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Customized Reversible Stapling for Selective Delivery of Bioactive

Peptide

Zizhen Zeng,” Jibao Zhu, * Huanwen Chen, Yi Jin, Emeric Miclet, ¥ Valérie Alezra, $ Yang Wan*

ABSTRACT: We have developed a new concept for reversible
peptide stapling that involves a macrocyclization between two
amino groups and a decyclization promoted via dual 1,4-elimina-
tion. Depending on the trigger moiety, this strategy could be em-
ployed to selectively deliver peptides to either intracellular or ex-
tracellular targets. As a proof of concept, a peptide inhibitor target-
ing the lysine-specific demethylase was temporarily cyclized to en-
hance its stability and ability to cross the cell membrane. Once in-
side the cells, the biologically active linear peptide was released
under reducing environment. Moreover, we have developed revers-
ibly stapled peptides using antimicrobial peptides (RStAMPSs)
whose bioactive helical conformation can be temporarily destabi-
lized by stapling the peptide backbone. The resulting helix-dis-
torted RStAMPs are non-toxic and highly resistant to protease hy-
drolysis while at the infection site, RStAMPs can be rapidly acti-
vated by the overproduced H202 through a dual 1,4-elimination.
The latter restored the helical structure of the native peptide and its
antimicrobial activity. This works illustrates a highly valuable mac-
rocyclization strategy for the peptide community, and should
greatly benefit the field of peptide delivery.

Peptides are biological macromolecules whose versatile functions
are largely determined by their conformational structures. They are
an important class of therapeutics with several advantages, includ-
ing high potency and a broad range of targets, but their use is ham-
pered by their poor in vivo stability,! low cell membrane penetra-
tion, and lack of specificity. Stapling (or macrocyclization) and pol-
ymer conjugation are two commonly used approaches for enhanc-
ing the pharmacological properties of peptide drugs.>7 Often, sta-
pled or polymer-conjugated peptides have significantly enhanced
metabolic stability. However, in some cases, polymer conjugation
can mask the interaction site between the peptide and its target, or
destabilize the bioactive conformation, in both cases resulting in a
significant (or total) loss of peptide activity.8 ! To take advantages
of modified peptides while avoiding their loss of activity, many
groups have developed approaches based on reversible modifica-
tions. The strategy is to temporarily mask the activity of peptide
and restore it upon stimulation. In this context, reversible or de-
gradable polymer conjugation of peptides has been extensively in-
vestigated, where the polymers are tethered to peptides via custom-
ized linkers and could be removed under various stimulis.'>4 In
comparison, reversible peptide stapling is under-exploited, alt-
hough it is very promising as it avoids the use of polymers such as
polyethylene glycol (PEG) that have shown potential hypersensi-
tivity.®

It is understandable that the reversible polymerization is more
chemically flexible, as the polymers can be removed by a single
cleavage of the covalent bond, a way we call “one trigger, one re-
lease”. In comparison, the traceless release of the peptide from the
stapled state would theoretically require the cleavage of two cova-
lent bonds at both sides of the staple, therefore requiring “two trig-
gers, two releases” (see Scheme 1A). This severely restricts the

chemical accessibility of stapled peptides and the efficiency of sub-
sequent decyclization. To date, tethering between cysteine or me-
thionine residues is the predominant approach to design reversibly
stapled peptides, whose activity can be restored by reacting with
intracellular abundant thiols (Scheme 1A).16-21 While elegant, the
activation

Scheme 1. (A) Schematic representation of reversibly stapled
peptides activated by intracellular thiols. (B) Schematic repre-
sentation of reversibly stapled peptides designed in this work.
Our approach is designed to tolerate various triggers. Upon ac-
tivation, stapled peptides will subsequently undergo dual 1,4-
eliminations to release active peptides.
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of reversibly stapled peptides of current approaches is exclusively
relying on the intracellular thiols,?? significantly limiting the poten-
tial of reversible stapling as a general approach for peptide delivery.
Particularly, the available approaches are not suitable for extracel-
lular peptides as antimicrobial peptides (AMPs) targeting cell
membranes rather than intracellular receptors.?® Thus, a simple and
versatile reversible staple system that is compatible with various
disease-associated stimulus should have great potential in the field
of peptide delivery.

