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Chemical modification of native peptides and proteins is a versatile strategy to facilitate late-stage diversi-
fication for functional studies. Among the proteogenic amino acids, lysine is extensively involved in post-
translational modifications and the binding of ligands to target proteins, making its selective modification
attractive. However, lysine’s high natural abundance and solvent accessibility, as well as its relatively low
reactivity to cysteine, necessitate addressing chemoselectivity and regioselectivity for the Lys modifica-
Keywords: tion of native proteins. Although Lys chemoselective modification methods have been well developed,
Protein modification achieving site-selective modification of a specific Lys residue remains a great challenge. In this review,
Lysine we discussed the challenges of Lys selective modification, presented recent examples of Lys chemose-
Site-selective modification lective modification, and summarized the currently known methods and strategies for Lys site-selective
Antibody-drug conjugates modification. We also included an outlook on potential solutions for Lys site-selective labeling and its

Peptide

potential applications in chemical biology and drug development.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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1. Introduction

The selective modification of peptides and proteins plays a vital
role in disclosing post-translational modifications (PTMs), studying
protein-protein interactions (PPIs), monitoring cellular physio-
logical and pathological processes, and developing therapeutic
drugs [1-8]. Compared to de novo synthetic and chemical biology
methods, chemical modification of native peptides and proteins
provides a more versatile approach to achieve late-stage diversi-
fication for functional studies [9-14]. Among the 20 proteogenic
amino acids, cysteine (Cys) represents an attractive target for
peptide/protein modification due to the high reactivity of its thiol
group in physiological conditions and its low natural abundance,
and a variety of modification reagents or methods have been well
developed [15-19].

Lysine (Lys), another amino acid with high nucleophilicity, is
extensively involved in PTMs and the binding of ligands to target
proteins, rendering its selective modification meaningful [20-23].
In addition, numerous proteins lack free Cys residue due to its low
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natural abundance, with most Cys being buried inside through the
formation of disulfide bonds. Consequently, disulfide bond reduc-
tion is required for Cys modification, and the operation may per-
turb the natural structure and function of proteins, making direct
modification of Lys residue a preferable choice [24]. However, given
the high natural abundance and solvent accessibility of Lys, as well
as its relatively low reactivity compared to Cys, dozens of active
Lys residues can exist in a single protein, making achieving both
chemoselectivity and regioselectivity simultaneously the primary
consideration for the Lys selective modification of native proteins
(Fig. 1) [25].

Despite significant advancements in research related to Lys
chemoselective modification, site-selectivity, another aspect of Lys
selective modification, is much less resolved, and modifying a sin-
gle Lys residue site-selectively and effectively remains a consider-
able challenge, yet it is meaningful [26-28]. Such as antibody-drug
conjugates (ADCs), the majority of which in clinical use rely on
random conjugation to Cys or Lys residues, resulting in a hetero-
geneous mixture of multiple ADCs types, each containing differ-
ent numbers of drug molecules conjugated at diverse amino acid
sites and possessing distinct pharmacokinetic, efficacy, and toxi-
city properties [29,30]. Consequently, there is a pressing pursuit
for the development of novel chemical strategies or reagents to
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Fig. 1. Challenges in the lysine modification of native proteins.

achieve site-selective modifications of Lys in native peptides and
proteins.

To provide an overview of the Lys site-selective modification,
this review comprehensively categorized and analyzed reported
Lys site-selective chemical modification methods based on the dif-
ferences in modification reagents or strategies. At first, we cov-
ered some examples of Lys chemoselective modification methods.
Subsequently, we provided an overview of the research advance-
ments in Lys site-selective modification categorized into kinetically
controlled site-selective labeling, proximity-directed modification,
modified group transfer, and cooperative stapling of Lys with an-
other amino acid. Finally, we discussed potential solutions for Lys
site-selective modification and its application potential in chemical
biology research and drug development. Overall, this review em-
phasized the application of modification reagents and strategies for
Lys site-selective bioconjugation.

2. Chemoselective modification

The selectivity of protein modification initially depends on the
factors that enable modification reagents to differentiate the reac-
tivity of various reactive groups. Typically, deprotonated primary
amines are the most nucleophilic in a native protein, while pro-
tonation drastically reduces their reactivity. In proteins, the «-
amino group of N-terminus and e-amino group of Lys residues are
present, which possess pK, values of approximately 8 («-amino
group) and 10 (¢-amino group) (Fig. S1 in Supporting informa-
tion) [31]. Therefore, the e-amino group of Lys requires a higher pH
value for deprotonation and differentiation from «-amino groups.
A pH range of 8.5-9.5 is generally suitable for modifying Lys
residues. To date, a variety of reagents or strategies can accom-
plish Lys chemoselective modification, including electrophiles, pho-
tochemistry, and transition-metal catalysis [32,33].

2.1. Electrophiles

2.1.1. Activated esters

Activated esters represent a class of ideal reagents for Lys bio-
conjugation due to their good reactivity and acceptable hydrolysis
stability, and including N-hydroxysuccinimide (NHS) esters, sulfote-
trafluorophenyl (STP) esters, HOBt esters, and thioesters, etc. have
been used in Lys-targeted covalent drug, protein proofing, etc. NHS
activated esters were developed in forming the peptide bond by
Anderson et al. in 1964 and are widely used in bioconjugation to-
day (Fig. 2A) [34]. NHS esters conjugate with proteins via a very
stable aliphatic amide bond and are considered among one of the
most powerful protein modification reagents, and widely used in
the elucidation of protein-protein or protein-drug interactions, pro-
tein structural analysis, and preparation of peptide/protein conju-
gates with drugs or other molecules [35]. STP esters are another
class of Lys selective active esters and they are more stable than
NHS esters in aqueous media. STP esters have been successfully
applied to the preparation of antibody-drug conjugates and quan-
titative profiling of global reactive Lys in human cell proteomes
(Fig. 2A) [36]. More recently, Li et al. developed pyridinium-based
activated esters for selective Lys labeling, and this approach was
applied to activity-based protein profiling in MCF-7 cells [37].
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Fig. 2. Lys modification of proteins by electrophiles.

2.1.2. Sulfonyl halides and sulfonates

Dansyl chloride is the first widely used sulfonyl chloride in the
modification of proteins and shows incontestable popularity for the
study of protein structure and functions (Fig. 2B) [38]. Sulfonyl flu-
oride electrophiles are powerful privileged covalent warheads that
can probe the binding sites of enzymes or drug targets and have
found significant utility in medicinal chemistry and chemical biol-
ogy as reactive probes [39]. Despite sulfonyl halides being highly
reactive, they are very unstable and easily hydrolyzed to sulfonic
acid in aqueous media, especially at a high pH required for Lys de-
protonation. Besides, sulfonyl halides are less selective than NHS
esters due to their high reactivity towards nucleophiles, and they
can also conjugate with cysteine, serine, threonine, tyrosine, and
histidine in proteins (Fig. 2B).

