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Chemoselective, regioselective, and positionally selective
fluorogenic stapling of unprotected peptides for cellular
uptake and direct cell imaging

The modulation of peptidic scaffolds through stapling
represents a powerful tool for improving peptide druggability in
targeting protein-protein interactions (PPIs). However, stapling
methods often rely on the use of non-natural amino acids. We
report a rapid, mild, and positionally selective stapling reaction
in unprotected peptides using 2-arylketobenzaldehydes
linchpins, which in select cases, results in a highly fluorescent
thiol-isoindole crosslink between Lys-Cys pairs in one step. In
other cases, chromogenic reagents result in colored peptides.
This can be directly used as a probe for cell imaging to assess

stapled-peptide cell permeability.
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Peptide stapling reactions represent powerful methods for structuring native a-helices to improve their
bioactivity in targeting protein—protein interactions (PPIs). In light of a growing need for regio- and
positionally selective stapling methods involving natural amino acid residues in their unprotected states,
we report a rapid, mild, and highly chemoselective three-component stapling reation using a class of
molecular linchpins based on 2-arylketobenzaldehydes (ArKBCHOs) that create a fluorescent staple,
hereafter referred to as a Fluorescent Isoindole Crosslink (FUICk). This methodology offers positional
selectivity favouring i, i + 4 helical staples comprising a lysine and cysteine, in the presence of competing
nucleophiles on unprotected peptides. In our efforts to further validate this chemistry, we have
successfully shown in vitro cytotoxicity of a FLICk-ed peptide (ICsq = 5.10 + 1.27 uM), equipotent to an
olefin-stapled congener. In harnessing the innate fluorescence of the thiol-isoindole, we report new
blue-green fluorophores, which arise as a consequence of stapling, with appreciable quantum yields that
enable direct cellular imaging in the assessment of cell permeability, thus bridging therapeutic potential

rsc.li/chemical-science

Introduction

Peptides are valuable drug leads for recognizing receptors
implicated in cancer, inflammation and immune checkpoint
therapy, and for disrupting protein-protein interactions (PPIs).
While linear peptides recognize undruggable targets, their lack
of defined structure, particularly in short peptides, accounts for
low affinity and poor humoral stability. One common chemical
approach to address these deficiencies is peptide stapling,
which pre-organizes peptide secondary structure, thereby
enhancing affinity, rigidity, stability, and even membrane
permeability. In the past decade, numerous reports have dis-
closed new stapling methods*™** including, but not limited to
Cu-catalyzed alkyne coupling,"® alkyne-amination,* triazole
formation,>® Grubbs Ru-catalyzed cross-metathesis,”** Pd-
catalyzed arylations of cysteine-thiols’ and amines,' thio-
etherifications,””*®  thioimidation,*** Lys-Lys stapling,*
triazine tethering,* cysteine alkylation,**¢ iodonium-mediated
thiol alkynylation,*” indole-arylations,* oxadiazole synthesis,*®
Petasis-borono-Mannich reactions,*® and isoindole
synthesis.***! As stapling typically occurs late stage, it is widely
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with cytological probe development.

appreciated that exceptional chemoselectivity is often required.
This is readily achievable with non-canonical amino acid resi-
dues.>*1%13:2542:43 With over 150 peptides in clinical trials as of
2023, new stapling methods represent platform technologies
that are expected to improve peptide druggability and phar-
macological performance as seen in recent examples,**** and as
reviewed.*** The appearance of numerous recent reviews on
stapling methods signifies a collective interest in this topic. Of
further interest are fluorogenic stapling reactions, where
emergent fluorescence signals reaction progress and generates
a fluorescent peptide that allows for direct visualization of its
association with biological targets,***¢%* thereby obviating the
need to append a fluorophore that may eventually alter target
affinity. For example, Waser and coworkers® and Zhu and
coworkers,* disclosed metal-catalyzed tryptophan crosslinking
with a non-canonical amino acid reaction partner (Fig. 1a).

In line with these elegant metal-mediated approaches, there
is a growing interest in developing metal-free fluorogenic
stapling reactions involving unprotected, natural amino acids.
Such may result in staples whose lengths compare to well-
known olefinic ones used to reinforce o-helices. Recently, Li's
group** and ours,* examined fluorogenic stapling by exploiting
a three-component reaction of Lys, Cys, and ortho-phthalalde-
hyde (OPA), resulting in a thio-isoindole (Fig. 1b). In 2019, Li
and coworkers stapled small peptides at Lys-Cys with OPA and
explored post-stapling reactions of the isoindole staple with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(B) Advances in ortho-phthalaldehyde chemistry
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(A) Recent fluorogenic peptide stapling, utilizing metal-catalyzed C—H activation of Trp with non-canonical amino acid reaction partner.

