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dification of cysteine residues in
peptides and proteins via the installation and
photoexcitation of thieno[2,3-c]-pyrroles

Zijing Chen,†a Wenjun Wang,†bc Baicheng Chen,a Si-Cong Chen,c Aimila Aoken,d

Fanrui Wu,a Guihua Zengc and Tuoping Luo *acd

Late-stage modification of peptides and post-translational modifications of proteins are of significant value in

research, drug discovery and therapeutic development. We report the discovery of novel photoactivity in the

thieno[2,3-c]-pyrrole chromophore, which enables the desulfurization of Cys residues to generate L-alanyl

radicals. This approach allowed for the efficient incorporation of Trp, Tyr and Phe bioisosteres into peptides

at the Cys position. Furthermore, we developed a new reagent to install the photoreactive thieno[2,3-c]-

pyrrole on the Cys residues in a biocompatible manner, enabling photodesulfurization in both cell lysates

and live cells. The new thieno[2,3-c]-pyrrole photochemical strategy provides a powerful platform for

biochemical investigations and the development of small-molecule and protein-based drugs.
Introduction

Cysteine (Cys) plays a crucial role in biochemical trans-
formations and enzymatic processes due to its nucleophilicity,
metal-coordination ability and redox activity.1 It is also essential
for native chemical ligation, a widely used strategy in peptide
and protein synthesis.2 Beyond transformations exploiting the
nucleophilicity of Cys,3 desulfurative modications have
emerged as powerful tools for post-assembly peptide modi-
cation and post-translational protein mutagenesis.4 To intro-
duce diverse substituents while preserving a-carbon
stereochemistry, various Cys desulfurization methods based on
Cb–S bond homolysis have been developed.

Building upon the pioneering work of the Hoffman and
Walling groups,5,6 Wan and Danishefsky established a radical
desulfurization protocol for Cys at the protein level, involving
a thiophosphoranyl radical intermediate (Fig. 1A).7 Subsequent
advances,8 including photochemical methods for peptide and
protein desulfurization,9 have broadened the utility of this
approach. Mitchell's group employed a related approach to
introduce groups appended to a persistent radical trap
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(TEMPO) and N3-modied side chains at the original Cys site in
peptides and ubiquitin K48C.10 However, the use of photo-
catalysts may generate reactive oxygen species and promote
undesirable photoredox side reactions.11 Walczak and co-
workers achieved desulfurative borylation by identifying
a combination of 1,3,5-triaza-7-phosphaadamantane and tetra-
hydroxydiboron that served as a radical initiator and a boron
source, respectively.12 Another approach to Cys desulfuration
involves the SH2 mechanism to generate the L-alanyl Cbc radical,
which is subsequently trapped by external reagents to form
modied products.13,14 Despite its potential, this SH2 strategy
has not yet been explored in the context of proteins, particularly
under biocompatible conditions.

Davis and co-workers recently developed a per-
uoropyridine-based method for photo-induced C–S bond
cleavage, mediated by either single electron transfer (SET) or
formation of electron donor–electron acceptor (EDA)
complexes.15 While this approach avoids the use of phosphines,
it still requires a large excess of thiophenol as an adjuvant.

Despite the advances, there remains a need for bio-compat-
ible methods to convert Cys into natural residues or their
analogues. Notably, direct Cb–S bond homolysis without external
mediators remains challenging and has been rarely demon-
strated, even in ask reactions. Herein, we report the discovery of
a novel chromophore that facilitates this transformation via
direct photoexcitation, obviating the need for additional reagents
and expanding the scope of C(sp3)–S bond chemistry.