2.1.3. Isocyanates and isothiocyanates

Isocyanates can react with amines to form stable urea deriva-
tives, however, they are difficult to manipulate due to the insta-
bility to deterioration during storage. Isothiocyanates, which are
commercially accessible, possess moderate reactivity and good sta-
bility in most solvents, making they are much more popular in
Lys bioconjugation. Despite Cys and Tyr could react with isothio-
cyanates to give dithiocarbamates and O-thiocarbamates, respec-
tively, the addition processes are reversible (Fig. 2C) [40]. Fluores-
cein isothiocyanate (FITC) is one of the most commonly used fluo-
rescent reagents for protein labeling and has proven to be effective
in diverse applications. However, conjugates prepared by isothio-
cyanates are less hydrolytically stable compared to those by NHS
esters, and NHS esters labeling proceeds at lower pH, resulting in
NHS esters being preferable to isothiocyanates for Lys bioconjuga-
tion in many respects (Fig. 2C).

2.1.4. Tunable amine reactive electrophiles

In 2022, Raj group discovered a series of tunable amine reactive
electrophiles (TAREs) with good hydrolytic stability and high ac-
tivity for Lys selective modification of proteins (Fig. 2D) [41]. This
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Fig. 3. Aldehyde derivatives for Lys modification of proteins.

type of TAREs reagent could react with Cys reversibly to gener-
ate another Lys-reactive electrophilic thioether and both the two
thioether species could be nucleophilic attacked by Lys to gener-
ate stable modified products. Besides, The TAREs are highly tunable
due to their reactivity and selectivity could be varied between Cys
and Lys through the addition of different heteroatoms and their
charged methylation.

2.2. Aldehyde and ketone derivatives

Amines can react with aldehyde or ketone derivative to form
an imine intermediate, which can further be selectively reduced
by sodium cyanoborohydride et al. to give a stable alkyl amine
(Fig. 3A) [42]. Reductive amination of proteins generally proceeds
at a pH range of 6.5-8.5, has low kinetics of conjugation, and
the sodium cyanoborohydride may reduce disulfide bonds within
proteins, so that this method is not used in Lys conjugation as
frequently as the activated ester or isothiocyanate method. Fran-
cis group discovered Cp*Ir bipyridyl complex could be an alter-
native of typical reducing agents to the reductive alkylation of
proteins via iridium-catalyzed transfer hydrogenation [43]. This
method has played a significant role in the preparation of protein-
carbohydrate conjugates due to the semiacetal structure of carbo-
hydrates (Fig. 3A).

In recent years, several novel aldehyde and ketone deriva-
tives were developed for the Lys selective modification of
proteins. Christmann et al. developed a class of Lys-reactive
2-(2-styrylcyclopropyl)ethanal aldehyde derivatives for the func-
tionalization of proteins (Fig. 3B) [44]. The reagent exploits a
divinylcyclopropane-cycloheptadiene rearrangement to render the
initial imine condensation process irreversible (Fig. 3B). Li and
coworkers reported that ortho-phthalaldehyde (OPA) derivatives
can chemoselectively react with amino groups on peptides and
proteins to form phthalimidines under physiological conditions.
(Fig. 3C) [45]. These kinds of reagents were also applied to
chemoselective peptide stapling and bicyclization by reacting
with Cys and Lys in a three-component reaction manner (Fig. 3C)
[46]. Besides, the OPA was also used by Chen and coworkers
for chemoselective bioconjugation via one-pot clamping of two
different amine nucleophiles [47]. Tanaka group reported that
o,B,y,8-unsaturated aldehyde derivatives could condensate with
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Fig. 5. Lys modification by transition-metal catalysis.

Lys selectively via a rapid 6 -aza-electrocyclization reaction, fol-
lowed by autoxidation to generate stable pyridinium salt products
(Fig. 3D) [48]. Besides, 2-carbonylbenzeneboronic acid derivatives
and o-ester substituted diazonium terephthalates were also used
in Lys bioconjugation (Fig. S2 in Supporting information) [49-51].

2.3. Visible-light-driven chemistry

Visible-light-driven chemistry has been widely used in Ia-
beling and cross-linking of biomacromolecules [2]. Chen group
developed a light-induced primary amines and o-nitrobenzyl
alcohols cyclization (PANAC) as a photoclick reaction to
achieve the functionalization of small molecules and native
biomolecules (Fig. 4) [52]. This method proceeded via addi-
tion/cyclization/dehydration/tautomerization pathway, and has
been successfully applied to direct diversification of pharmaceuti-
cals and biorelevant molecules, Lys-specific peptide modification
and cyclization, protein labeling in vitro and in live cells, the cap-
ture of protein-protein interactions and protein-DNA interactions,
and organelle-targeted temporal labeling in living systems (Fig. 4)
[53,54].

2.4. Transition-metal catalysis

In 2020, Yan and Huang groups realized rapid Lys modifica-
tion of peptides and proteins by switching the click reactivity of
dibenzoazacyclooctynes (DBCO) from azide click component to-
wards amine-reactive caged acylation reagent (Fig. 5A) [55]. The
rearrangement of DBCOs precluded the click reactivity of DBCOs
and provided a switched acylation reagent to amine substrate.
This method has shown practical applications in the modification
and fluorescent labeling of peptides, proteins, therapeutic antibody
trastuzumab, and living bacteriophage.
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Buchwald and coworkers developed a Lys arylation method for
peptides using preformed or in situ generated [LPd(Ar)X] com-
plexes (Fig. 5B) [56]. More recently, Watson et al. reported a Ni-
catalyzed deaminative reductive coupling method of amino acid
pyridinium salts with aryl bromides by leveraging high-throughput
experimentation, enabling efficient synthesis of noncanonical aryl
amino acids and late-diversification of peptides (Fig. 5C) [57]. How-
ever, both the two protocols proceeded under bioincompatible con-
ditions and cannot apply to protein modification, limiting their ap-
plication to some extent.

2.5. Others

Besides, water-soluble isatoic anhydride-based derivatives
(Fig. S3A in Supporting information) [58], pyrocinchonimide,
(Fig. S3B in Supporting information) [59], azaphilones (Fig. S4 in
Supporting information) [60], 3-acyl-4-pyranone derivatives [61],
imidoesters, squaric acid diester, and dichlorotriazine derivatives,
etc, were also used in Lys bioconjugation [16]. These above
chemoselective methods provide valuable solutions to Lys bio-
conjugation of proteins, however, these methods make it difficult
to distinguish multiple Lys existing in one protein. Achieving the
site-selective modification of a specific Lys in proteins is of great
significance in disclosing PTMs and drug development, and there is
a great purpose for novel Lys site-selective modification methods.

3. Site-selective modification

Site-selective modification of proteins is vital for modulating
their function and preparing homogeneous therapeutic agents. In
nature, this process occurs at a specific residue within a protein
sequence, is rigorously controlled by enzymes, and is generally in-
volved in protein-protein interactions [62,63]. Despite the use of
unnatural amino acids provides solutions to site-selective modi-
fication with good selectivity and reactivity, these methods often
require tedious procedures to obtain pre-functionalization proteins
and involve metal catalysis [64-66]. Currently, several strategies
can effectively realize site-selective modification of a specific Lys
in native peptides or proteins, including kinetically controlled site-
selective labeling, proximity-induced modification, modified group
transfer, and cooperative stapling of Lys with another amino acid
(Cys, Arg, Tyr, etc.) [67,68].