(B) Three-component and two-component ortho-phthalaldehyde chemistry suffers from complex regioisomer formation and isoindolinone
side-product resulting in undesired N-capped residues. (C) This work: regioselective and positional selective isoindole a-helix stapling with 2-
arylketobenzaldehydes (ArKkBCHOs) with improved fluorescence and chemoselectivity, allowing for direct cellular imaging.

electrophiles that allowed for enhanced stability and added
functionality. Our group independently investigated the same
stapling methodology and, in turn, probed its innate fluores-
cence, hereafter referring to the reaction as Fluorescent Iso-
indole Crosslinking (FIICking). Others extended this reaction to
other heteroaryl-1,2-dialdehydes and acetylbenzaldehydes, with
applications in peptide display and DNA-encoded
technologies.*

More recently, Li and coworkers demonstrated the use of
guanidine to suppress competing amine-only reactions that
yield an isoindolinone or an isoindolin-1-imine, that arises
from addition of one or two lysines, which also has been
expertly investigated by Chen and coworkers.®®*® (Fig. 1b).
Initially, we had designed a series of substituted OPAs that gave
fluorescent isoindoles with appreciably higher quantum yields
(¢ = 31%), while the nitro-OPAs gave visibly orange, although
non-fluorescent isoindoles. Yet, in all of these examples, the
amine nucleophile adds indiscriminately to either aldehyde,
giving a near-1:1 ratio of difficult-to-separate isoindole
regioisomers, thereby limiting several important applications
e.g. bioconjugation, drug development, which would benefit
from single regioisomers.

Given the intractable regioisomerism that arises when using
modified OPAs for isoindole stapling, we appreciated that
replacing one of the aldehydes with a ketone would afford

© 2025 The Author(s). Published by the Royal Society of Chemistry

a simple solution to this problem.®”*® Following early reports on
the use of 2-phenylketobenzaldehyde and benzoyl-quinoline-
carboxaldehyde as analytical reagents for quantifying primary
amines,*”*7* we appreciated that ketone arylation would
extend w-conjugation of the FIICk, thereby increasing the
quantum yield and red-shifting the excitation A, for the added
advantage of greater compatibility with cell biology applica-
tions. With a solution to the regioisomer problem in view and
scant evidence in the literature as to the use of 2-arylketo-
benzaldehydes (ArKBCHOs) as chemoselective peptide stapling
agents, we sought an expansion of this chemical space for
photophysical modulation and chemical functionalization that
would provide many new stapling reagents for further applica-
tions (vide infra). Herein we report a robust methodology for the
synthesis of a large family of ArKBCHOs as potential fluorogenic
stapling reagents. With 35 ArKBCHOs prepared, including
heteroaryl congeners synthesized, converted to corresponding
isoindoles, and characterized with respect to their photo-
physical properties, we identified a number of stapling agents
that afford bright, blue-green, fluorescent isoindole staples,
while others provide visibly yellow-to-red isoindole
chromophores.

Unexpectedly, ArKBCHOs appear to show an near-exclusive
chemoselectivity for the three-component reaction with Lys—
Cys, with suppression of the isoindolinone by-product. In the
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04839c

Open Access Article. Published on 05 November 2024. Downloaded on 2/10/2026 6:08:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

context of peptide stapling, select exemplars show good-to-
excellent positional selectivity for late-stage stapling of unpro-
tected peptides in the presence of a competing side-chain
amine or thiol nucleophile. Such allows the construction of
stapled o-helical peptides that show potent cytotoxicity. We
further demonstrate the utility of this chemistry by using FIICk-
stapled a-helices for direct fluorescent cell imaging to qualita-
tively assess cellular uptake (Fig. 1c).

Results and discussion

Using a Pb-mediated rearrangement,”””® we constructed an
array of substituted ArKBCHOs 6a-6ai (also Scheme S4+), from
a number of modularly assembled substituted benzylidene
hydrazides 5a-5ai. This synthetic route proved to be both
simple and robust, lending itself to considerable functional
group tolerance and enabling the rapid assembly of a large array
of ArKBCHOs, including several unknown compositions, from
simple and readily accessible starting materials.

Commercially available carboxylic acids, 1la-1o (Scheme
S1t), were converted to their corresponding hydrazides 2a-2o,
which were then refluxed with salicylaldehyde derivatives 4a-4g
(Scheme S27) to afford benzylidene hydrazides 5a-5ai (Scheme
S37). Reaction with Pb(OAc), yielded 2-arylketobenzaldehydes
(ArKBCHOSs) 6a-6ai in moderate to high yields (Scheme S47). In
our initial choice of substituents, compounds 6b-6ab were
designed to assess whether the nature of substituents, ie.,
electron-withdrawing and electron-donating groups (EWG,
EDG, respectively) and their position around the aromatic ring
would perturb fluorescence.