We have reported that irradiation of pro-aromatic 1,4-di-
hydropyridazines generates C(sp3)-centered radicals, enabling
diverse dealkenylative transformations.16 Building on this work,
we sought to identify heterocyclic motifs that could be readily
installed onto Cys residues in aqueous solution and possess the
Chem. Sci., 2025, 16, 22091–22100 | 22091
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Fig. 1 Previous methods for radical desulfurative modifications of cysteine and the approach proposed in this study. (A) Phosphine-assisted
desulfuration via phosphoranyl radicals, SH2 strategy, and thiol activation through photoinduced electron transfer to fluoropyridines. (B) The
postulated photo-induced Cb–S bond homolysis based on the isoindole chromophore. (C) DFT calculations of three different chromophores;
energy obtained at the (U)uB97X-D/def2 TZVP/SMD(H2O)//(U)uB97X-D/def2-SVP/SMD(H2O) level.
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potential for C–S homolysis upon photoexcitation. We were
particularly drawn to the three-component reaction (3CR)
involving a thiol, an amine and ortho-phthalaldehyde (OPA),
which forms 1-thiol-isoindoles or similar heterocycles.17 This
3CR has been applied in various scenarios, including amino acid
detection,18 cross-linking of kinase–substrate pairs,19 peptide
stapling,20 and peptide–peptide conjugates.21 Meanwhile, the
photoreactivity of the uorescent isoindole species has not been
explored to the best of our knowledge. We envisaged that the Cb–

S bond in these compounds (highlighted in red) could adopt
a conformation perpendicular to the p-system to minimize
A(1,3)-interactions (allylic 1,3-strain),22 and therefore direct
photo-excitation might lead to the formation of L-alanyl Cbc

radicals via homolysis, presumably from the triplet state, which
has a longer life than that of the singlet state (Fig. 1B). Conse-
quently, we performed DFT calculations on three model
compounds (1 and 2a/b) (Fig. 1C). While the predicted triplet
state energies of thieno[2,3-c]-pyrroles 2a/b were higher than that
of isoindole 1, the bond dissociation energies (BDEs) of the Cb–S
bond were estimated to be as low as ∼48 kcal mol−1 (see the SI
for details). Considering the notorious instability of OPA-derived
isoindoles,23 we chose to focus on thieno[2,3-c]-pyrroles—species
that are isoelectronic to isoindoles—as they were more stable
and synthetically accessible through a similar 3CR.24
Results and discussion
Validation of thieno[2,3-c]-pyrroles derived from Cys as useful
precursors for generating L-alanyl radicals

Starting from N-benzoyl-L-cysteine methyl ester (BzCysOMe, 5),
ethanol amine and 2,3-thiophenedialdehyde, the correspond-
ing thieno[2,3-c]-pyrroles 3 were synthesized in 78% yield as an
22092 | Chem. Sci., 2025, 16, 22091–22100
inseparable mixture of 2 isomers (Fig. S1a). Based on the UV-
absorption spectrum (Fig. S1b), irradiation was performed at
365 nm using a 3S photoreactor (Fig. 2A). To our delight, 4
(BzAlaOMe) was obtained in 62% HPLC yield, indicating
successful Cb–S bond fragmentation; 5 (BzCysOMe) and its
dimer (6) were detected in 14% and 18% yields, respectively,
which may result from heterocycle–S bond homolysis in the
excited state or oxidation of the thieno[2,3-c]-pyrrole core.
Interestingly, no oxidation products of the primary carbon
radical (e.g., serine or dehydroalanine derivatives) were isolated,
consistent with observations reported by Niu's group.13 Varia-
tions of thieno[2,3-c]-pyrroles were prepared and evaluated
(Table S1), revealing that alkyl amines provided the optimal
results.
Desulfurative transformations of cysteine on peptides