3.1. Kinetically controlled site-selective labeling

Individual Lys residues in a protein have certain different re-
activity towards modification reagents due to the local microen-
vironment surrounding each Lys, solvent accessibility, and higher-
order structural features, thereby providing an opportunity for
site-selective modification of the most active Lys residue directly.
Bernardes group reported a computer-assisted design of sulfonyl
acrylate derivatives for modifying a single Lys residue on native
protein (Fig. 6A) [69]. The Lys residue with the lowest pK,; would
be deprotonated at a slightly basic pH and was the Kkinetically
favored residue. Moreover, modified products allowed for further
bioconjugation through an aza-Michael addition of a nucleophile to
the acrylate electrophile that was generated by spontaneous elim-
ination of methanesulfinic acid upon Lys modification [27].

Activated esters were widely used in Lys site-selective modifica-
tion of proteins via a kinetically controlled labeling approach [70].
Weil group reported the site-selective modification of lysozyme C,
RNase A, and the peptide hormone somatostatin using NHS es-
ter reagents (Fig. 6B) [71]. The method could site-selectively mod-
ify a single Lys residue with high reactivity on the surface of
proteins at physiological pH and room temperature in a yield of
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over 90%. Importantly, by employing multifunctional biotin-TEO-
ethynyl-NHS (TEO: tetraethylene oxide) as a biorthogonal biocon-
jugation reagent, site-selective multi-functionalization of proteins
was achieved and the products allowed for avidin resin purification
and click chemistry (Fig. 6B). Besides, Cravatt group used STP ester
for the investigation of global reactive Lys in the human proteome
[36]. Fluorophenyl ester reagent was used by Cellitti et al. to label
human kappa antibodies at a single Lys188 within the light-chain
constant domain in a yield of 50%-70% [72]. The site-selectivity
was attributed to the surrounding His189 and Asp151 which ac-
celerated the labeling rate of Lys188 compared to other ~40 Lys
sites (Fig. 6C). Besides, Rader group discovered B-lactam deriva-
tives and heteroaryl methylsulfonyl-functionalized molecules could
be applied to site-selective modification of h38C2, a humanized
anti-hapten monoclonal antibody (mAb) that contains a unique re-
active Lys99 (pK, ~ 6) (Fig. S5 in Supporting information) [73,74].

In 2017, Rai et al. discovered a chemoselective and site-selective
Lys formylation method for peptides and proteins enabled by aro-
matic aldehyde auto-oxidation (Fig. 7) [75]. Firstly, the aerobic oxi-
dation of aromatic aldehyde can be initiated by a free radical chain
reaction to form the corresponding peracid. Then, the nucleophilic
addition of the peracid to another molecule of aldehyde generated
a tetrahedral adduct, followed by the rearrangement of the tetra-
hedral adduct to afford the active formate reagent. Finally, the ac-
tive formate ester was selectively trapped by the amine group to
afford the formylated protein products. This protocol enabled the
site-selective single-site formylation of Lys in a series of native pro-
teins and offered late-stage modification. The site-selectivity was
controlled by reversible protection of «-NH, of N-terminal by alde-
hyde, regulation of formate ester generation, and reduced effective
concentration of Lys via imine formation.
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In 2022, Zhu group reported a novel method for chemo- or
site-selectively quinolylation of Lys residues in peptides, proteins,
and living cells under mild conditions using their newly developed
water-soluble zoliniums (Fig. 8) [76]. The site-selectivity of zolin-
iums was demonstrated by quinolylating Lys350 of bovine serum
albumin (BSA), modifying and inactivating two highly conserved
Lys residues (Lys5 and Lys61) of SARS-CoV-2 3CLP™ protease that is
essential for virus replication in host cells. Mechanism study indi-
cated the Lys modification by zolinium mainly occurred in the hy-
drophobic or catalytically active pocket of proteins, where the neg-
atively charged amino acid residues (such as glutamic acid) around
the Lys may enhance the site-selectivity and feasibility of the mod-
ification.

In recent years, multicomponent approaches have been applied
to site-selective labeling of native proteins. Rai group reported a
multicomponent approach that involved protein, aldehyde, acety-
lene, and Cu-ligand complex to modify a single Lys residue in nine
distinct proteins by constructing a C-C and C-N bond appending
propargylamine motif (Fig. 9A) [77]. The site-selectivity was con-
trolled by that aldehyde chemoselectively reacted with Lys in a fast
and reversible manner and rendered latent stoichiometry acety-
lene reacted with imine intermediate in a rate-determining step,
which served as a desired regulatory tool. However, this method
showed limited modification efficiency, and a long reaction time
was needed for a good conversion. This group also developed a
phospha-Mannich protocol for chemoselective and site-selective
modification of a Lys residue in native proteins without the use
of a transition-metal catalyst by employing an aldehyde to form
an imine with the amino group of Lys as an in situ electrophile,
followed by nucleophilic alkylphosphite to site-selectively gener-
ate stable products (Fig. 9B) [78]. This method enabled the site-
selective modification of mono-labeled Fab at Lys183 of the light
chain.

Kinetically controlled Lys site-selective labeling has achieved
certain success in the modification of a series of proteins. However,
these methods that target the most reactive Lys in a protein often
need strict control for the conjugation conditions (such as the pH
of reaction buffer) and are generally unlikely to achieve completely
selective modification as stoichiometric or substoichiometric mod-
ification reagents used. Besides, these methods have limited sub-
strate tolerance and are generally limited to the modification of
simple proteins.
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3.2. Proximity-induced Lys site-selective modification

Proximity-induced site-selective modification chemistry links
Lys selective reactive moiety with a nearby structural motif or
functional group and via their binding with proteins to guide the
site-selective labeling reaction of proximal Lys residue [79-81]. In
recent years, several strategies have achieved proximity-induced
Lys site-selective modification, including affinity labeling that uses
small molecules, affinity peptide binders, or protein-protein inter-
action to guide the modification reagents towards the desirable Lys
site, and covalent tethering that utilizes a temporary covalent at-
tachment of a proximal amino acid site to enable the modification
of the target Lys.