In this paper, we report an innovative strategy of reversible stapling
that involves a new mechanism of decyclization. In our design,
peptide stapling occurs between the widely prevalent amino groups
by forming carbamate groups. Upon a single stimulation on the re-
sponsive moiety, the peptide staple could be removed via a sponta-
neous dual 1,4-eliminations, leading to a “one trigger, two releases”
mechanism (Scheme 1B). Similar to reversible polymerization, this
system is expected to be chemically tolerant to a large variety of




triggers,?* and therefore could greatly expand the scope of potential
applications. To demonstrate the broad range of applications, we
decided in this work to prepare two linkers (a and b) that bear a
thiol- and H202-sensitive moiety, respectively (Figure 1A). Linker
a contains a disulfide bond that could be reduced by the high level
of glutathione in the cells. The terminal azide group on linker a
allows further modifications with other functional group. Linker b
comprises an H202-sensitive boronic acid moiety. We chose it be-
cause H202 concentration is known to be elevated in many patho-
logical conditions including (bacterial infection induced) inflam-
mation,?>26 and cancer.28 Moreover, the extracellular concentration
of H202 is considered much higher than its intracellular concen-
tration.?>28 In our design, reduction of the disulfide bond by gluta-
thione or oxidation of the boronic acid in the presence of H202 will
form a phenolate that will subsequently undergo spontaneous dual
1,4-eliminations, resulting in the release of linear peptides. Prepa-
ration of the removable linker a and protected linker b (Prot-b, as
a pinacol boronic ester) are described in the supporting information
(Scheme S1 and S2). The reactivity of linkers a and Prot-b towards
various amino acids was screened. We found that they could both
react with the amine groups (including the N-terminus and the ly-
sine side chain), the thiol group of cysteine, and the imidazole
group of histidine at 25 or 40 °C (Figure S1). Before attaching them
to bioactive peptides, linkers a and b were linked to peptides that
have two unprotected Lys positioned at i, i+4(1), i+6(2), i+8(3), and
i+11(4, 5), respectively. All coupling reactions were performed
smoothly in solution conditions (10 mM in DMSO) with desired
cyclic peptides obtained in satisfactory yield, as shown Figure 1B.
Noteworthy, we used Prot-b to make the coupling reaction and the
boronic ester was fully deprotected in the presence of catalytic tri-
fluoroacetic acid and excess of methylboronic acid,? in order to
increase the hydrophilicity of the stapled peptides. Next, we tested
if linkers a and Prot-b were compatible with on-resin peptide cy-
clization. Based on our trials, cyclic peptides stapled with linker a
directly onto the solid support were all successfully obtained in
moderate yields. However, under the same conditions, cyclization
of peptides with the protected linker b gave very low yields, prob-
ably because of the degradation of the boronic ester-containing
peptides in the resin cleavage cocktail (TFA/TIS/H20).

Next, we used peptide 1a and 1b (Figure 1C) as examples to ex-
amine whether linear peptides could be regenerated from
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Peptide Linkera® position
a(30%),
Ac-K;RGDKsA-NH2 (1) b(22%) i,i+4
a(32%),
Ac-K;VAGRTK;A-NH2(2) b(25%) i, i+6
a(28%),
Ac-K;LALRLALKGALRAALRLA-NH2 (3) b(15%) i,i+8
a(25%),
Ac-K;LALRLALRALK;,AALRLA-NH2 (4) b(18%) i,i+11
a(28%),
Ac-RLALKsLALRALRAALK;6LA-NH2 (5) b(20%) i,i+11

a. Stapling conditions in solution: peptide (1.0 equiv., 10 mM), linker (1.2
equiv.), DIEA(10 equiv.), DMSO, 25 °C. Additional step for linker b:
Methylboronic acid (10 equiv), 5% TFA/DCM, RT, 2 h. b. purified yield
by HPLC, 2 steps for linker b.
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Figure 1. (A) Thiols- (a) and H202-responsive (b) linkers synthe-
sized in this work. (B) Different peptide sequences and ring sizes.
The lysines that have been linked are labelled by their number in
the peptide sequence (C) Structures of stapled peptides 1a and 1b.
Regeneration (%) of peptide 1 from cyclized peptides (200 uM) in
the presence of 1 mM TCEP (D) or H202 (E) in PBS (pH 7.4) at 37
°C. Peptide quantifications were monitored by reverse-phase
HPLC.