Following the successful proof-of-concept demonstration, we
proceeded towards the desulfurative derivatization of cysteine-
containing peptides. The tetrapeptide H-Val-Thr-Cys-Gly-OH
(7a, VTCG), a cell attachment peptide,25 was selected as a model
substrate. The 3CR involving 2,3-thiophenedialdehyde and
ethanolamine smoothly delivered the corresponding thieno[2,3-
c]-pyrroles (see the SI for details). We were particularly intrigued
by the potential to introduce modied or bioisosteric forms of
endogenous amino acid residues, leveraging our late-stage
derivatization strategy to bypass the need for de novo peptide
synthesis. Initially, we examined 2-cyanoindole (8) as a radical
trap to perform Giese-type addition following the 3CR in a one-
pot fashion (Fig. 2B). Gratifyingly, 7b was obtained in 44%
HPLC yield (Fig. 2C, entry 1), which could be attributed to
rearomatization via oxidation of the captodative radical inter-
mediate.26 Efforts to enhance the yield by changing the organic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Desulfurative transformations of cysteine on model substrates. (A) Photoreaction of the model thieno[2,3-c]-pyrrole. (B) One-pot
transformation of cysteine to 2-cyanotryptophan on amodel peptide (VTCG). (C) Optimization of the reaction conditions. After the 3CR ([7a]= 17
mM), the reaction mixture was diluted with the reaction solvent ([peptide] = 1 mM, 0.6 mmol scale) followed by the addition of 8 and irradiation.
(D) Products derived from VTCG (7a): (a) after the 3CR reaction in DMF/H2O = 1 : 2 ([peptide] = 17 mM), the reaction mixture was diluted with
DMF/H2O= 1 : 4 ([peptide]= 1 mM), 200 equiv [1.1.1]propellane, 200 equiv B2(cat)2, 365 nm, rt, 4 h, then H2O2. (b) DMF/H2O= 1 : 4, 200 equivN-
allylacetamide, 365 nm, rt, 4 h. (c) DMF/H2O = 1 : 4, 200 equiv ethylidenemalonate, 365 nm, rt, 4 h. (d) DMF/H2O = 1 : 4, 200 equiv DMPO, 365
nm, rt, 4 h. All yields are isolated yields (0.01 mmol scale).
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co-solvent from acetonitrile to DMF proved ineffective (entry 2).
However, due to improved solubility of 2-cyanoindole (8) in the
DMF/H2O system, increasing its equivalency to 400 equiv in the
1 mM solution of the model peptide slightly improved the yield
of 7b (entry 3). Doubling the 2-cyanoindole (8) equivalency
proved unfruitful, likely due to competition for light absorption
with thieno[2,3-c]-pyrroles (entry 4). Reaction monitoring indi-
cated that the transformation was mostly complete within 2
hours (entry 5), with extended irradiation diminishing the yield,
presumably due to the photodecomposition of 7b (entry 6).
Increasing the reaction concentration slightly reduced effi-
ciency of the transformation (entry 7). As expected, the reaction
ceased upon a bathochromic shi or removal of the light source
(entries 8 and 9). The utilization of photoredox catalysts in the
photochemical step (Table S2), such as [Ir(dF(CF3)ppy)2(-
dtbbpy)]PF6, accelerated the reaction and enabled its execution
at a more bathochromic wavelength (entry 10). Nonetheless, we
opted to conduct the reaction in the absence of the photo-
catalyst due to the side reactions in proteins commonly
© 2025 The Author(s). Published by the Royal Society of Chemistry
observed in the photocatalysis systems, such as photoredox
processes at unintended sites or singlet oxygen generation.11,27

Having established a protocol for converting Cys into
a mimic of tryptophan (Trp), we next considered the bioisostere
of tryptophan (Tyr)—a hydrophobic residue with critical struc-
tural and bioactive roles,28 and noted that the bicyclo[1.1.1]
pentyl (BCP) moiety, recognized as a bioisostere of the para-
substituted benzene ring,29 could be accessed via the radical
opening of [1,1,1]propellane.30 Following the 3CR of 7a, irradi-
ation of the reaction mixture with a 365 nm LED in the presence
of 200 equiv of [1,1,1]propellane and bis(pinacolato)diboron
yielded the desired boronate; subsequent in situ oxidation with
hydrogen peroxide afforded 7c in 48% isolated yield (Fig. 2D).
Moreover, the L-alanyl Cbc radical generated using our protocol
successfully reacted with previously reported radical traps.
Under unoptimized conditions, 7a was converted to 7d bearing
an N3Ac side chain in 22% yield by employing a large excess of
N-allylacetamide during the photoreaction.10b Similarly, the use
of dimethyl ethylidenemalonate and DMPO afforded 7e and 7f,
respectively.31
Chem. Sci., 2025, 16, 22091–22100 | 22093
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Fig. 3 Desulfurative transformations on catalog peptides. All yields are isolated yields (0.01 mmol scale). aAfter the 3CR reaction in DMF/H2O =
1 : 2 ([peptide] = 17 mM), the reaction mixture was diluted with DMF/H2O = 1 : 4 ([peptide] = 1 mM), 200 equiv [1.1.1]propellane, 200 equiv
B2(cat)2, 365 nm, rt, 4 h, then H2O2.