3.2.1. Affinity binding-directed site-selective modification

Lys site-selective modification directed by specifically binding
of a small molecule ligand with a target protein was attractive
and has gained widespread attention in Lys-targeted covalent drug
discovery [21,82-84]. This strategy exploits a hybrid modification
reagent that harbors a small molecule ligand with good affin-
ity to a specific protein and an appropriately Lys reactive elec-
trophilic warhead. During the modification process, the ligand re-
versibly binds with the protein via specific ligand-protein interac-
tion to bring the warhead close to the desired Lys firstly, thereby
facilitating covalent binding of the warhead with Lys residue in-
side or around the binding pocket (Fig. 10). Generally, the reac-
tive group is relatively less reactive towards intermolecular Lys
residues, and the reaction is accelerated by ligand-protein inter-
action to bring them together, thereby achieving the site-selective
modification of Lys. Until now, a series of reactive moieties, in-
cluding «,B-unsaturated sulfonamides (a), alkoxy-substituted o-
nitrobenzoxadiazole (b), phenylbenzoate derivates (c), benzotria-
zole derivates (d), squarate derivates (e), N-acyl-N-aryl sulfonamide
(f), etc., have been developed for ligand-directed proximal Lys
site-selective modification in proteins (Fig. 10) [85-91]. More re-
cently, Li et al. reported that «-acyloxyenamide (g) prepared from
ynamide through a one-step late-stage coupling reaction could en-
gage conserved catalytic Lys residues in kinases with covalent in-
hibition [92]. Besides, the ynamide could also apply to amide bond
formation [93-96].

Peptides generally possess higher specificity and affinity to
protein targets compared with small molecules, and have exhib-
ited great potential in affinity binding-directed proximal Lys site-
selective modification. Xia et al. explored proximal Lys conjuga-
tion through fluorodinitrobenzene, isothiocyanate, and phenyl ester
moieties guided by a specific protein-peptide interaction (Fig. 11)
[97]. This strategy employed an affinity peptide with a Lys reactive
motif and organized the Lys-reactive group to orient the £-amino
group of the proximal Lys in protein via the binding of peptide
with protein. Site-selectivity of the protein-peptide interaction-
guided Lys bioconjugation was examined on an SH3 domain and
several ubiquitin-like proteins. Besides, Wang and coworkers devel-
oped a proximity-induced amino-yne reaction for Lys site-selective
conjugation of MDM4 protein using propargylated-sulfonium teth-
ered peptide that enables the reaction to occur at the selected Lys
[98].

The affinity-directed conjugation strategy showed great po-
tential in ADCs discovery [99-101]. In 2019, Yamada et al. re-
ported an affinity peptide-mediated regiodivergent functionaliza-
tion (AJICAP™) method to enable the site-selective modification
of native IgG antibodies for preparing ADCs (Fig. 12A) [102]. The
selectivity was controlled by specifically binding of affinity peptide
with the Fc region of an antibody, thereby delivering the NHS es-
ter moiety to the desired Lys residue via a linker with appropriate
length. The method achieved site-selective modification of differ-
ent amino acid sites in a monoclonal antibody with a yield of over



J. Li, J. Chen, Q.-L. Hu et al.

Warhead gl’
/
- 2
Protein Ligand Protein
_— >
-
Ligand-protein interaction
. 00 ) NO, ‘ )
Warhead ., CS\N' g R o
- = \H N KOUL;;\
’ HoN QI NH, NH,
’ O 5 J
% %
a b c

Fig. 10. Ligand-protein interaction

gt A
e’ HN /’)4

NH,
H N i gy N ;
Protein _— Protein — Protein
Protein-peptide Lys labeling
interaction
N Peptide @ Amine-rective group

Fig. 11. Peptide-protein interaction directed site-selective Lys modification.

90% by simply changing the Fc affinity peptide reagents. Moreover,
the synthesis of an ADC was achieved through the disulfide bonds
reduction and cytotoxic payload conjugation via thiol-maleimide
reaction, and the resulting product showed improved anti-tumor
activity compared to the native trastuzumab antibody (Fig. 12A).
Xiao group developed a simple affinity labeling-directed
antibody conjugation method to enable the preparation of ho-
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mogeneous antibody conjugates from native antibodies without
additional antibody engineering and post-synthesis treatments
(Fig. 12B) [103,104]. This method installed a Lys reactive moiety in
a chemically synthesized affinity peptide bearing a bioorthogonal
handle for further payload conjugation. Upon specifically bind-
ing to a certain region of antibody, the affinity peptide would
covalently attach to the antibody via spontaneous reaction of
Lys reactive moiety with proximal Lys in the antibody, and the
product could apply to bioorthogonal conjugation with a cyto-
toxic agent or fluorescent probe. The utility of this method was
demonstrated by preparing well-defined ADC and multifunctional
antibody conjugates with a variety of enhanced capabilities. Be-
sides, Lam group reported a similar method for Lys site-selective
modification via affinity binding of indole-based 5-fluoro-2,4-
dinitrobenzene (FDNB) derivatized peptides with the conserved
nucleotide-binding pocket (NBP) between the light and heavy
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Fig. 12. Affinity peptide mediated Lys site-selective modification of antibodies.
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Fig. 13. Peptide-protein interaction directed site-selective Lys modification. Repro-
duced with permission [108]. Copyright 2023, American Chemical Society.

chains of the antibody [105]. Similar to these activated esters
reagents, Chung group achieved site-selective modification of the
Lys248 on trastuzumab using an IgG Fc-affinity peptide bearing a
5-norbornene-2-carboxylic acid thioester [106].

More recently, Lee and coworkers developed a novel ap-
proach to enable site-selective intact protein labeling by leverag-
ing small Fc-binding protein and genetic code expansion technol-
ogy (Fig. 12C) [107]. In this strategy, the Fc-binding protein acted
as a mediator to efficiently and site-selectively transfer a chemi-
cal probe to Lys residue, thereby avoiding the operation to remove
affinity peptides. The method was successfully applied to the site-
selective labeling of Z-DM protein, Fc fragment, and trastuzumab
with various tags, including fluorophore, biotin, and a drug. It is
worth noting that only a catalytic amount of mediator was re-
quired of this method, in theory. Although these affinity peptide
mediated methods provided invaluable solutions to homogeneous
ADCs discovery, the introduction of extra affinity peptides may
increase the difficulty of purification and result in immunogenic
problems.

Compared with the small molecules and affinity peptides
guided proximal Lys modification methods, achieving the site-
selective modification of a specific Lys residue by protein-
protein interaction was less disclosed. Rai group reported that
protein-protein interaction could drive site-selective modification
in a multicomponent aza-Morita-Baylis-Hillman (aza-MBH) reac-
tion (Fig. 13A) [108]. The process involves simultaneously and re-
versibly generating of a pair complementary reactive intermedi-
ate, electrophilic imine and nucleophilic enolate that are gener-
ated with Lys and His in different proteins, respectively, followed
by utilizing the specificity of protein-protein interaction to drive
the subsequent site-selective irreversible step. More recently, Lon-
don and coworkers mutated selected positions of peptides or pro-
teins to Cys, then, the Cys residue was installed with methacry-
late ester electrophiles, which further efficiently and selectively re-
act with Cys or Lys residue on the target protein (Fig. 13B) [109].
By employing this strategy, a methacrylate-modified variant of col-
icin E9 immunity protein could irreversibly bind to E9 DNAse, re-
sulting in higher thermal stability compared to the non-covalent
complex.