the macrocycles upon stimulation. We found that upon treatment
with tris(2-carboxyethyl)phosphine (TCEP, 5 equiv., 1ImM) in PBS
buffer (pH 7.4), peptide 1a showed time-dependent regeneration
of the parental peptide 1 (Figure 1D). The proposed reaction mech-
anism of peptide 1a in a reducing environment is shown in Figure
S2. In the presence of TCEP, the disulfide bond is immediately
cleaved (complete disappearance of the peptide 1a after one minute
on Figure 1D) to form linear intermediate S9, and the resulting thiol
react intramolecularly to form a thiazolidinone. After a dual 1,4-
elimination, the unmodified linear peptide 1 is formed. Next, we
examined whether the activation of peptide 1b occurred in a H202-
specific manner. As shown in Figure 1E, upon treatment with 1 mM
H202, the initial concentration of 200 uM of 1b decreased dramat-
ically and was traceless after 15 min. Meanwhile, the linear peptide
1 was rapidly regenerated to more than 60% of the precursor con-
centration within 30 min. The formation of an intermediate and by-
products was also identified, as can be seen in Figure S3. Further,
gradual addition of H202 up to 10 equiv. to a solution of 1b was
investigated. As expected, by increasing the amount of H202,
greater percentage of decomposed 1b was observed along with a
larger quantity of released linear precursor (Figure S4). Taken to-
gether, these observations indicate that the stapled peptide 1b was
readily processed by H20: to release peptide 1. We then assessed
the reactivity specificity of our boronic acid motif using other bio-
logically relevant extracellular reactive oxygen species (ROS). For
this, 1b (200 uM) was incubated with various ROS (500 uM) for 1
h. Compared to H202, which fully consumed the stapled peptide,
other ROS, or H20: in the presence of catalase, showed little to no
effect on peptide 1b, highlighting specific disassociation of 1b by
H202 (Figure S5).

Encouraged by the results obtained on model peptides, we next
investigated whether this strategy could be used for the selective
delivery of functional peptides. Interfering peptides targeting pro-
tein-protein interactions (PPIs) are promising anticancer drugs, but
their practical application is hampered by insufficient permeability



to cell-membrane.?® Considering that macrocyclization is one of the
frequently adopted approaches to improve the cellular uptake of
peptides,>%° we wondered whether the reversible stapling presented
in this work could confer increased cell-membrane permeability to
cyclic peptides and thus allow selective activation under intracellu-
lar reducing conditions. As a proof of concept, we synthesized three
cyclic analogues of peptides 6 (Figure 2A), a LSD1-specific inhib-
itor derived from the SNAIL1 peptide.?° Peptide 7 was synthesized
by coupling the amino groups of the N-terminal proline and the ly-
sine side chain with the linker a on solid support. In order to further
increase the selectivity towards cancer cells, an extra biotin moiety
was tethered to 7 via Cu-catalyzed azide-alkyne cycloaddition to
afford peptide 8.° Peptide 9 serves as a non-cleavable control. First,
we tested if the linear peptide could be released from the macrocy-
cle. As for peptide 1a, peptide 8 was rapidly consumed to regener-
ate linear precursors in the presence of TECP in 30 min (Figure S6).
Then we examined the Kjvalues for LSD1 inhibition, which were
measured in the peroxidase-coupled reaction assay and fitted with
steady-state kinetics.3! As summarized in Figure 2B, linear peptide
6 has the most potent LSD1 inhibitory activity. As expected, all
cyclic peptides exhibited about 16- to 36-fold weaker activity than
the parent peptide, which is in agreement with previous works.?
To assess the biological activity of the designed cyclic peptides, we
evaluated their growth-inhibitory effects on 4T1 breast cancer cells,
whose growth is highly sensitive to LSD1 inhibition.®? As can be
seen in Figure 2C, although the cyclic peptides had much higher Ki
values, they all exhibited stronger growth-inhibitory activity
against 4T1 cells than the linear peptide 6, strongly suggesting the
increased membrane permeability of macrocycles. Compared to
non-cleavable peptide 9, peptide 7 showed an equal Ki value but
slightly stronger inhibition of cell growth,
Pro-Arg-Ser-Phe-Leu-Val-Arg-Arg-Lys-NH,
6
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Figure 2. (A) Peptide sequence of peptide 6 and its cyclic deriva-
tives. (B) Ki values of projected peptides for LSD1 inhibition. (C)
Cytotoxicity of linear and cyclic peptides towards 4T1 and HUVEC
cells. (D) In vitro chymotrypsin (0.25 pg/mL) and pepsin (pH = 2)
digestion assay. Peptides (200 uM) incubated for different time in-
tervals.

