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Abstract

Tryptophan (Trp) is a low-abundance amino acid whose indole side chain contributes to
molecular recognition, membrane association and protein—protein interactions. These roles
make Trp a useful target for late-stage peptide modification, but they also create a risk of
changing peptide function. This review examines representative methods published in
2024-2026, with earlier studies providing context. The discussion covers N1 and C2 func-
tionalization, B-position modification, oxidative cyclization, indole-to-quinazoline editing,
remote functionalization and enzymatic reactions. Methods are compared by substrate
protection, preinstalled groups, reaction medium, selectivity and yield measurement. Re-
cent advances include direct changes to the indole skeleton, labeling in neutral buffer and
living cells, and enzyme-catalyzed modification followed by chemical coupling. Functional
studies show both benefits and losses: selected modifications improve serum stability or
antibacterial activity, whereas others reduce potency or receptor affinity. Key challenges
are to distinguish multiple Trp residues in one peptide, confirm product structure, assess
linkage stability and preserve the required biological function. These comparisons support
method selection for peptide synthesis, labeling and property optimization.

Keywords: tryptophan; peptide modification; late-stage functionalization; skeletal editing;
bioconjugation; macrocyclization; electrochemistry; photocatalysis; enzymatic halogenation

1. Introduction
1.1. Peptides as Drugs and Research Tools

Peptides have readily varied sequences and can form several contacts with a biological
target. They act as receptor ligands, enzyme inhibitors and modulators of protein—protein
interactions, and they are used in imaging, delivery and mechanistic studies [1-3]. De-
veloping a natural peptide into a research tool or drug candidate often requires sequence
optimization, chemical synthesis and medicinal chemistry [4,5].

Many linear peptides undergo rapid proteolysis and clearance, have limited membrane
permeability or adopt several conformations. Chemical modification can address these prop-
erties by adjusting lipophilicity and plasma-protein binding, changing hydrogen-bond donors,
restricting conformation or adding a functional group for imaging and delivery [1,2,4]. The
choice of modification should follow the property that needs to be improved.
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1.2. From Property Optimization to Residue-Selective Late-Stage Modification

Several established examples show the value of peptide modification. Semaglutide
(Figure 1A) combines a fatty-acid side chain and albumin binding with sequence changes
that resist proteolysis [6]. Site-specific N-methylation produced cyclic peptides with oral
exposure [7], and hydrocarbon stapling stabilized BH3 helices for biological studies [8].
These outcomes depend on the modification site, linkage and peptide conformation [9,10].
They provide a basis for peptide design, but each new modification requires evaluation in
the target peptide.

Late-stage modification gives access to several analogs from one peptide precursor. Its
value depends on selective reaction among the side chains and termini. Cys and Lys are
widely used for conjugation, but their positions or structural roles can limit the available
attachment sites. Other native residues therefore provide additional options [11-15]. For
proteins and complex samples, site accessibility and competing components also affect
labeling [16].

C5 C3

2
C3a ¢

C4

Figure 1. Peptide modification and reaction sites on Trp. (A) Semaglutide, with the Aib substitution
and Lys-linked fatty-acid group highlighted [6]. Aib denotes 2-aminoisobutyric acid. (B) Triptorelin,
which contains two Trp residues [17]. (C) Positions discussed for Trp side-chain modification.
Conventional indole numbering is used: N1, C2, C3, C3a, C4, C5, C6, C7 and C7a. The side-chain
B-carbon is outside the ring and connects C3 to the backbone x-carbon. The B-methylene label marks
the side-chain B-CH2 group, not an indole-ring position. p-C-H functionalization replaces a hydrogen
attached to this carbon. Colored spheres represent peptide residues and do not specify a sequence.

1.3. Trp: A Distinctive Opportunity and a Functional Risk

Triptorelin contains two Trp residues (Figure 1B) [17]. The indole ring of Trp provides
an aromatic surface, an N-H hydrogen-bond donor and an electron-rich reaction site
(Figure 1C). Trp accounts for about 1% of residues in eukaryotic proteomes [17,18]. Its low
abundance can simplify labeling. A single-Trp peptide requires selectivity over other residue
types. A peptide with several Trp residues also requires control over which Trp reacts.

The very properties that make Trp an attractive handle for chemical modification also
underlie its biological roles [19]. Trp, Tyr and Arg are enriched at protein—protein interaction
hot spots [20], Trp favors membrane interfaces [21], and cation—mt interactions contribute
to molecular recognition [22]. N1 substitution removes a hydrogen-bond donor, ring sub-
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stitution changes steric and electronic properties, and dearomatization or skeletal editing
changes the indole framework. These changes can improve or impair peptide function.