bDMF/H2O = 1 : 4, 200 equiv N-allylacetamide, 365 nm, rt, 4 h. cDMF/H2O = 1 : 4, 200 equiv ethylidene-
malonate, 365 nm, rt, 4 h. dDMF/H2O = 1 : 4, 200 equiv DMPO, 365 nm, rt, 4 h. eDMF/H2O = 1 : 2, 400 equiv 8, 365 nm, rt, 4 h. fDMF/H2O = 1 : 4,
200 equiv [1.1.1]propellane, 200 equiv B2(cat)2, 365 nm, rt, 4 h.
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We further extended these desulfurative transformations to
several other peptides (Fig. 3). An integrin binding peptide, 9a,32

was successfully converted to 9b and 9c, while the radical
opening of [1,1,1]propellane in the absence of bis(pinacolato)
diboron produced 9d, bearing the bicyclo[1.1.1]pentyl moiety
mimicking the phenylalanine (Phe) residue. These reactions
were also applicable to 10a (an MMP-3 inhibitor),33 11a (a sialic
acid binding epitope),34 12a (ATN-161, an integrin inhibitor),35

13a (a vasopressin fragment),36 nonapeptide 14a
(TALNCNDSL),37 and 15a (a derivative of leucine-enkephalin).38

These results demonstrate that the two-step, one-pot method
enabled the conversion of Cys into modied or bioisosteric
forms of tryptophan, tyrosine, and phenylalanine, even though
the isolated yields were, at most, moderate.
Discovery of a new reagent to selectively install thieno[2,3-c]-
pyrroles on Cys residues

While the unprotected N-terminal amino group did not inter-
fere with the 3CR (peptides 13a and 14a in Fig. 3), signicant
interference from lysine residues was observed. The 3-amino
group not only competes with thiols as a nucleophile,39 but also
rapidly reacts with 2,3-thiophenedialdehyde alone to form
thieno[c]pyrrolones via a two-component reaction.24b,40 This side
reaction could only be mitigated through intramolecular thiol
capture or by using a large excess of intermolecular thiols. Li,
Liu and co-workers addressed this issue by introducing high
concentrations of guanidine, which resulted in the formation of
a less reactive intermediate and enabled a stoichiometric
22094 | Chem. Sci., 2025, 16, 22091–22100
intermolecular OPA-amine-thiol 3CR on peptides.21 However, to
selectively modify Cys residues with thieno[2,3-c]-pyrroles on
native proteins—even in live cells under physiological condi-
tions—there remains a pressing need for alternative reagents
that circumvent lysine-related interference. To expand the
scope of this chemical editing strategy to more physiologically
relevant environments, we envisioned that thieno[2,3-c]-
pyrroles could be installed at Cys residues through a substitu-
tion reaction rather than the three-component reaction (3CR).

We were intrigued by the 4- and 6-sulfonate derivatives of
thieno[2,3-c]-pyrrole (16a/b, see Fig. S2 for their preparation),
which have a counterpart derived from OPA that has been re-
ported but not evaluated as a thiol-modifying reagent.41 Unlike
electro-decient heterocycles (e.g., sulfonylbenzothiazole,
sulfonyloxadiazole, or sulfonylpyridines) that arylate Cys via the
SNAr mechanism,42 thieno[2,3-c]-pyrrole is an electronic-rich
heterocycle. However, we observed spontaneous isomerization
of 16a and 16b in deuterium oxide, leading to an equilibrium
ratio of approximately 2 : 3 (Fig. 4A and S3), with deuteriation
occurring at the 6-H and 4-H positions on 16a and 16b,
respectively.

The proposed mechanism for isomerization and deuter-
iation involves protonation of 16a to form 17a and 18a. Zwit-
terion 17a could be trapped by bisulte to give 19, and
subsequent elimination of 4-bisulte generates 17b, which
undergoes deprotonation to yield d-16b. Deprotonation of 18a
results in d-16a. Addition of 1 equiv or 0.1 equiv of sodium
bisulte signicantly accelerated the isomerization and
© 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/d5sc05199a


Fig. 4 Electrophilic Cys arylation with thieno[2,3-c]-pyrrole 4-sulfonate (16a) and 6-sulfonate (16b). (A) Isomerization and deuteriation of 16a in
D2O at rt. (B) Installation of thieno[2,3-c]-pyrroles through sodium sulfonate reagents 16 and the subsequent photoreaction.
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deuteriation (Fig. S4–S7), presumably by lowing the pH (∼5) and
catalyzing the formation of 19.