The above methods that employ a small molecule, affinity pep-
tide, or protein-protein interaction to specially bind target pro-
tein and enable the Lys reactive moiety to orient its proximal Lys
residue, have achieved great success in the site-selective modifica-
tion of a series of proteins. However, these methods showed lim-
ited substrate tolerance and cannot apply to other proteins due to
the high specificity of affinity binding.
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3.2.2. Covalent tethering-directed Lys site-selective modification

Covalent tethering utilizes a modification reagent with two dif-
ferent reactive moieties and through a temporary covalent attach-
ment of a proximal amino acid site to enable the site-selective
modification of the desired Lys. In 2020, Rai group reported a
linchpin-directed modification (LDM.x) technology by employing
the o-hydroxyaldehyde derivative-spacer-activated ester reagent to
enable the precise labeling of a single Lys residue (Fig. 14) [110].
This method enabled the site-selective installation (Lys169 in light
chain and Lys395 in heavy chain) of fluorophore and payload on
trastuzumab, and the synthesized ADC exhibited improved antipro-
liferative activity toward HER-2 positive SKBR-3 breast cancer cells
compared to the native antibody.

Compared with the Lys-directed modification approach, Lys
site-selective modification directed by another different amino acid
would be more effective and Cys is ideal due to its inherent high
reactivity and well-established labeling methods. In 2022, Li et al.
developed a cleavable Cys labeling-directed Lys site-selective sta-
pling and single-site modification approach for peptides and pro-
teins (Fig. 15) [111]. They linked aryl thioether derivative that was
developed by themselves for cleavable Cys modification and Lys se-
lective o-nitrobenzyl alcohol moiety together [52,112]. Then, the
cleavable and fast Cys labeling step was performed first to ori-
ent the most proximal Lys residue, followed by achieving the Lys
site-selective single-site labeling with o-nitrobenzyl alcohol moiety
under visible light irradiation, thereby avoiding multi-labeling or
inaccurately labeling. The temporarily modified Cys residue could
be either kept as a stapling anchor or recovered to its native
state to achieve Lys site-selective single-site modification. More-
over, this method could achieve Lys site-selective single-site modi-
fication and multi-functionalization in a one-pot procedure.

Rai group reported a similar method for the site-selective mod-
ification of Lys in native proteins by employing a multifunctional
reagent that contains a nitroolefin moiety for rapid, chemoselec-
tive and cleavable conjugation with Cys, and an activated ester
moiety for relatively slow, stable, and chemoselective conjugation
with Lys (Fig. S6 in Supporting information) [113]. The Lys site-
selective modification protocol proceeded with C-S bond forma-
tion, C-N bond formation, C-S bond dissociation, aldehyde gener-
ation, and oxime formation sequentially in a one-pot procedure.
However, multiple pH adjustments of buffer and extra additive ad-
dition were needed during the modification process. Besides, Lys
conjugation step may proceed before Cys and afford multiple Lys
residues modified byproducts.

3.3. Modified group transfer for Lys site-selective modification

The modified group transfer strategy employs a fast and re-
versible modification of another proximal amino acid (generally
Cys) to deliver the reactive modified groups to Lys. Native chem-
ical ligation reaction (NCL) that involves the ligation of an N-
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Fig. 16. Lys site-selective modification via modified group transfer.

terminal Cys with a C-terminal thioester-containing peptide frag-
ment, has been widely used in protein synthesis [114]. Consider-
ing the high reactivity of Cys and the leaving ability of modified
groups in some Cys-modified products, Lys site-selective modifica-
tion can be effectively realized via the modification group transfer-
ring from Cys to its proximal Lys residue. Bertozzi et al. described
the 2-cyanobenzothiazole (CBT) derivatives that are typically used
for N-terminal Cys labeling could be applied to the Lys-selective
modification of a Cys and Lys-containing 11-residue peptide motif
(Fig. 16A) [115]. The Cys first reacted with the nitrile group to form
a thioimidate intermediate, which is then attacked by the proximal
Lys in peptide to form an irreversible covalent ligation.

In 2019, Poulsen and coworkers developed a class of semi-
oxamide vinylogous thioesters (STEFs) for rapid Lys site-selective
modification via a vinylic substitution reaction (Fig. 16B) [116]. Dur-
ing the transfer process of the modified group from Cys to Lys,
the STEFs first reversibly conjugated with Cys residue, and sub-
sequently a proximal Lys reacted with Cys-modified intermedi-
ate irreversibly to afford the desired Lys site-selective modification
product via an addition-elimination mechanism. The STEFs were
feasible to install onto an analog of the EGFR-inhibitor afatinib. It
worth noting that the STEFs have some reactivity to amine nucle-
ophiles, and the reagents were not only could modify Lys proximal
to Cys but also label more reactive Lys residues without a proxi-
mal Cys, which resulted in inaccurate and multiple modifications
of Lys. Besides, Baker and coworkers reported a Cys-to-Lys transfer
methodology for the Lys site-selective bioconjugation of antibody
fragments using thioester reagents (Fig. S7 in Supporting informa-
tion) [117]. Liu group developed a Lys site-selective modification
method that employed a Cys residue to covalently tether the Lys-
reactive moiety to the target, followed by an intramolecular O-N
acyl transfer process to yield desired proximal Lys-acylated prod-
ucts (Fig. S8 in Supporting information) [118].

3.4. Site-selective cooperative stapling of Lys with another amino acid

Cooperative stapling of Lys with another amino acid is an ef-
fective approach to achieve the site-selective modification, despite
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Fig. 17. Representative Cys-Lys site-selective cooperative stapling methods.

only stapled products could be obtained. Considering the high re-
action efficiency of Cys residue and numerous modification meth-
ods, Lys cooperative stapling with Cys is the most attractive. Buch-
wald and coworkers reported a method for Cys-Lys intramolecular
stapling and intermolecular cross-linking of peptides and proteins
by employing palladium oxidative addition complexes (Fig. 17A)
[119]. This method was applied to site-selective stapling of sortase
A and cross-linking between a peptide and MDM2 protein based
on the p53-MDM2 interaction.

Waser group achieved site-selective Cys-Lys stapling to yield
structurally diverse thioalkyne linkers in multiple Lys-containing
peptides using hypervalent iodine reagents bearing an activated es-
ter group (Fig. 17B) [120]. The stapling efficiency and helicity of
stapled products can be effectively controlled by adjusting the ge-
ometry and length of the linker in the stapling reagents. Besides,
the stapled peptides could be applied to further functionaliza-
tion through Ru-catalyzed cycloaddition of the formed thioalkynes
linker with azides. This method was applied to the synthesis of a
stapled peptide with enhanced «-helicity and binding affinity to
the MDM2 protein.
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Gois group reported an efficient amino-sulfhydryl stapling ap-
proach using bifunctional NHS-activated acrylamides (Fig. 17C)
[121]. This method allowed for a fast functionalization of N-
terminal Cys and site-selective stapling of an in-chain or C-
terminal Cys with a proximal Lys residue. The method was success-
fully applied to the site-selective Cys-Lys stapling of BSA, which
contains a free Cys and 59 Lys residues, and trypsin digestion
and molecular dynamics (MD) simulations of stapled BSA demon-
strated the amino-sulfhydryl stapling occurred at Cys34 and nearby
Lys136.