presumably due to the intracellular release of the linear peptide 6
which is more potent towards LSD1 than the cyclic peptide 9.
Among all candidates, peptide 8 has the most potent cell activity
(1C50~ 10 uM), largely owing to the additional binding affinity be-
tween biotin and vitamin receptors that are overproduced in 4T1
cancer cells. By comparison, all peptides showed a very weak
growth-inhibitory effect on normal human cell HUVEC, reflecting
the fact that LSD1 is a highly selective target on cancer cells com-
pared to normal cells.

Stapled peptides are known to have an improved proteolytic stabil-
ity. To demonstrate this property, we compared the stability of pep-
tides 6 and 7 by incubation with chymotrypsin and pepsin. As re-
ported in Figure 2D, stapled peptides showed a much higher prote-
ase stability than the linear precursor. While 6 was completely de-
graded within 2 h for both proteases, a large amount of peptide 7
remained intact after 24 h of incubation. In conclusion, compared
with linear peptide 6, reversible stapled peptides possess greater
proteolytic stability as well as higher membrane permeability, lead-
ing to superior activity against cancer cells.

To further demonstrate potential biological applications, we next
investigated the possibility of reversible stapling mediated by dual
1,4-elimination on selective delivery of antimicrobial peptides. We
chose AMPs considering that they represent one of the most prom-
ising alternatives to antibiotics, in the era of increasing bacterial
resistance. Owing to their unique antibacterial mechanism consist-
ing mainly in the lysis of cell membranes, AMPs rarely cause bac-
terial resistance.®® However, the application of AMPs is severely
hampered by their poor metabolic stability and non-specific tox-
icity against mammalian cells, which is largely associated with
their secondary structure.33% Although irreversible stapling has
been widely used to stabilize helical conformations, peptides con-
strained with additional tethers at undesired positions were found
to have distorted or altered secondary structures, resulting in a sig-
nificant loss of both activity and toxicity. 1%1:36-3% We thereby en-
visioned that reversible stapling could be used to design reversibly
stapled AMPs (RStAMPs) with switchable conformational proper-
ties. Interestingly, their membrane-activity could be restored by se-
lective removal of the staple at the target. Temporin L (TL, 10), the
most active AMP in the temporin family,*® was used to establish
our approach based on reversible stapling. Cyclization of the tem-
porin L were performed by tethering its N-terminus and lysine side
chain with linker 1b in solution phase. To compare stapled TL an-
alogues of different ring sizes, we prepared peptide 11, a mutant of
TL with lysine and arginine exchanged (Figure 3A). The regenera-
tion of linear AMPs was subsequently preformed upon treatment
with H202. As shown in Figure S7, the HPLC analysis proved that
both stapled peptides (100 uM) were completely consumed to re-
generate linear precursors in the presence of H202 (500 uM) in 1 h.
To explore the conformational behavior of stapled peptides and
corresponding linear precursors, we performed a circular dichroism