1.4. Four Challenges

Four challenges recur. First, selectivity must be defined at three levels: Trp over other
residue types, one atom of the indole over another, and one Trp over other Trp residues in
the same peptide (Section 2.2). Second, useful reactivity must be balanced with substrate
compatibility. The development of rhodium-carbenoid labeling from aqueous conditions to
milder pH illustrates this need [23,24]. Acid, oxidants, organic solvents, metals and reagent
excess can affect peptide integrity and protein function [14,25].

Third, substrate requirements affect the whole synthetic route. Results for amino acids,
protected short peptides, native peptides, proteins and living cells address different applica-
tions. Directing groups, halogens, protecting groups and enzyme-recognition sequences can
add preparation steps. Fourth, chemical and functional evaluation should be linked. Prod-
uct characterization should establish the attachment site and peptide integrity, followed by
measurements of the relevant activity, stability, permeability or binding property [9-11,26].

1.5. Benefits and Scope of This Review

Earlier studies established three main uses of Trp modification. C-arylation [27],
alkynylation [28,29] and photocatalytic C2 alkylation [18] expanded the range of pep-
tide analogs. C-H activation between Trp and Phe or Tyr [30], followed by N1-based
approaches [31], provided new cyclic structures. Keto-ABNO conjugation [32], electron-
transfer labeling with N-carbamoylpyridinium salts [33] and their visible-light variants [34],
and Trp-CLiC [35] enabled probe attachment and reactivity profiling. These methods sup-
port both synthesis and biological studies.

Earlier reviews provide complementary coverage. Hu et al. [25] survey chemical
modification of Trp in peptides and proteins, and Grufs and Sewald [26] discuss late-
stage diversification of Trp-derived biomolecules. Kundu et al. [36] cover Trp-specific
modification and its applications in protein engineering, proteomics and imaging. Zhang
et al. [37] organize the field around photochemical, electrochemical and metal-catalyzed
reactions. Santos et al. [38] compare aromatic amino acid conjugation by reactivity, while
Fujinami et al. [39] focus on enzymatic prenylation. The present review uses a peptide-
centered comparison of representative 2024-2026 methods (Figure 2). It examines skeletal
editing [40,41], neutral-buffer electrochemical labeling [42] and enzymatic installation of
reactive groups [43,44] alongside earlier photochemical, electron-transfer and enzymatic
methods [45-47]. Its main contribution is to compare starting-material preparation, three
levels of selectivity, structural evidence, yield definitions and measured functional outcomes.

The review includes reactions on unprotected, protected and resin-bound peptides,
as well as routes that require a directing group or halogen on Trp. Protein and proteome
studies are included when they inform selectivity or biological applications. Building-block
synthesis and indole reactions without peptide examples provide selected comparisons.
Literature was identified through bibliographic and publisher searches using combinations
of tryptophan, peptide, late-stage modification, bioconjugation, skeletal editing, electro-
chemical, halogenation and prenylation, followed by citation tracing. This is a focused
narrative review covering literature available through 9 October 2026. Years follow the
formal volume or issue date. The photochemical quinazoline study and Trp-CLiC study are
considered together with their corrections [40] and [35], respectively.

The emphasis is on deliberate peptide diversification rather than a complete survey
of Trp oxidation or damage. Kynurenine-based labeling, Mannich-type conjugation and
metal-carbenoid chemistry are part of the wider field covered in earlier reviews [25,26,36].
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Here, rhodium-carbenoid labeling [23,24] provides historical context, and oxidative ring
opening is discussed in Section 4.3. These boundaries reflect the focus on recent peptide
methods, not a lack of value in the earlier approaches.

Representative research advances in 2024-2026
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Figure 2. Selected advances in peptide Trp modification in 2024-2026. The examples show C2 sulfenyla-
tion (Xiao, 2024) [17], Trp chemical ligation by cyclization (Xie, 2024) [35], photochemical quinazoline
formation (Li, 2025) [40], p-functionalization (Sun, 2025) [48], PalQ prenylation (Ozawa, 2025) [49],
nitrogen insertion (Paschke, 2026) [41], neutral-buffer keto-ABNO conjugation (Kuroda, 2026) [42]
and RebH/4V bromination (Bridge, 2026) [50]. Bulbs and lightning symbols denote light and electro-
chemical activation. PIFA denotes phenyliodine bis(trifluoroacetate); R groups denote substituents.
The drawings summarize structural outcomes; substrate requirements differ among methods.