While achieving Lys site-selective stapling via Cys is versatile,
the stapling of Lys with other amino acid residues is attractive.
Chen et al. developed a cooperative stapling approach of Lys with
a nearby Tyr or Arg residue in native peptides using formaldehyde
(Fig. 18) [122]. The stapling reactions proceed stepwise that the
peptide first reacts with formaldehyde reversibly to generate an
imine intermediate, followed by an intramolecular nucleophilic at-
tack of the nearby Tyr or Arg with imine to form a stable linkage
irreversible. The method enabled unique control of site-selectivity
for modifying peptides bearing multiple Lys residues via reactivity
built into the peptide sequence. However, this cooperative stapling
method proceeds under bioincompatible conditions and is unsuit-
able for site-selective stapling of proteins. Based on the developed
Lys-Tyr cooperative stapling method, Metanis group synthesized a
stapled analog of salmon calcitonin, and the Lys11-Tyr22 stapled
analog exhibited improved stability in both simulated gastric and
intestinal fluid with retained «-helical structure and activity to the
calcitonin receptor [123].

4. Conclusion

As a proteogenic amino acid with high nucleophilicity, Lys is ex-
tensively involved in post-translational modification and the bind-
ing of ligands to target proteins, prompting significant attention to
its selective modification. In this review, various chemical modi-
fication reagents and strategies for Lys bioconjugation were sum-
marized and organized to facilitate the understanding of their fea-
tures, applications, and drawbacks. Although significant progress
has been made in Lys modification, most of the methods still re-
quire further improvement, including enhancing selectivity, opti-
mizing reaction kinetics, and simplifying modification conditions
and operation. While many methods have accomplished chemose-
lective modification of Lys in peptides and proteins, site-selectivity,
a crucial goal for protein bioconjugation, remains largely unful-
filled.

Kinetically controlled site-selective labeling and affinity
binding-directed Lys site-selective modification methods showed
good site-selectivity in some proteins, and have been employed
in the preparation of ADCs and the development of Lys cova-
lent drugs. However, these techniques exhibit limited substrate
tolerance and are generally only suitable for specific protein
modifications. Cooperative stapling and covalent tethering-directed
modification approaches have facilitated the site-selective func-
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tionalization of a specific Lys residue in peptides or proteins by
anchoring another proximal amino acid. However, these methods
either yield only stapled products or involve tedious procedures
for achieving Lys site-selective modification, thereby limiting their
practical application. The modified group transfer strategy offers
a potential solution to achieve Lys site-selective labeling via a
rapid and transient modification of another amino acid (typically
Cys), followed by intramolecular nucleophilic substitution of the
proximal Lys residue. Compared with modifying Cys directly, the
modified product prepared by this strategy generally possesses
improved stability. Furthermore, the Cys for direction could be
applied to further bioconjugation, which may be used in multiple
labeling and dual-drug ADCs discovery. The site-selectivity control
of this strategy is similar to covalent tethering-directed approaches
and merits further exploration for its potential to deliver effective
and general Lys site-selective modification, despite the need for
addressing issues such as insufficient modification efficiency and
the requirement for reagents with low reactivity towards inter-
molecular Lys to prevent directly random labeling bypassing the
transfer process.

With the advancement of newly designed Lys site-selective bio-
conjugation reagents or strategies in the modification efficiency
and the ability to control which Lys residue to modify, accu-
rate control of the physicochemical properties of the conjugates
may be achieved. Such an approach will be crucial for disclosing
PTMs, protein-protein interaction research, and Lys-targeted cova-
lent drug development. In a word, Lys site-selective modification
methods need to be further explored, and the advancement could
facilitate the development of bioconjugates with accurate structure
and function, which will have a significant impact on academic re-
search and drug discovery.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

CRediT authorship contribution statement

Jian Li: Writing - review & editing, Writing - original draft,
Project administration, Investigation. Jinjin Chen: Writing - orig-
inal draft. Qi-Long Hu: Writing - original draft. Zhen Wang: Su-
pervision, Project administration. Xiao-Feng Xiong: Supervision,
Project administration.

Acknowledgments

We are grateful for the financial support from the National
Natural Science Foundation of China (Nos. 82373722, 22077144),
Hunan Provincial Natural Science Foundation of China (No.
2023JJ30527), Guangdong Basic and Applied Basic Research Foun-
dation (No. 2023B1515040006), Guangdong Provincial Key Labo-
ratory of Construction Foundation (No. 2023B1212060022), Key
Research and Development Program of Guangdong Province (No.
2020B1111110003).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cclet.2024.110126.

References

[1] E.A. Hoyt, PM.S.D. Cal, B.L. Oliveira, G.J.L. Bernardes, Nat. Rev. Chem. 3 (2019)
147-171.
[2] V.M. Lechner, M. Nappi, PJ. Deneny, et al., Chem. Rev. 122 (2022) 1752-1829.