We also explored “push-pull” pairings of EDGs and EWGs
(61, 60-6u) for extending the rt-conjugation in order to red-shift
the excitation wavelength. As well, we synthesized 6af-6ai to
demonstrate reaction compatibility with electron-deficient and
electron-rich heterocycles, e.g., pyridyl and indoyl moieties.
Notably, this reaction manifold proved compatible with several
substituents, including azide, alkyne, nitrile, bromine, and
iodine, which were chosen for their potential to afford addi-
tional functionalization. To fully characterize the photophysical
properties of this family of isoindoles, we reacted 6a-6ai with
model substrates: N-acetyl-cysteine and r-Arg-OH. A limited
screening of reaction conditions was undertaken to optimize
the conversion of isoindoles owing to the different solubility
and reactivity of ArKBCHOs relative to OPA.

To test this, we reacted 6aa under a 1:1:1 stoichiometric
ratio to optimize the conversion to isoindole 7aa (Table 1).
Hence, ArKBCHO 6aa was dissolved at 50 mM in DMSO, which
enhanced the solubility of 6aa in the aqueous reaction buffer.
To determine the conversion to the desired isoindole from a 1:
1:1 mixture of starting materials, we established a baseline run
where all three reagents were added into stirring Na-borate
buffer (pH 9) and a sample of this reaction was analysed by
HPLC (<2 minutes following mixing of all reaction compo-
nents). Rightly, this showed 0% conversion and thus provided
a baseline chromatogram against which percent conversion to
7aa could be referenced (Table 1, entry 1). Following a standard
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Table1l Screening of conditions for the conversion of 6aa to isoindole
7aa

OH
o5Ho LArg(Teq) t ='S /—\N_<
NAc-Cys-OH (X equiv.)
_ > Hac
N solvent, 21°C, 30 mins O CN

(50mM in DMSO)
6aa

7a

a

d

Entry NAc-Cys Co-solvent: solvent % conv. to 7aa
1¢ 1’ eq.  Na borate buffer pH 9 (aq.) 0%
2 3% eq. Na borate buffer pH 9 (aq.) 0%
3 1% eq. CH;CN : Na borate buffer pH 9 (aq.) 0%
4 1°eq. DMSO : Na borate buffer pH 9 (aq.) 39%
5 1°eq. EtOH : Na borate buffer pH 9 (aq.) 66%

¢ Baseline run was obtained by injecting the crude reaction mixture
immediately after all reagents were added, amountlng to <2 minutes
of reaction time. ? Prepared as 50 mM solutlon m H,O0. Prepared as
50 mM solution in H,O (0.1% formic acid). ¢ % conversion was
determined by HPLC peak integration of 7aa relative to peaks
observed in the baseline run (entry 1).

HMBC
e 110
(5.40, 111.15 ppm) (3.23, 111.15 ppm)
1 =y “'\‘ ax 1
/) t==1 ke 4
§
12 (289, 111.15 ppm) "z &
O
)
(5.40, 129.12 ppm) 8

H (ppm)

Residue Proton Shift (ppm) Carbon (Shift (ppm)
Cys HCa 4360 Ca 53.89%!
HCB 2,848, 3.24e) cB 39.408!
Arg HCa 5.41k! Ca 70.458!
Isoindole H3 7.676 119.79%
7.730 118.88!
Hé 7.556! 120.068!
7.410 118.680k!

[a] Chemical shift obtained at -50°C
[b] Chemical shift obtained at +25°C

Fig.2 HMBC signals showing key correlation in thio-isoindole 7aa and
COSY spectrum showing aliphatic proton correlation of Cys and Arg.

protocol for intermolecular isoindole formation, the thiol was
added in excess, and the reaction was stirred for 30 minutes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Synthesis of an array of regioselective thio-isoindoles 7a—7ai.

Extinction coefficient was measured at respective Aex-max N/A for

compounds that did not show any fluorescence observed under 365 nm hand-held UV lamp, or where QY values were found to be <5%.

Unfortunately, in this initial set of conditions, we did not
observe the emergence of a peak corresponding to an isoindole
(Table 1, entry 2). Whereas DMSO enhanced the solubility of
6aa, the reaction proved to be slow, reaching an apparent
maximal conversion of ca. 39% in 30 minutes while also
becoming viscous and ultimately turbid, giving a fine, yellow
precipitate, owing to the poor solubility of the isoindole
product. These initial observations led us to add co-solvents e.g.
CH;CN, DMSO, EtOH (Table 1, entries 3, 4, 5, respectively), in
the hopes of dissolving the precipitate. Ultimately, EtOH
improved the conversion from 39% to 66% without the noted
turbidity (Table 1, entry 5). To our excitement, this reaction
progressed under 1:1:1 stoichiometric ratio under these
conditions.

