-Val-Lys(Ac)-Leu-NH2; Pyr = pyrazoline fluorophore with the same structure as that of
peptide 13) did not yield cellular fluorescent pattern under the identical conditions (Fig. 3b),
suggesting that the membrane permeation is indeed endowed by the sidechain stapling.

In summary, we have demonstrated a facile synthesis of stapled peptide helices using a
photoinduced, nitrile imine-mediated, intramolecular 1,3-dipolar cycloaddition reaction.
When appropriate alkenes and tetrazoles were employed, high stapling yields were obtained
along with the reinforced helical structures. Moreover, one stapled peptide was found to be
capable of permeating the HeLa cell membrane. With this new orthogonal stapling reaction,
it might be possible to combine several orthogonal reactions to design novel, multiply stapled
peptide structures. By taking advantage of the spatiotemporal resolution of light activation, it
is also possible to “switch-on” the biologically active form of a peptide in specific cell types.
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Fig. 1.
(a) CD spectra of the stapled peptides 9-16 and the linear peptide 17 at 25 °C. Peptides were
dissolved in TFE to derive 100 μM solutions. The calculated percent helicity values were listed
in the table. (b) Thermal melting curves of peptides 16 and 17. 100 μM peptide solutions in
20% TFE/H2O were used in the CD scans.
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Fig. 2.
UV-Vis and fluorescence spectra of the stapled peptides: (a) 9; (b) 10; (c) 11; (d) 12; (e) 13;
(f) 14; (g) 15; (h) 16. Dashed lines represent the UV absorbance spectra while solid lines
represent the fluorescence emission spectra. The absorption and emission maxima were marked
on top of the spectra.
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Fig. 3.
Fluorescent images of fixed HeLa cells overlaid on the DIC images after treatment of 100 μM
of (a) peptide 13 or (b) linear control peptide 18.
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