J. Li, J. Chen, Q.-L. Hu et al.

[3] T. Kremsmayr, A. Aljnabi, J.B. Blanco-Canosa, et al., J. Med. Chem. 65 (2022)
6191-6206.
[4] A.M. White, LR. Palombi, L.R. Malins, Chem. Sci. 13 (2022) 2809-2823.
[5] L. Zhang, M. Chu, C. Ji, et al., Sci. China Chem. 66 (2023) 388-405.
[6] Y. Sun, H. Zhang, G. Lu, et al., Chin. Chem. Lett. 34 (2023) 107817.
[7] C. Fu, L. Yu, Y. Miao, et al., Acta Pharm. Sin. B 13 (2023) 498-516.
[8] L. Gong, H. Zhao, Y. Liu, et al., Acta Pharm. Sin. B 13 (2023) 3659-3677.
[9] O. Boutureira, G.J. Bernardes, Chem. Rev. 115 (2015) 2174-2195.
[10] T. Tamura, I. Hamachi, J. Am. Chem. Soc. 141 (2019) 2782-2799.
[11] B.I. Roman, J. Med. Chem. 64 (2021) 7179-7188.
[12] S. Lin, C. He, Chin. Chem. Lett. 29 (2018) 1017-1021.
[13] X. Ly, SJ. He, W.M. Cheng, ]. Shi, Chin. Chem. Lett. 29 (2018) 1001-1008.
[14] QL. Hu, J.T. Liu, G. Fan, et al., Chin. Chem. Lett. 34 (2023) 107730.
[15] P. Ochtrop, C.P.R. Hackenberger, Curr. Opin. Chem. Biol. 58 (2020) 28-36.
[16] O. Koniev, A. Wagner, Chem. Soc. Rev. 44 (2015) 5495-5551.
[17] E.V. Vinogradova, C. Zhang, A.M. Spokoyny, B.L. Pentelute, S.L. Buchwald, Na-
ture 526 (2015) 687-691.
[18] M.L. Bradley, S.H. Daniel, M.B. Gregory, et al,, J. Am. Chem. Soc. 145 (2023)
23427-23432.
[19] Q. Chen, T. Long, J. Zheng, et al., CCS Chem. 4 (2022) 3355-3363.
[20] Z.A. Wang, P.A. Cole, Cell Chem. Biol. 27 (2020) 953-969.
[21] ]. Pettinger, K. Jones, M.D. Cheeseman, Angew. Chem. Int. Ed. 56 (2017)
15200-152009.
[22] C. Moreno-Yruela, M. Bak, F. Monda, C.A. Olsen, Acc. Chem. Res. 55 (2022)
1456-1466.
[23] T. Yang, A. Cuesta, X. Wan, et al., Nat. Chem. Biol. 18 (2022) 934-941.
[24] M.E. Abbasov, M.E. Kavanagh, TA. Ichu, et al, Nat. Chem. 13 (2021)
1081-1092.
[25] R. Adakkattil, K. Thakur, V. Rai, Chem. Rec. 21 (2021) 1941-1956.
[26] A. Tantipanjaporn, M.K. Wong, Molecules 28 (2023) 1083.
[27] MJ. Matos, L. Brown, B. Bernardim, et al., Bioorg. Med. Chem. 28 (2020)
115783.
[28] Q. Luo, Y. Tao, W. Sheng, J. Lu, H. Wang, Nat. Commun. 10 (2019) 142.
[29] M. Haque, N. Forte, ]J.R. Baker, Chem. Commun. 57 (2021) 10689-10702.
[30] SJ. Walsh, ].D. Bargh, EM. Dannheim, et al., Chem. Soc. Rev. 50 (2021)
1305-1353.
[31] H. Jiang, W. Chen, J. Wang, R. Zhang, Chin. Chem. Lett. 33 (2022) 80-88.
[32] S. Jeon, T.I. Kim, H. Jin, et al., J. Am. Chem. Soc. 142 (2020) 9231-9239.
[33] M.N. Nizam, A.M. Stowe, ]J.K. Mckinney, J. Ohata, Chem. Commun. 59 (2023)
12160-12163.
[34] G.W. Anderson, J.E. Zimmerman, EM. Callahan, J. Am. Chem. Soc. 86 (1964)
1839-1842.
[35] M.T. Kim, Y. Chen, J. Marhoul, F. Jacobson, Bioconjug. Chem. 25 (2014)
1223-1232.
[36] S.M. Hacker, K.M. Backus, M.R. Lazear, et al., Nat. Chem. 9 (2017) 1181-1190.
[37] C. Wan, D. Yang, C. Song, et al., Chem. Sci. 15 (2024) 5340-5348.
[38] G. Weber, Biochem. J. 51 (1952) 155-167.
[39] A. Narayanan, L.H. Jones, Chem. Sci. 6 (2015) 2650-2659.
[40] T. Nakamura, Y. Kawai, N. Kitamoto, T. Osawa, Y. Kato, Chem. Res. Toxicol. 22
(2009) 536-542.
[41] K.C. Tang, J. Cao, LM. Boatner, et al., Angew. Chem. Int. Ed. 61 (2022)
€202112107.
[42] N. Jentoft, D.G. Dearborn, ]. Biol. Chem. 254 (1979) 4359-4365.
[43] J.M. McFarland, M.B. Francis, J. Am. Chem. Soc. 127 (2005) 13490-13491.
[44] C. Apel, M.A. Kasper, C.E. Stieger, C.P.R. Hackenberger, M. Christmann, Org.
Lett. 21 (2019) 10043-10047.
[45] C.L. Tung, C.T.T. Wong, E.Y.M. Fung, X. Li, Org. Lett. 18 (2016) 2600-2603.
[46] Y. Zhang, Q. Zhang, CTT. Wong, X. Li, J. Am. Chem. Soc. 141 (2019)
12274-12279.
[47] X. Chu, B. Li, H.Y. Liy, et al., Angew. Chem. Int. Ed. 62 (2023) 202212199.
[48] K. Tanaka, K. Fukase, S. Katsumura, Synlett 15 (2011) 2115-2139.
[49] PM.S.D. Cal, ].B. Vicente, E. Pires, et al, J. Am. Chem. Soc. 134 (2012)
10299-10305.
[50] R.M. Reja, W. Wang, Y. Lyu, F. Haeffner, ]. Gao, J. Am. Chem. Soc. 144 (2022)
1152-1157.
[51] S. Diethelm, M.A. Schafroth, E.M. Carreira, Org. Lett. 16 (2014) 3908-3911.
[52] A.D. Guo, D. Wei, H.J. Nie, et al., Nat. Commun. 11 (2020) 5472.
[53] W. Huy, Y. Yuan, C.H. Wang, et al., Chem. 5 (2019) 2955-2968.
[54] A.D. Guo, K.N. Yan, H. Hu, et al.,, Nat. Chem. 15 (2023) 803-814.
[55] W. Shi, F. Tang, ]. Ao, et al., Angew. Chem. Int. Ed. 59 (2020) 19940-19944.
[56] H.G. Lee, G. Lautrette, B.L. Pentelute, S.L. Buchwald, Angew. Chem. Int. Ed. 56
(2017) 3177-3181.
[57] ]J.C. Twitty, Y. Hong, B. Garcia, et al., J. Am. Chem. Soc. 145 (2023) 5684-5695.
[58] A. Fessler, C. Garmon, T. Heavey, A. Fowler, C. Ogle, Org. Biomol. Chem. 15
(2017) 9599-9602.
[59] M.B. Richardson, K.N. Gabriel, J.A. Garcia, et al., Bioconjug. Chem. 31 (2020)
1449-1462.
[60] S. Yi, S. Wei, Q. Wu, H. Wang, Z]. Yao, Angew. Chem. Int. Ed. 61 (2022)
€202111783.
[61] K. Nong, Y.L. Zhao, S. Yi, et al.,, Bioconjug. Chem. 35 (2024) 286-299.
[62] X. Ling, H. Chen, W. Zheng, et al., Chin. Chem. Lett. 31 (2020) 163-166.
[63] A. Fryszkowska, C. An, O. Alvizo, et al., Science (1979) 376 (2022) 1321-1327.
[64] L. Xu, S.L. Kuan, T. Weil, Angew. Chem. Int. Ed. 60 (2021) 13757-13777.

10

Chinese Chemical Letters 36 (2025) 110126

[65] J.M. Mattheisen, C. Limberakis, R.B. Ruggeri, et al., J. Am. Chem. Soc. 145
(2023) 11173-11184.
[66] S. Li, N. Wang, B. Yu, W. Sun, L. Wang, Nat. Chem. 15 (2023) 33-42.
[67] X. Li, S. Chen, W.D. Zhang, H.G. Hu, Chem. Rev. 120 (2020) 10079-10144.
[68] X. Li, W.D. Tolbert, H.G. Hu, et al., Chem. Sci. 10 (2019) 1522-1530.
[69] M.J. Matos, B.L. Oliveira, N. Martinez-Saez, et al., ]. Am. Chem. Soc. 140 (2018)
4004-4017.

[70] S.M. Sarrett, C. Rodriguez, G. Rymarczyk, et al., Bioconjug. Chem. 33 (2022)
1750-1760.

[71] X. Chen, K. Muthoosamy, A. Pfisterer, B. Neumann, T. Weil, Bioconjug. Chem.
23 (2012) 500-508.