To confirm the successful formation of 7aa, we completed
characterization by NMR spectroscopy with key correlations

© 2025 The Author(s). Published by the Royal Society of Chemistry

depicted in Fig. 2 (for full spectral characterization, discussion,
and peak assignments, see Fig. S1-S7 and Table S2 in ESIY).
With optimized conditions established, we embarked on
synthesizing and characterizing isoindoles 7a-7ai (Fig. 3). Iso-
indoles generated from this array generally show Aex.max values
ca. 360 nm, with varying quantum yields. Halogen situation has
little effect on Aex.max Whilst heavier halogens (e.g. Br and I)
attenuate fluorescence. Notably, fluoro-isoindole 7m exhibited
blue fluorescence (¢r = 45%) with its hypsochromic excitation
Aex-max Of ca. 350 nm, making it sub-optimal for biological
imaging applications. Interestingly, the introduction of
electron-donating groups on the isoindole core imparted bath-
ochromic shifts and significantly affected emission profiles. For
example, methoxy-substituted isoindoles, 7g, 7i-l, and 7v,
showed excitation maxima ca. 360 nm. Of this series, 7v (MeO-
substituted), showed a high quantum yield (¢ = 46%) with blue

Chem. Sci., 2025, 16, 584-595 | 587
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fluorescence. Replacement of the methoxy group with a dime-
thylamino-group (7w) red-shifted the emission further to give
a bright green fluorophore (Aexmax 494 nm, ¢p = 46%). With
these results, we selected 6w as a choice fluorogenic stapling
agent owing to its good quantum yield, red-shifted Aex.max, and
emission wavelength comparable to that of commercially
available green fluorophores.”®”

The conventional three-component reaction with ortho-
phthalaldehyde demands the addition of amine and thiol, for
which excess thiol is typically added to suppress a competing
two-component, amine-only reaction.'® Revisiting the intermo-
lecular 1:1: 1 ratio in converting 6aa to isoindole 7aa, we tested
the chemoselectivity of 6w in a similar manner. Studies also
showed that introducing the thiol in solution ahead of the
amine does not alter the reaction equilibrium as it progresses
towards the thiol-isoindole product. Nevertheless, we tested the
chemoselectivity of 6w under conditions that would favor the
isoindolin-1-imine formation.®*%7®

Hence, H-Trp-OH (2.0 eq.) was added to a solution of 6w in
borate buffer pH 9 and EtOH (10%) and stirred for 1 hour at 19-
21 °C (Table 2, entry 1). We then monitored the reaction prog-
ress by observing the signal at 230 nm, given that all of our
chromophores absorb at this wavelength. (Fig. S46-481 with
peak analysis by MS). Under this condition, we saw no forma-
tion of amine-only adducts 9a and 9b. We then treated 6w with
larger excess H-Trp-OH (5.0 eq.) and stirred it for 5 hours (Table
2, entry 2) and only trace amounts of material (16%) corre-
sponding to either imine 10a or isoindolinone 10b was formed.
Given this low yield, full characterization was not pursued, yet
subsequent experimentation hinted at the formation of 10a
(vide infra).

Next, the reaction of 6w with H-Trp-OH (2.0 eq.) and mer-
captopropionic acid (1.3 eq.) resulted in good conversion to
isoindole 8 (62%) within 5 minutes (Table 2, entry 3) and fluo-
rescence was readily observed under hand-held UV lamp at
365 nm. Furthermore, having 6w reacting with H-Trp-OH for 1
hour prior to the addition of mercaptopropionic acid still
resulted in the formation of 8 (81%) within 10 minutes (Table 2,
entry 4). This observation strongly suggests that imine 10a
rather than isoindolinone 10b is the only intermediate formed
in this reaction as it is capable of reacting with the Cys-thiol to
give the isoindole. Furthermore, this work suggests that under
mildly basic conditions, the ketone does not readily undergo
rearrangement to the lactam via 1,3-hydride shift, which often
prevails in OPA condensation, leading to an isoindolinone.”*°
This contrasts with previous studies on the reaction of 2-ben-
zoylbenzaldehyde with excess amine in acidic conditions, that
favoured the isoindolinone.* While these results demonstrate
greater chemoselectivity for a three-component reaction with
amine and thiol using 6w, we posit that similar selectivity likely
extends to a number of other ArKBCHOs featured in this study
however we did not confirm this to be the case for all ArKBCHOs
reported.