(CD) study of these peptides in both aqueous solution and SDS mi-
celles, a rough model of biological membranes. Both peptide 10
and 11 showed a disordered structure in water (Figure S8) while
they adopted a typical helical conformation in SDS micelles, as in-
dicated by two minima of ellipticity near 207 and 222 nm (Figure
3B). The CD spectrum of RStAMP 13 in water displayed a slight
helical character, probably due to the restricted flexibility imposed
by the cyclization. However, the content of helix of both stapled
peptides 12 (18.1%)and 13 (25.2%)was significantly reduced com-
pared to the linear peptides (64.9% & 55.5%)in SDS micelles, sug-
gesting that the canonical helical conformation was not compatible
with stapling. Upon addition of H20z, the content of helical confor-
mations (54.0% & 45.3%) in SDS micelles increased dramatically
approaching that of reference linear peptides (Figure 3B). In con-
trast to helix stabilization, which requires staples to be positioned
on specific residues, it is interesting to note that equivalent helix
distortions can be obtained with many staple positions, as evi-
denced by the similar CD spectra obtained for 12 and 13. This
should greatly expand the potential field of applications of this
strategy. We then measured the membrane-disruptive activity of
stapled peptides and their linear precursors by incubating them with
calcein-encapsulated liposome (DOPE/DOPG,
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Figure 3. (A) Peptide sequences of linear and cyclic antimicrobial
peptides presented in this work. (B) CD Spectra and the content of
helix of peptides at 100 uM in SDS micelles (20 mM). The concen-
tration of H202, when present, was 500 uM. (C) Percentage of cal-
cein leakage from negatively charged liposomes after incubation
with 11 and 13 (with or without H202, 100 uM) at various concen-
trations for 1 h. (D) The hemolytic activity of stapled peptides and
their corresponding linear precursors. ‘w/’ - ‘with’, ‘w/0’ - ‘without’.
Inset: hemolysis of corresponding peptide at 100 uM.

75/25, wiw), a widely used model system to simulate negatively
charged bacterial cell membranes.** As it is demonstrated in Figure
3C, both 10 and 11 induced a progressive increase of calcein leak-
age with concentration above 0.25 uM (peptide/lipid, 1/2000, mo-
lar ratio). On the other hand, stapled peptides 12 and 13 caused al-
most no calcein leakage at concentrations up to 2 uM. However,
upon treatment with H202, the calcein leakage significantly in-
creased to the same level as their helical precursors, demonstrating
that restoration of the helical conformation contributed to the re-
covery of membrane activity. Next, we carried out biological as-
says using the two stapled peptides or their linear precursors. As
shown in Figure 3D, both 10 and 11 induced hemolysis at very low
concentrations, which is in agreement with literature.*? Since the
hemolytic activity of AMPs is highly dependent on their secondary
structure, as established by the correlation between the helical con-
tent and the lytic propensity of antimicrobial peptides,*3-5! the re-
duction in hemolysis observed with stapled peptides is directly re-
lated to their distorted helical conformation. Non-toxicity to mam-
malian cells is also important for the clinical application of AMPs.
Therefore, we performed CCK-8 assays on LO2 (Human Normal
Liver Cells) and HUVEC (Human Umbilical Vein Endothelial
Cells) (Figure S9). These assays demonstrated that the stapled pep-
tides exhibited much lower cytotoxicity than their corresponding
helical precursors, again due to the disrupted helical structure.

Then, we wondered if the helix-distorted RStAMPs can be acti-
vated to restore their antibacterial activity at the infection site. For
this, we intended to measure the MICs of three S. aureus strains
(MRSA, ATCC 25923, and ATCC 29213), noting that MRSA is
one of the most threatening drug-resistant bacteria.>? Prior to the
measurement, we tested the sensitivity of the strains towards addi-
tion of H202. We found that, in the range of 25-200 uM, H20:
showed little to no effect on bacterial growth (Figure S10), which
is in line with previous research.5 Hence, measuring MICs in the
presence of 100 uM H20: could reasonably simulate the microen-
vironment of bacterial infection without inhibiting bacterial
growth. As shown in Table 1, both 10 and 11 exhibited potent ac-
tivities against all bacterial strains. It is noteworthy that the muta-
tion of arginine to lysine induced no decrease of activity (even a
slight improvement). Not surprisingly, RStAMPs barely inhibited
bacterial growth. However, their bactericidal activity was restored
to the same level as linear peptides in the presence of H202, high-
lighting their great potential in the treatment of bacterial infection.
To visually examine the recovered membrane-disruptive activity of
peptides upon treatment with H202, scanning electron microscope
(SEM) experiments were performed by treating MRSA with differ-
ent peptides. Upon exposure to 10 or 11 (2x MIC), the cell mem-
brane of MRSA was impaired to the point that cell contents leaked
out (Figure 4 and S11). No disruption on the integrity of cell mem-
brane was found for cells treated with stapled peptides. By compar-
ison, significantly damaged MRSA cells were observed upon treat-
ment with stapled peptide in the presence of H202. To summarize,
the toxicity against normal mammalian cells of helix-distorted
RStAMPs is low compared to their linear precursors while their
secondary structure and antibacterial activity can be rapidly re-
stored upon activation by H20:

Table 1. The antibacterial activity of linear peptides and sta-
pled peptides (with or without H.O2) against S. aureus
strains (MRSA, ATCC 25923, and ATCC 29213).

Peptides MIC (uM)
MRSA ATCC 25923  ATCC 29213
10 4 4 4
10 W/ H,0, 4 4 4
12 wi/o H,0, >32 >32 >32



12 w/ Hz0, 6 6 6
11 2 2 2
11 w/ Hz20, 2 2 2
13 w/o H0; >32 >32 >32
13 w/ Hz20, 3 3 3

[a] 32 uM was the maximal tested concentration; [b] The con-
centration of H202 was 100 pM.

Control

Figure 4. SEM photographs of MRSA cells treated with peptide 11
or 13 (with or without H202, 100 uM) at their 2x MIC for 1 h.
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Figure 5. (A) In vitro half-life (t1/2) of peptide 11 and 13 towards
protease and serum (30% FBS) digestion. Protease concentrations:
trypsin (0.25 pg/mL), chymotrypsin (0.1 pg/mL), pepsin (10
pg/mL, pH = 2), proteinase K (0.05 ug/mL). (B) The survival rate
of MRSA incubated with peptides which were pretreated by trypsin
(0.25 pg/mL) for 1 h. *P < 0.05, **P < 0.01, ***P < 0.001.

The ability to withstand enzymatic degradation in the circulatory
system is an important requirement for any potential peptide drug.
Therefore, we next evaluated the susceptibility of RStAMP 13 to
proteolytic cleavage. As shown in Figure 5A and S12, in each con-
ditions, more than 50% of peptide 13 remained intact after 24 h
incubation while linear peptide 11 was totally digested within 2 to
4 hours, with half time around 0.4~1.3 h. A similar tendency was
observed when peptides were treated with 30% fetal bovine serum.
To demonstrate the advantage of peptides with high protease sta-
bility, we measured the MRSA survival rate after incubation with
11 or 13 which were pretreated by trypsin for 1 h. It could be seen
that 11 largely lost its antimicrobial activity after incubation with
trypsin (Figure 5B). Peptide 13 showed no antibacterial activity but
impressively, upon addition of H202 (100 uM), bacteria were effi-
ciently killed and totally eliminated. This substantiates that peptide
13 is highly resistant to proteolytic hydrolysis and demonstrates a
great potential in the treatment of bacterial infection in vivo, at 25
uM.

In summary, we validated a new concept of reversible peptide sta-
pling whese,theHpasgnt peptide could be feggnefatgd, in a traceless
manner and upon a single stimulation of a trigger group via dual
1,4-elimination. Significantly, this strategy could be used to deliver
peptides directed to both intracellular and extracellular targets, de-
pending on the trigger moiety. We showed that reversibly stapled
peptides exhibited stronger cytotoxicity than linear peptides, due to
enhanced membrane permeability and the subsequent release of
linear peptides under reducing environment. We have also synthe-
sized a pair of RStAMPs derived from temporin L, a known helical
AMP that exhibits potent activity while unfortunately also displays
high toxicity towards mammalian cells. The resulting RStAMPs are
conformationally distorted, non-toxic, highly stable, and can be se-
lectively activated by H202 via dual 1,4-elimination, leading to a
fully restored antibacterial activity. Taken together, the proposed
reversible stapling strategy should be combinable with various trig-
ger groups and could be applied to many other peptides of thera-
peutic interest, developed for drug delivery or designed for bio-
materials applications.
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