Although the detailed mechanism warrants further investi-
gation, the presence of intermediates such as 17a/17b suggests
the formation of reactive species capable of engaging in
nucleophilic addition with thiol groups within Cys, thereby
installing the thieno[2,3-c]-pyrrole moiety following bisulte
elimination. Model peptide 7a was used to evaluate conjugation
efficiency under aqueous conditions (Tables S3 and S4). Due to
challenges in assigning the regioisomers of product 7g, the
identities of the 4- and 6-regioisomers were not denitively
determined. Both 16a and 16b afforded 7g as mixtures of
regioisomers, albeit in slightly different ratios, likely due to
a concurrent isomerization process facilitated by the bisulte
byproduct (Fig. 4B). A robustness screen of the reaction between
7a and 16 revealed that excess endogenous amino acids,
including lysine, did not interfere with the installation of thieno
[2,3-c]-pyrrole (Table S5),43 supporting the chemoselectivity of
Cys modication and paving the way for desulfurative Cys
modication on proteins. Following the conjugation reaction of
7a and desalting, the mixture was irradiated at 365 nm in the
presence of 8, leading to the formation of 7b as the nal
product. Notably, a prolonged reaction time (overnight) and
a large excess (10 equiv) of reagent 16 were required for
adequate transformation of 7a, indicating reduced reactivity
relative to the 3CR-based method.
Cysteine labeling-desulfurization in cell lysates with 20

We investigated the labeling prole of the thieno[2,3-c]-pyrrole
reagent in the proteomes of mammalian cell lysates, which
served as the initial step of our radical desulfurative trans-
formations (Fig. 5A). To this end, cell lysates were incubated
with increasing concentrations of 20, an alkyne-functionalized
probe, followed by biotin conjugation to probe-bound targets
through copper-catalyzed azide–alkyne cycloaddition. Western
© 2025 The Author(s). Published by the Royal Society of Chemistry
Blot (WB) analysis using Streptavidin-HRP revealed distinct
labeling products (Fig. S8), indicating that the labeling abun-
dance increased progressively with both the concentration of 20
and the incubation time, demonstrating a dose- and time-
dependent response. Optimal labeling was achieved with a 5
mM concentration of 20 and a 6-hour incubation, which were
used as the experimental parameters for subsequent
investigations.

Aer conjugation with 20, labeled proteins in cell lysates
were subjected to click chemistry with a cleavable biotin linker,
streptavidin pull-down, and trypsin digestion for identication
(Fig. 5B). The modied peptides, which remained bound to the
beads, were subsequently released by acid cleavage and
analyzed by LC-MS/MS. Peptides exhibiting a mass shi of
+302.1201 Da, corresponding to Cys modication, were identi-
ed as 20-labeled peptides. Excluding proteins enriched in the
DMSO group, a total of 1719 proteins were enriched, among
which 27 peptide spectra corresponded to 20-labeled peptides
(Fig. 5C). The relatively low coverage (27 out of 1719) may stem
from the anionic nature of 20, which promotes non-specic
enrichment of proteins via electrostatic interactions,44 even in
the absence of covalent modication. This limited detection of
Cys-modied peptides (27) also aligns with the known lower
reactivity of 16 compared to the 3CR approach and suggests
a more selective reactivity prole, likely dictated by differences
in Cys nucleophilicity. Such selectivity allows for targeted
modication at a limited number of sites while leavingmost Cys
residues unmodied. For further analysis, we selected the
peptide [R].CMPTFQFFK.[L] from thioredoxin (UniProt P10599),
a ubiquitous disulde reductase containing a CGPC active site
that plays a pivotal role in maintaining cellular redox homeo-
stasis and regulating key physiological processes such as cell
proliferation, programmed cell death, and the oxidative stress
response.45 MS2 spectral analysis demonstrated high-con-
dence identication of the modied peptide, with a large
Chem. Sci., 2025, 16, 22091–22100 | 22095
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Fig. 5 Desulfurative modification of Cys residues in proteins. (A) Synthesis of the alkyne-functionalized probe 20. (B) Workflow for identifying
proteins labeled with thieno[2,3-c]-pyrrole. Cell lysates were incubated with 20, enabling a click reaction with azide-labeled biotin for pull-down
enrichment. Following trypsin catalysed hydrolysis and biotin cleavage, labeled proteins were identified and quantified by mass spectrometry
(MS). (C) Venn diagram of the 20-labeled proteomes in HEK293T cell lysates, quantified by nLC-MS/MS. (D) MS2 spectrum annotation of the
thioredoxin site modified by 20. The reaction with 20 adds a mass shift of +302.1201 Da to the modified cysteine residue. (E) Anti-biotin Western
blot analysis of thioredoxin protein labeled with 20 at the indicated concentrations (upper) or for the indicated durations (lower). (F) Schematic
representation of the desulfurative modification of cysteine residues in thioredoxin via 16 labeling and light irradiations (thioredoxin: PDB 1TRW).
(G) MS2 spectrum annotation of 20-induced desulfurativemodification of cysteine residues in thioredoxin. The desulfuration decreases themass
by −31.9721 Da at the modified cysteine residue. CBB: coomassie brilliant blue.
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fraction of matched y- and b-ions enabling precise localization
of the modication (Fig. 5D).