Equipped with these results, we then set out to explore the
scope and limitations of using 6w for stapling linear unpro-
tected peptides with competing Lys-Cys pairs along the peptidic
backbone. Positionally selective stapling within a peptide

588 | Chem. Sci, 2025, 16, 584-595

View Article Online

Edge Article

Table 2 Chemoselectivity of 3-component intermolecular FUCk
reaction with 6w

Os_H o HO
i )
L-Trp-OH / N__\F
sy
O G N7 N\ NH
' O

Na Borate Buffer (pH 9)
EtOH (10%)

DMSO (10%) N—
7

bw 8

Side products:

O o or O N B
< -
, e N-
9b 10a 10b

(not observed)

Equiv. Conversion” (%)
Entry Trp  Thiol Reactiontime 8 9a 9b  10a/10b
1 2.0 — 1 hour 0o 0 0 0
2 5.0 — 5 hours 0 o0 0 16
3 2.0 1.3 5 min 62 0 0 0
4 2.0 1.3 10 min 81 0 0 0
5 2.0 1.3 1 hour 90 0 0 0

¢ Percent conversion is calculated as the area under the curve of the
chromatogram observed at 230 nm relative to 1 equivalent of 6w.
Other peaks observable at this wavelength is the DMSO co-solvent and
this was not included in peak integration calculations. H-Trp (2.0
equivalents) also not included in percent conversion calculation
because it remained in excess. All traces were obtained using the
same HPLC method. Solvent A: 40 mM NH,OH/HCOOH pH 8, solvent
B: MeCN. 5-100% over 12 minutes.

sequence often demands strategic sidechain protection or
selective replacement of certain amino acids with those that can
react via orthogonal stapling reactions,** a classic example of
which is the Ru-catalyzed ring-closing metathesis (RCM) reac-
tion that results in olefinic staples. In designing FlICkbased
helical staples, we looked to such antecedent examples to
guide our designs.

To wit, Verdine and co-workers**>** applied Grubbs' pio-
neering RCM to peptides by incorporating alkene-modified
amino acids via SPPS and spacing them within one (i, i + 4) or
two (i, i + 7) helical turns from each other.” They extensively
studied the optimal staple length that resulted in increased
helicity and determined that a single helical turn could be
enforced via a staple of at least 8-9 atoms.*** Other stapling
methodologies have also capitalized on this atom count to
favour highly stable a-helical turns.’®** Coincidentally, a FIICk
between Lys and Cys also satisfies this atom-count demand.
Moreover, molecular modelling predicted that a FIICk could
mimic the rigidity that is otherwise imparted by an olefinic
staple (Fig. S85 and S86+). Hence, we explored the regioselective
stapling of an unprotected peptide at positions 7, i + 4 in the
presence of a competing Lys or Cys residue situated i + n along
the sequence.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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{
13 Ac-ENPKCILDKWVQRVM-NH, ——— Ac-ENPKCILDKWVQRVM-NH,

Orthogonal protecting group

— 13a
~—— 13b

N,H,/DMF
— e —
19 Ac-ENPKCILDKWVQRVM-NH, —— Ac-ENPKCILDKWVQRVM-NH, ———— Ac-ENPKCILDKWVQRVM-NH,
One-pot
N-Dde N-Dde — 5 removal of NH, — 19b
protecting group
Excess/unreacted 6w
Entry  Reaction
1 FlICk reaction on 13
2 FlICk reaction on 19
3 One-pot N,H, treatment

19b =13a

Fig. 4 Scope and limitations of intramolecular FUICk reaction with 2-ketobenzaldehyde 6w to synthesize a regioselective staple on a linear
peptide (a—h). The amount of 6w used ranged from 1.0-5.0 equiv., see ESIT for each entry. Each linear peptide afforded two stapled regioisomers
a(i,i+4;ingreen)andb (i,i + n; in grey), determined by relative % helicity based on given CD data. See ESI7 for % helicity of the linear precursors.
The ratio of respective isomers was determined by peak integration of crude LC trace observed at 360 nm, pertaining to the isoindole staple,
while % conversion was determined by LC trace observed at 290 nm. For other wavelengths and details on each HPLC method, see ESI.{ Excess
and unreacted 6w is shown on the LC trace. (i) Orthogonal protecting group strategy in proving the positional selectivity of the FlICking reaction

with 6w.
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We hypothesized that positionally selective FIICking would
occur owing to the induced proximity caused by the propensity
of peptides to adopt helices. Once stapled, the peptide's helicity
could be gauged by circular dichroism (CD). Conversely, an
“undesired” FIICk between i and i + n will result in lower
apparent helicity relative to the 7, i + 4 FlICked regioisomer. For
this, we focused our study on the use of 6w owing to the
aforementioned chemoselectivity and photophysical attributes
and applied it to a small library of peptides 11-18, with varied
positioning of Lys and Cys (Fig. 4).