2. Reaction Basics and Evaluation Criteria
2.1. Positions and Intrinsic Reactivity of the Indole

The indole of Trp contains N1, C2 and C3 in the five-membered ring and C4-C7 in
the benzene ring. The fused-ring atoms are C3a and C7a. C3 is attached to the side-chain
p-carbon (Figure 1C). These indole locants are used throughout. In protein atom notation,
Trp Cy corresponds to indole C3 and Cb2 to C3a; neither denotes the side-chain p-carbon.
C3 is the most nucleophilic carbon of an unsubstituted indole. Electrophilic attack on
C3-substituted indoles can form an indoleninium intermediate, followed by rearrangement
or nucleophilic trapping [25,26]. This pathway explains some C2 substitutions and dearo-
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mative reactions. Other C2 reactions follow radical or metal-mediated pathways. The indole
nitrogen is less nucleophilic than many free amines and thiols, so N1 modification often
uses base activation, phosphine catalysis or metal catalysis [51-53].

The benzenoid positions C4—C7 are less accessible than C2 through conventional elec-
trophilic substitution. Directed metal catalysis [54,55], coupling of halogenated substrates
and enzymatic halogenation [43,56,57] provide routes to these positions. Photoelectro-
chemical B-functionalization instead changes the linker between the indole and peptide
backbone while retaining the ring [48].

2.2. Three Levels of Selectivity

Chemoselectivity describes preference for Trp over other residue types and is tested
using competition experiments and peptides with several reactive side chains. Regiose-
lectivity describes the attachment atom within Trp. Site selectivity describes preference
for one Trp among several in the same sequence and requires multi-Trp substrates with
residue-resolved analysis. These are separate claims. For example, MS/MS can identify the
modified residue, whereas NMR correlations can establish connectivity within the indole.
A structurally assigned model supports the proposed connectivity but does not directly
establish it for every peptide [25,26,32]. A peptide mass shift alone does not distinguish
N1, C2 or another isomeric product.

Multi-Trp peptides illustrate the difference between residue and site selectivity. Both
Trp residues react in N1 sulfenylation of Boc-Trp-Trp-OMe [52], photochemical editing of a
two-Trp peptide [40] and C2 sulfenylation of triptorelin [17]. Electrochemical N-S stitching
links two Trp residues by design [58]. Examples of preferential labeling include Trp62 in
lysozyme by Trp-CLiC [35], a defined Trp in a lanthipeptide by an enzyme [57], a terminal
Trp by CdpNPT [44] and heavy-chain Trp99 in trastuzumab by photosensitization [59].
These outcomes depend on both the reaction system and the peptide or protein environment.

2.3. Substrate State and Preinstalled Handles

Two features define the starting material. The first is the peptide state: an unprotected
mature peptide, a peptide with synthetic terminal caps or side-chain protecting groups, or a
resin-bound intermediate. Native amidation, N-terminal acylation and cyclization are part
of a mature peptide and are distinct from synthetic protection. The second is the state of Trp
before the main reaction: an unmodified indole, a halogenated indole or an N1 directing
group such as pivaloyl or P(tBu),. Directed and halogen-based routes should be assessed
together with the steps used to install these groups [54,55,60].

Stereochemical integrity is a separate criterion. Native Trp has a stereogenic x-carbon
but a non-stereogenic p-CH2 group. Replacing one p-hydrogen can create a new stereocen-
ter, so the product diastereomer ratio must be reported separately from a-epimerization.
Dearomative reactions can also create new stereocenters. The model chiral-SFC measure-
ments for nitrogen insertion [41] and peptide Marfey analysis for directed C7 arylation [54]
support configuration retention only for the tested substrates. The p-functionalization study
reports mainly 1:1 diastereomeric mixtures [48]. Neither high conversion nor a single mass
peak establishes stereochemical purity.

2.4. Practical Requirements for Late-Stage Trp Modification

Practical criteria include temperature, auxiliary requirements, product definition, pep-
tide scope and substrate solubility [17]. Their relative importance depends on the appli-
cation. Strong acids and fluorinated alcohols can improve solubility but affect sensitive
groups or protein function. For example, TFA removes the tert-butyl group of goserelin
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during sulfenylation [17]. A directed reaction may be useful for synthesis despite an extra
preparation step, while a labeling method may favor dilute aqueous conditions.

2.5. A Unified Set of Comparison Metrics

The methods are compared by reaction site, starting-peptide state, preinstalled groups,
medium, substrate scope, selectivity and functional evidence. Catalyst loading, concentra-
tion, temperature and time are included where they affect method selection. The tables in
Section 5 summarizes representative conditions and results. The original measurement type
is retained because conversion, peak-area yield, purity and isolated yield answer different
questions. The tables in Section 5 compares the structural evidence for model compounds,
peptides and proteins.