Consequently, thioredoxin was selected for further studies.
To assess labeling efficiency and optimize experimental condi-
tions, thioredoxin was incubated with increasing concentra-
tions of 20. WB analysis using Streptavidin-HRP revealed clear
labeling bands (Fig. 5E), indicating that labeling intensity
increased in a dose- and time-dependent manner. Optimal
labeling was achieved with 1 mM 20 and a 1-hour incubation,
which were subsequently adopted as standard conditions for
22096 | Chem. Sci., 2025, 16, 22091–22100
further experiments (Fig. 5E). We next investigated whether
compound 16 could promote desulfurization of cysteine resi-
dues in thioredoxin. Under the established conditions, thio-
redoxin was treated with 1 mM 16 at room temperature for 4
hours, followed by 1 hour of irradiation at 365 nm (Fig. 5F). LC-
MS analysis revealed a mass shi of −31.9721 Da, consistent
with cysteine desulfurization. MS2 spectra conrmed the high-
condence identication of the desulfurized product, with the
Cys residue in the peptide [R].CMPTFQFFK.[L] exhibiting
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a denitive desulfurization signature; this was further collabo-
rated by the y- and b-ion fragmentation data (Fig. 5G).
Proteome labeling in live cells and desulfurative modication
of Cys residues in proteins

As previously discussed, the relatively low reactivity of 16
renders it well-suited for live-cell protein modication, mini-
mizing interference with normal cellular physiology. Its sodium
salt form also confers good water solubility, facilitating its use
Fig. 6 Proteome labeling in live cells and desulfurative modification of Cy
16 and modified by desulfuration of cysteine residues. HEK293T cells we
60 min). The cells were lysed, and proteins were extracted for proteom
between 16-labled peptides and desulfurized peptides. (C) MS2 spectrum
Da) of cysteine residues in the RPC10 protein (UniProt Q9Y2Y1). (D) Wo
furation of cysteine residues. HEK293T cells were labeled with 20 (5 mM
proteins were extracted and enriched by click chemistry using azide-lab
cleavage, labeled proteins were identified and quantified by nLC-MS/M
peptides and desulfurized peptides. (F) MS2 spectrum annotation of de
Q13610).

© 2025 The Author(s). Published by the Royal Society of Chemistry
under biological conditions. Prior to live-cell application, we
rst accessed the effects of thieno[2,3-c]-pyrrole sulphonates
and 365 nm irradiation on cell viability. Treatment with
concentrations of 20 exceeding 10 mM inhibited HEK293T cell
growth by approximately 50% within 1 hour, while no signi-
cant cytotoxicity was observed with shorter incubation times or
1-hour irradiation at 365 nm (Fig. S9). By treating HEK293 cells
with varying concentrations and incubation times of 20, fol-
lowed by WB detection of labeled proteins, we determined that
s residues in proteins. (A) Workflow for identifying proteins labeled with
re treated with 16 (5 mM, 15 min), followed by light irradiation (365 nm,
ic analysis via LC-MS/MS. (B) Venn diagram of the correlation number
annotation of 16 labeling (+165.0248 Da) and desulfuration (−31.9721

rkflow for identifying proteins labeled with 20 and modified by desul-
, 15 min), followed by irradiation (365 nm, 60 min) for 1 hour. Cellular
eled biotin for pull-down. After trypsin catalysed hydrolysis and biotin
S. (E) Venn diagram of the correlation number between 20-labled
sulfuration modification (−31.9721 Da) in the PWP1 protein (UniProt