Each sequence was derived from well-studied peptide
inhibitors of PPIs, wherein all previously reported staples had
been positioned in the hydrophobic region of the peptide.** To
expand this study, we started with short, 11-residue peptides 11
and 12, derived from Steroid Receptor Coactivator-2.*® Accord-
ingly, these were designed with a competing amine or thiol
nucleophile (Lys or Cys) placed distally to the anticipated i, i + 4
staple at positions i + 6 or i + 8. Peptide 11 contained two lysines,
ati+4 and i + 8, each of which could form imine anchor points
prior to the addition of the thiol at the ith position (Fig. 4a).
Intramolecular competition on 11 afforded good regioselectivity
(84 : 16) with the major product 11a showing higher helicity as
measured by CD (70%). This product was presumed to be
stapled at i, i + 4, enforcing the characteristic a-helical turn. The
minor product 11b showed relatively lower helical content
(30%), which was presumed to be the 7, i + 8 staple. We also
tested the competition of two Cys-thiols; in peptide 12, the
resulting staple could occur between i + 4 or i + 6 (Fig. 4b). This
poses a greater inherent challenge as the competing reaction
site is now situated two residues closer relative to that seen in
peptide 11. Nevertheless, two regioisomers, 12a (85%) and 12b
(15%) still formed with good positional selectivity, with the
major isomer 12a showing a higher percent helicity, whilst
minor isomer 12b showed helicity comparable to the linear
precursor 12. The positional selectivity of this method is further
corroborated by MS/MS, NMR analysis, and resynthesis of 12
employing orthogonal cysteine protection (disulfide), followed
by FIICk stapling and then TCEP-mediated deprotection in one
pot (Fig. S65D-Lt). Next, we contemplated whether FIICk
formation is sensitive to competing nucleophiles placed proxi-
mally with respect to the preferred i, i + 4. Noting a peptide's
propensity to adopt a helical structure particularly for longer
sequences, in shorter one (<15 residues), especially in
a predominantly aqueous environment, helicity is usually
transitory.”” Hence, we evaluated competition by a proximal
nucleophile using longer peptides and thus synthesized 13,
a 15-mer peptide that carries a cysteine at the ith-position along
with two lysines, at positions i + 1 and 7 + 4, to compete for the
same thiol (Fig. 4c). This peptide was designed to ask whether
a FlICk at i, i + 1 will triumph over one at i, { + 4 owing to the
residue proximity of Cys-Lys at 7, i + 1. To our delight, we
observed excellent positional selectivity (91 : 9) favouring 13a (i,
i + 4) that possessed 60% helicity as measured by CD. By
contrast, the minor isomer 13b showed CD characteristics
almost identical to that of the linear starting material 13. This
result showed that the inherent potential for helicity nucleates
stapling to favour a FIICk at i, i + 4 and the nascent helicity of
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longer peptides improves selectivity for i, i + 4 stapling. Based
on previous reports on helical peptides stapled by RCM, we then
synthesized peptides 14*® and 15,*° both of which were FlICked
with excellent positional selectivity to give products of high
helicity suggestive of the 7, i + 4 staple (Fig. 4d and e). Finally, we
demonstrated the feasibility of installing multiple FIICks using
peptide precursors 16-18 with near exclusivity for i, i + 4 staples,
which compare favorably with traditional staples.?*** All major
regioisomers for this set of peptides (16a-18a) were obtained in
ca. 90% selectivity (Fig. 4f-h).

To further confirm the positional selectivity of this FIICk
stapling method, we synthesized 19, an orthogonally protected
derivative of 13 where one of the competing Lys residues was
protected by a Dde group (Fig. 4i). We then treated this peptide
under standard FIICk stapling reaction with 6w in Na-borate
buffer, thus affording a singly stapled peptide 19a. In the
same pot, we treated 19a with hydrazine, successfully cleaving
the Dde protecting group while leaving 19b with a liberated Lys
side chain. HRMS and co-injection of 19b and 13a on HPLC
resulted in the same eluting peak, thus confirming the identity
and positional selectivity of FIICk stapling on a-helix (Fig. S78A
and Bf).

