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Abstract: The chemical modification of proteins is a core enabling technology for developing macromolecular
therapeutics in biomedicine, and is pivotal in constructing antibody—drug conjugates. Among the residues available for
bioconjugation, the cysteine side chain is particularly promising because it contains a highly nucleophilic and reactive
thiol (-SH) group. This amino acid is an ideal modification site for the site-selective covalent bioconjugation of
proteins, owing to the relatively low abundance of free cysteine residues in most natural proteins, and offers a
favorable balance between reactivity and selectivity, which is seldom achieved with more abundant amino acid
residues such as lysine. This article summarizes two mainstream covalent conjugation strategies that operate under
mild, physiologically relevant conditions for native, unmodified cysteine residues. The first strategy focuses on directly
functionalizing free single thiol moieties through thiol-ene, thiol-maleimide, or related alkylation reactions, which
enable the straightforward conjugation of relevant units to an accessible surface cysteine. The second, more
sophisticated strategy involves selectively reducing the interchain or structurally labile disulfide bonds, followed by
rebridging, wherein the newly liberated thiol pairs are reconstituted using bis-functionalized reagents to preserve the
native three-dimensional architecture and overall stability of the protein. In addition, this review compared the
structural features of various modification reagents, including their linkers, spacer geometries, and reactive warheads,
and evaluated the respective advantages and limitations, and applications of different aqueous-phase reaction processes
in terms of their yield, kinetics, and substrate compatibility. Despite considerable progress, this technology continues
to face several challenges, such as insufficient reaction-site selectivity, which may lead to heterogeneous products;
inadequate in vivo circulation stability of certain conjugation products arising from the thiol exchange or premature
cleavage; and the limited biocompatibility of currently available linkers. Therefore, future research should focus on the
rational design of novel precision conjugation reagents that combine high selectivity with mild reaction conditions, in
addition to continuously optimizing green and efficient aqueous-phase conjugation processes. Successfully resolving
these issues will advance the industrial and large-scale application of cysteine-specific modification technologies
across the biopharmaceutical sector.
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Fig.20 Electro-mediated C-H/S-H cross-coupling
reaction[*’]
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Fig.21 Visible light-mediated selective arylation of
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Fig.22 Catalyst-free divergent cysteine modification via
indole isocyanate photochemistry[47]
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Fig.23 An infrared-triggered retro-ene reaction for
deep-tissue bioconjugation[*’]
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Fig.24 Stereoselective S-glycosylation of peptides and
proteins[*?]
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Fig.28 Cysteine modification with
2H-azirine-2-carboxamides[>®]
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Fig.31 Bromoenone as a reagent for thiol-thiol
cross-coupling reactions!¢!]
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Fig.32 Diethyl phosphonate for cysteine-selective protein
labeling and disulfide rebridging(®?]
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Fig.34 Cysteine modification with oxetane derivatives[®4
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