Chem. Sci., 2025, 16, 22091–22100 | 22097
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optimal labeling was achieved with 5 mM 20 and a 15-minute
incubation, conditions which were used as the experimental
parameters for subsequent studies (Fig. S10).

HEK293T cells were labeled with 5 mM 16 for 15 minutes,
followed by 60 minutes of irradiation at 365 nm (Fig. 6A). Aer
lysis, extracted proteins underwent proteomic analysis via LC-
MS/MS, revealing amass shi of +165.0248 Da corresponding to
16-labeled peptides, and a mass shi of −31.9721 Da indicative
of desulfurative modication (Fig. S11). Identied peptides
included those labeled with 16 (Table S7), desulfurized peptides
(Table S8), and peptides exhibiting both labeling and desul-
furization (Table S9). A Venn diagram depicted the correlation
between 16-labled peptides and desulfurized peptides (Fig. 6B).
Among these, the peptide [–].MLLFCPGCGNGLIVEEGQR.[C],
from the DNA-directed RNA polymerase III subunit RPC10
(UniProt Q9Y2Y1), was both labeled with 16 and desulfurized at
the same Cys-containing peptide. MS2 spectral analysis
conrmed the presence of most y and b ions with high con-
dence, further validating the modication (Fig. 6C).

We also implemented a complementary detection strategy
using 20, which involved conjugating a cleavable biotin retrieval
tag to protein targets via click chemistry, followed by neutravidin
pull-down, and trypsin digestion (Fig. 6D). The modied
peptides were then photocleaved and desulfurized (365 nm, 90
min) before LC-MS/MS analysis. A mass shis of +259.0892
corresponded to 20-labeled peptides, while a shi of −31.9721
Da indicated desulfuration. Identied peptides included those
labeled with 20, desulfurized peptides, and peptides exhibiting
both labeling and desulfurization (Table S10). A Venn diagram
depicted the correlation between 20-labled peptides and desul-
furized peptides (Fig. 6E). The peptide [R].QVTCVAWVRCG-
VAK.[E], from the Periodic tryptophan protein 1 homolog
(UniProt Q13610), exhibited the strongest intensity (>7-fold).
MS2 spectral analysis of the 20-labeled peptides conrmed the
presence of numerous y and b ions with high condence, further
validating desulfurization at cysteine residues (Fig. 6F).

Finally, we veried the labeling and desulfurization of high-
ionic-strength proteins. The MS2 analysis revealed that kielin/
chordin-like protein (UniProt: Q6ZWJ8) and kelch-like protein
33 (UniProt: A6NCF5) underwent both labeling and desulfur-
ization with high-condence identication of the labeled and
modied peptides (Fig. S12).

Conclusions

Reductive desulfurization serves as a valuable platform for
peptide and protein modications,46 whereas the low natural
abundance of Cys (2.2% in eukaryotes) contributes to inherent
chemoselectivity.47 As early as 1978, Clark and Lowe successfully
used alkylation and photolysis to convert active-site Cys25 of
papain into a serine or glycine residue.48 We have developed
a novel approach for site-specic cysteine modication and
desulfurization in peptides and proteins, leveraging thieno[2,3-
c]-pyrrole-based reagents and photochemical activation. The
method doesn't require the use of a phosphine that disrupts
disulde bonds and strong electrophilic reagents, making it
applicable for the selective targeting of free Cys residues under
22098 | Chem. Sci., 2025, 16, 22091–22100
mild conditions. The application of this strategy was demon-
strated in both cell lysates and live mammalian cells, with
successful labeling and desulfurization of proteins. Addition-
ally, our method enabled the introduction of bioisosteric amino
acid analogs even though the use of a large excess of radical
trapping reagents prevented the direct application of the
current approach in live cells.
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