In validating this stapling approach with respect to potential
biological applications, we recapitulated the helicity of well-
known olefin-stapled helical peptides by FIICking. For this
purpose, we chose the all-hydrocarbon stapled BIMBH3 20a as
a comparator for the FIICk-stapled 20b (Fig. 5). The design of
20b was based on 20a (BIM SAHB,,),*>**** an 11-carbon stapled
peptide that mimics the a-helices of BCL-2 domains; Walensky
and coworkers used RCM to staple (R)-7-octenylalanine and (S)-
4-pentenylalanine to afford increased a-helicity and cell
permeability, notwithstanding that such stapled peptides are
usually obtained as an unresolved mixture of cis- and ¢rans-
olefinic stapled isomers.""*"** Extensive studies into its bioac-
tivity have shown that 20a induces cell death in cultured cells
and in vivo.** Hence, we synthesized 20a as our control peptide
via standard Fmoc-SPPS chemistry and performed RCM on-
resin.®

Accordingly, 20b was synthesized and FlICked with 6w in
94% apparent conversion (Fig. S797). Modelling suggested very
similar stapling scaffold and helicity (Fig. 5A). Subsequently, an
MTS assay was conducted to evaluate the dose-response cyto-
toxicity of 20b on Jurkat cells (obtained from B. C. Cancer
Agency). To our delight, 20b demonstrated cytotoxicity (ICs, =
5.1 + 1.3 uM) that was equipotent to that of control 20a (IC5, =
5.6 £ 1.6 uM), while the absence of any staple in 20 showed no
toxicity (ICso > 20 uM). This similarity is further corroborated in
CD analysis, where peptide 20b (66%) showed comparable
helicity to that of 20a (69%). Notably, 20b showed a slight
difference in the overall shape of the curve owing to a tighter
helical turn where, in this case, the FIICk is three carbons
shorter than the 11-atom all-hydrocarbon staple found in 20a.
In addition, molecular modelling also shows adequate shape
similarity with respect to staple flexibility and rigidity (Fig. 5A).

In expanding the scope of peptides and cellular targets, we
chose an Axin-mimicking peptide®® on which we modelled the
FliICked peptide (Fig. 6D). Previously, confocal fluorescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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microscopy showed an 8-carbon olefin-stapled Axin peptido-
mimetic that was highly penetrant towards DLD-1 cells;® these
peptides had been conjugated to FITC via a PEG1 linker, and
their cell permeability was qualitatively evaluated in terms of
fluorescence distributed throughout the cytosol and nucleus.
Using 6w as the stapling agent, we generated a new fluorescent
Axin-mimicking helical peptide 21b (also with an 8-atom FIICKk)
for direct testing on cells, thus obviating the need to subse-
quently append a known fluorophore (Fig. 6). DLD-1 colon
cancer cells (obtained from ATTC) were incubated with 21b at 5
uM for 4 h, followed by standard fixation, and then by TO-PRO-3
iodide nuclear staining. To our delight, intracellular fluores-
cence was observed using standard excitation at 405 nm
(Fig. 6C). Consistent with this, a positive control - namely an
olefin-stapled fluoresceinated peptide 21a - showed compa-
rable results (Fig. 6B), thus demonstrating the convenience of
FlICking with 6w to deliver a useful fluorophore for confocal
imaging studies. Moreover, peptide 21b showed good stability
after storage as lyophilized powder at —20 °C over a period of at
least 3 months (96% purity, Fig. S827).

In summary, we have expanded access to new isoindole
staples with an eye to regioselectivity in isoindole synthesis,
expanded chromicity (fluorescent and visible) and moderate-to-
high positional selectivity. The synthetic route featured herein
provides access to an array of ArKBCHO's with a high degree of
modularity and functional group tolerance with the added
potential for tuning various chemical attributes and readily
generating new ArKBCHOs. In turn, these extend the utility and

© 2025 The Author(s). Published by the Royal Society of Chemistry

ease of FIICking for simultaneous peptide stapling and fluo-
rophore installation. More importantly, the 2-arylketo-
benzaldehyde motif featured in this study affords
a regioselective and chemoselective isoindole stapling that
circumvents the regioselectivity problems seen with OPA-
derived isoindoles and further suppresses undesired N-
terminus capping, ie., isoindolinone. We submit that this
synthetic access and the consequent chemoselective applica-
tions will be particularly important for generating single
isomers of FlICked peptides for the generation of drug conju-
gates as detailed in the following discussion.

To qualitatively assess cell permeability, we chose a highly
fluorescent stapling agent from our generated library and
stapled a native, unprotected peptide with excellent conversion.
Following purification, the FlICked peptide was directly tested
for cellular uptake via confocal fluorescence microscopy. We
envisioned that such workflow could streamline the process of
staple scanning that is commonly employed in determining the
optimal staple position along a peptide backbone to impart
helicity and reasonably potent biological activity.