[72] G.H. Pham, W. Ou, B. Bursulaya, et al., ChemBioChem 19 (2018) 799-804.

[73] AR. Nanna, X. Li, E. Walseng, et al., Nat. Commun. 8 (2017) 1112.

[74] D. Hwang, K. Tsuji, H. Park, T.R. Burke Jr., C. Rader, Bioconjug. Chem. 30 (2019)

2889-2896.
[75] L. Purushottam, S.R. Adusumalli, M. Chilamari, V. Rai, Chem. Commun. 53
(2016) 959-962.
[76] H. Sun, M. Xi, Q. Jin, et al,, ]. Med. Chem. 65 (2022) 11840-11853.
[77] M. Chilamari, L. Purushottam, V. Rai, Chem. Eur. J. 23 (2017) 3819-3823.
[78] M. Chilamari, N. Kalra, S. Shukla, V. Rai, Chem. Commun. 54 (2018)
7302-7305.
[79] Y. Yu, ]. Xia, Sci. China Chem. 59 (2016) 853-861.
[80] V. Thimaradka, J.H. Oh, C. Heroven, et al., Bioorgan. Med. Chem. 30 (2021)
115947.
[81] CFE. Afonso, M.C. Marques, J.P.M. Anténio, et al., Angew. Chem. Int. Ed. 61
(2022) e202208543.
[82] A. Koperniku, N.A. Meanwell, Nat. Rev. Chem. 8 (2024) 235-237.
[83] E Shen, W. Yang, K. Zhang, et al., Chin. Chem. Lett. 34 (2023) 108203.
[84] Y. Ma, Y. Liang, M. Guo, et al., Chin. Chem. Lett. 34 (2023) 108072.
[85] X. Xin, Y. Zhang, M. Gaetani, et al., Chem. Sci. 13 (2022) 7240-7246.
[86] S. Asano, ].T. Patterson, T. Gaj, C.F. Barbas IIl, Angew. Chem. Int. Ed. 53 (2014)
11783-11786.
[87] T. Yamaguchi, M. Asanuma, S. Nakanishi, et al., Chem. Sci. 5 (2014)
1021-1029.
[88] Y. Takaoka, Y. Nishikawa, Y. Hashimoto, K. Sasaki, I. Hamachi, Chem. Sci. 6
(2015) 3217-3224.
[89] K. Taylor, J.S. Ho, H.O. Trial, A.W. Carter, L.L. Kiessling, ]. Am. Chem. Soc. 145
(2023) 25056-25060.
[90] T. Ueda, T. Tamura, M. Kawano, et al., J. Am. Chem. Soc. 143 (2021) 4766-4774.
[91] M. Kawano, S. Murakawa, K. Higashiguchi, et al., J. Am. Chem. Soc. 145 (2023)
26202-26212.
[92] Y. Zhao, K. Duan, Y. Fan, et al., Commun. Chem. 7 (2024) 31.
[93] L. Hu, S. Xu, Z. Zhao, et al., J. Am. Chem. Soc. 138 (2016) 13135-13138.
[94] L. Hu, J. Zhao, Acc. Chem. Res. 57 (2024) 855-869.
[95] S. Xu, D. Jiang, Z. Peng, et al., Angew. Chem. Int. Ed. 61 (2022) e202212247.
[96] ]. Yang, H. Huang, ]. Zhao, Org. Chem. Front. 10 (2023) 1817-1846.
[97] Y. Zhang, Y. Liang, F. Huang, et al.,, Biochemistry 58 (2019) 1010-1018.
[98] C. Lian, Y. Li, Z. Hou, et al., Chin. Chem. Lett. 32 (2021) 3623-3626.
[99] Y. Zeng, W. Shi, Q. Dong, et al., Angew. Chem. Int. Ed. 61 (2022) e202204132.
[100] V. Postupalenko, L. Marx, M. Pantin, et al., Chem. Sci. 15 (2024) 1324-1337.
[101] M. Tanriver, M. Miiller, M.D. Levasseur, et al., Angew. Chem. Int. Ed. 63 (2024)
€202401080.

[102] K. Yamada, N. Shikida, K. Shimbo, et al., Angew. Chem. Int. Ed. 58 (2019)
5592-5597.

[103] YJ. Cao, C. Yu, K.L. Wu, et al., Theranostics 11 (2021) 9107-9117.

[104] C. Yu, ]. Tang, A. Loredo, et al., Bioconjug. Chem. 29 (2018) 3522-3526.

[105] D. Lac, C. Feng, G. Bhardwaj, et al., Bioconjug. Chem. 27 (2016) 159-169.

[106] T. Lee, J.H. Kim, SJ. Kwon, et al., ]. Med. Chem. 65 (2022) 5751-5759.

[107] S. Kim, S. Kim, S. Kim, et al., Adv. Sci. 11 (2024) 2306401.

[108] R. Molla, PN. Joshi, N.C. Reddy, D. Biswas, V. Rai, Org. Lett. 25 (2023)
6385-6390.

[109] R. Gabizon, B. Tivon, R.N. Reddi, et al., Nat. Commun. 14 (2023) 7933.

[110] S.R. Adusumalli, D.G. Rawale, K. Thakur, et al., Angew. Chem. Int. Ed. 59
(2020) 10332-10336.

[111] J. Li, QL. Hu, Z. Song, AS.C. Chan, X.F. Xiong, Sci. China Chem. 65 (2022)
1356-1361.

[112] J. Li, ]J.J. Deng, Z. Yin, X.F. Xiong, et al., Chem. Sci. 12 (2021) 5209-5215.

[113] N.C. Reddy, R. Molla, P.N. Joshi, et al., Nat. Commun. 13 (2022) 6038.

[114] V. Agouridas, O.E. Mahdi, V. Diemer, et al., Chem. Rev. 119 (2019) 7328-7443.

[115] S.G.L. Keyser, A. Utz, C.R. Bertozzi, J. Org. Chem. 83 (2018) 7467-7479.

[116] B.K. Hansen, CJ. Loveridge, S. Thyssen, et al., Angew. Chem. Int. Ed. 58 (2019)
3533-3537.

[117] N. Forte, I. Benni, K. Karu, V. Chudasama, J.R. Baker, Chem. Sci. 10 (2019)
10919-10924.

[118] D. Hymel, F. Liu, Org. Lett. 22 (2020) 3067-3071.

[119] K. Kubota, P. Dai, B.L. Pentelute, S.L. Buchwald, J. Am. Chem. Soc. 140 (2018)
3128-3133.

[120] ]. Ceballos, E. Grinhagena, G. Sangouard, C. Heinis, ]. Waser, Angew. Chem. Int.
Ed. 60 (2021) 9022-9031.

[121] MJ.S.A. Silva, H. Faustino, J.A.S. Coelho, et al., Angew. Chem. Int. Ed. 60 (2021)
10850-10857.

[122] B. Li, H. Tang, A. Turlik, et al., Angew. Chem. Int. Ed. 60 (2021) 6646-6652.

[123] H. Ghareeb, N. Metanis, Chem. Commun. 59 (2023) 6682-6685.