For example, phenylselenylation of Ac-VVYPWYQ-NH, gave 84-90% HPLC purity
and 34% isolated yield [61]. Photochemical quinazoline editing used analytical measure-
ments for optimization and isolated yields for peptide scope [40]. Trp-CLiC reported
LC-MS peak-based yields for model substrates and intact-mass labeling for GLP-1 [35].
TFA sulfenylation reported isolated peptide products and substrate-depletion conver-
sion during optimization [17]. Electrochemical thiophenol coupling used isolated yields
for protected dipeptides and MS-based estimates for larger peptides [62]. Peak-area
measurements [42,63] and enzyme-product ion patterns [43,57] should therefore be com-
pared using their stated definitions.

3. Direct Functionalization That Retains the Indole
3.1. N1 Alkylation, Allylation and Alkenylation

N1 modification removes the indole N-H donor while retaining the aromatic ring.
Early photochemical examples used siloxycarbenes generated from acylsilanes [64] or N-aryl
glycines [65]. The acylsilane route modified N-acetylated peptides of up to four residues
in 69-91% isolated yield under 420 nm light in acetonitrile for 30 min. It also reacted with
hydroxyl groups and amide N-H groups and gave 1:1 diastereomeric mixtures [64].

The N-aryl glycine route used an acridinium photocatalyst and tert-butyl hydroper-
oxide in dry toluene under argon for 72 h [65]. Boc-Trp-OMe gave 86% isolated yield.
Capped dipeptides, a free Ser hydroxyl, Tyr and a thioether were tolerated. A Cys-Trp
dipeptide failed, free amino and carboxyl groups were incompatible, and tripeptides gave
trace products. Poor solubility in toluene was proposed to limit the larger substrates.

DABCO catalysis provides an N1-allylation route using Morita—Baylis—Hillman car-
bonates [31]. Boc-Trp-OMe reacted with 20 mol% DABCO and 2 equiv of carbonate in
dichloromethane at room temperature for 1 h, giving 99% isolated yield. Protected di- to
heptapeptides, including endomorphin-1 and spinorphin analogs, gave 58-99%. Six resin-
bound peptides gave 7-42% isolated yield over peptide synthesis, cleavage and purification.

Competition experiments addressed residue compatibility and chemoselectivity, not
preference among multiple Trp sites. Tyr or His had little effect, while Lys prevented product
formation and Arg, Ser and Cys reduced the yield [31]. Some longer peptides had poor
solubility, and aryl-substituted carbonates gave 1:1 diastereomeric mixtures. The method
also formed macrocycles and peptide conjugates, as discussed in Section 6.1.

Phosphine-catalyzed N-alkenylation uses a different activation pathway [51]. Triph-
enylphosphine adds to a propiolate to form a B-phosphonium allenolate, which promotes
indole deprotonation and N-C bond formation. Reactions in dichloromethane at room
temperature gave 93% for Boc-Trp-OMe and 62% for Boc-Trp-Phe-OMe. A bisconjugate
of two Trp units gave about 60%, and a macrocycle from Z-Trp-Trp-OMe gave about
50% under dilute conditions. Figure 3 summarizes these N1 alkylation, allylation and
alkenylation routes.
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Figure 3. Representative N1 functionalization of Trp in peptides. From top to bottom: photoin-
duced alkylation with N-aryl glycines [65], DABCO-catalyzed allylation with Morita-Baylis-Hillman
carbonates [31], and phosphine-catalyzed alkenylation with propiolates [51]. DABCO denotes 1,4-
diazabicyclo [2.2.2]octane; PPh;, triphenylphosphine; Boc, tert-butoxycarbonyl; and R, a variable
substituent. The bulb denotes light irradiation.

3.2. N1 Arylation and N-Sulfenylation

Dual photoredox/nickel catalysis enables N1 arylation of resin-bound peptides with
aryl bromides [66]. The reaction used 4-CzIPN, NiCl,-glyme, a bipyridine ligand and base
in DMF under 446 nm light for 3 h. ROESY and HMBC supported the N1 assignment for a
model pentapeptide. Crude HPLC purity and overall isolated yield were 84% and 49% for
the model, 68% and 37% for cosyntropin, and 23% and 15% for glucagon. Both Trp residues
of penetratin were arylated. Free Cys underwent competing arylation, and Met oxidation
was observed after cleavage.