With regards to chemoselectivity, where Lys-Lys stapling
and isoindolinone side product is suppressed, we imagine the
potential for using ArKBCHOs to further diversify the chemical
space pertinent to DNA-based libraries and peptide-displayed
libraries, while negating the use of excess reagents.®*®” This
synthetic route also allows for the incorporation of azides,
nitriles, alkynes, and halogens into ArKBCHOs, thereby setting
the stage for further functionalization eg -click-type

Chem. Sci., 2025, 16, 584-595 | 591
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(A) Solution of 21a and 21b in PBS Buffer (pH 7.4), 10% EtOH. (B) Imaging of cellular uptake (DLD-1 cells) of 21a FITC-labeled peptide (7.5

puM, 1 h) and (C) 21b FlICked-peptide (5 uM, 1 h) by confocal fluorescence microscopy. Overlaid images, in red: nuclear TO-PRO-3 lodide, in
green: FITC-labeled 21a positive control, in blue: 21b FlICked peptide. TO-PRO-3 was excited at 663 nm, FITC at 488 nm, and FUICk-ed peptide at
405 nm. (D) Molecular modelling of 21a and 21b (FITC not shown in the model). Orange bonds represent the olefin staple found in 21a, and teal

bonds represent the FUICk found in 21b.

conjugations (Fig. S87-90f). The improved fluorescence
quantum yields and red-shifted excitation maxima on a number
of isoindoles demonstrated compatibility with common laser
sources used in confocal microscopy (405 nm). We also antici-
pate these fluorogenic staples to find use in high-throughput
fluorescence polarization assays where peptide-protein
binding can be readily assessed. As we recapitulated the cyto-
toxicity of the all-hydrocarbon stapled BIM SAHB,;, we suggest
that FIICking will find utility on a number of helical peptido-
mimetics of biological interest, while obviating the use of exotic
building blocks or the need to graft an additional fluorophore to
confirm uptake.”® In the same vein, the use of a non-fluorescent
nitro-isoindole (7q) may find utility for detecting hypoxia in

cells since reduction to the amino-FIICk will result in
fluorescence.
Additionally, FIICking to enforce additional peptide

secondary structures, e.g. B-turns, remains a subject of ongoing
interest. Not addressed here is the ability to fine-tune the staple
length with easily accessible lysine analogs e.g. ornithine, dia-
minobutyric acid as well as other thiols e.g. homocysteine,
penicillamine and mercapto-phenylalanine. Applications to
phage display,” and for the production of ADCs are also readily

592 | Chem. Sci, 2025, 16, 584-595

contemplated. It is further anticipated that new fluorescent
proteins can be engineered provided that proteins can be
designed or evolved to bind to and react specifically with a given
ArKBCHO. The results herein portend the synthesis of an array
of ArKBCHOs to probe active-site labeling with greater speci-
ficity for applications in proteomic probing or in screens for
new anticancer agents and antibiotics.'**"*

Curiously, pestalone,’™ a natural product produced by
a marine fungus in response to bacterial challenge, is a highly
substituted ArKBCHO that shows moderate in vitro cytotoxicity
against tumor cells and potent antibiotic activity against
methicillin-resistant S. aureus and vancomycin-resistant E. fae-
cium.*® Although the basis for pestalone’s activity is unknown,
its reaction with an isolated amine under mildly acidic condi-
tions results in the isoindolinone, suggesting that pestalone
might act by modifying N-terminal peptides and/or critical
lysine side chains.*®'*® In light of our results, its cytocidal
properties may instead arise from an irreversible reaction with
a Lys/Cys couple, a motif that is known to be present in a large
number of protein families, including hydrolases, amidases,
dehydrogenases, and ubiquitous redox-switches.****>

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04839c

Open Access Article. Published on 05 November 2024. Downloaded on 2/10/2026 6:08:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

Conclusion

We report a class of molecular linchpins called ArKBCHOs,
which has found utility as a chemoselective, regioselective, and
positionally selective fluorogenic stapling agent on unprotected
peptides. Salient points of this work are as follows: (1) ArKB-
CHOs serve as a scaffold for a diverse set of isoindole staples, of
which several show improved excitation-emission properties
relative to isoindoles formed from modified ortho-phthalalde-
hydes; (2) use of ArKBCHOs eliminates the question of
regioisomers as a single regioisomeric isoindole staple is
formed without competitive reaction with lysine-amines; (3)
positional-selective stapling favouring a helical turn in unpro-
tected linear peptides is readily achievable in the presence of
competing amine and thiol nucleophiles; (4) this methodology
is applied to peptides of biological interest, where stapling
confers cytocidal properties consistent with similar peptido-
mimetics stapled with traditional methods; (5) FIICk stapled
peptides show good cellular uptake and we have shown that it
can be directly imaged by virtue of the FIICKk itself; (6) facile
synthetic access to a large array of ArKBCHOs is envisioned to
support the production of new fluorogenic/chromogenic
reagents for peptide stapling and more broadly, towards the
discovery of amine/thiol-reactive biological probes.
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