A solution-phase method uses arylthianthrenium salts with photoredox/copper catal-
ysis [53]. The system combines fac-Ir(ppy)3, CuCl and BTMG in MeCN/DMSO under blue
light. Boc-Trp-OMe gave 89% isolated yield, dipeptides gave 50-78%, and a tripeptide gave
53%. Tyr retained its free hydroxyl group without O-arylation, and Met was tolerated. Glu,
Lys, Arg, His and Ser were tested with protected side chains, and the peptide termini were
capped. This scope supports selective N1 arylation in defined short-peptide substrates.

Copper-catalyzed N-sulfenylation forms an N-S bond rather than the C-S bond of C2
sulfenylation [52]. Boc-Trp-OMe reacted with diaryl disulfides, CuBr, Ag,CO; and Et;N
in dichloromethane at 80 °C for 8 h to give 88% isolated yield. The scope included di- to
pentapeptides, with Ser, Thr and Tyr tolerated. Both Trp residues of Boc-Trp-Trp-OMe
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reacted with increased reagent loading and time. Competition tests supported tolerance of
free amines, and TBAF removed the N-sulfenyl group.

This route does not require a directing group on Trp, and several side chains can
remain unprotected [52]. Terminal caps, the 80 °C temperature and the stoichiometric silver
salt remain relevant when selecting a peptide substrate. Figure 4 compares the N1 arylation
and N-sulfenylation routes.

7 AR
Peptide =~

J N
R
o8 \’%j

4
g PC+Ni cat. Delgado 2023
S
7 R
S =5
g R'—\ + Peptide =~
N oy N
PC+Cu cat. = BF, - 7
Zhang 2025
Peptide NfS\R
/
Tang 2025

Figure 4. N1 arylation and N-sulfenylation of Trp. From top to bottom: arylation of resin-bound
peptides with aryl bromides under photoredox/nickel catalysis [66], arylation with arylthianthre-
nium salts under photoredox/copper catalysis [53], and copper-catalyzed N-sulfenylation with
disulfides [52]. PC denotes photocatalyst; cat., catalyst; and R, a variable substituent. The bulbs
denote light irradiation. The peptide symbols omit protecting groups and resin attachment.

3.3. C2 Alkylation, Sulfenylation, Selenylation and Trifluoromethylation

C2 functionalization has a broad history in peptide synthesis. Early methods used
palladium-catalyzed arylation [27], gold-catalyzed alkynylation [28,29] and palladium-
mediated stapling [30]. Photocatalytic difluoroalkylation later modified unprotected hepta-
and octapeptides with bromodifluoroacetates and 4CzIPN under blue light [18]. Peptide
yields were 15-55% by F NMR and 17-48% after isolation. Loss of the C2-H signal
supported the attachment position. Recent methods extend C2 chemistry through sulfur,
selenium and carbon substitution.

C2 sulfenylation with 8-quinolinyl thiosulfonates has been applied to a wide range
of peptides [17]. In neat TFA at 30 °C, 10 mM model peptides reacted with 5 equiv of
an SCF; reagent in 14 h to give 43-83% isolated yields. NMR titration and calculations
support activation of the reagent through hydrogen bonding between TFA and the quinoline
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nitrogen. The reaction was strongly medium-dependent: acetic acid, TFE and HFIP gave
no conversion, and DMSO or DMF inhibited the reaction.

The study tested model peptides covering all 20 canonical residues and 15 therapeutic
peptides of 1.0-7.6 kDa [17]. The substrates included somatostatin, lanreotide, leuprore-
lin, triptorelin, semaglutide, tirzepatide and a 69-residue O-glycosylated peptide. Met-
containing examples gave lower yields, and reversible Cys-derived adducts required TCEP
treatment. Both Trp residues of triptorelin reacted. A preparative experiment converted 16.2
mg of daptomycin to 13.2 mg of product in 77% isolated yield. Related reagents installed
SCF,H, alkyl, aryl, azide and alkyne groups.

Model-product characterization and peptide analysis supported C2 substitution [17].
The main practical constraint is acid tolerance: the tert-butyl group of goserelin was removed
under the reaction conditions. The method is therefore useful for synthesis of acid-tolerant
peptides, including many mature peptide drugs.

Electrochemical coupling with aryl thiols also gives C2 sulfur substitution [62].
Graphite-felt electrodes, LiClO, and TFA in methanol under nitrogen gave 92% isolated
yield for a protected Trp model and 49-82% for protected dipeptides. Larger peptides were
assessed by MS-based conversion estimates; leuprorelin, eptifibatide and lanreotide reacted,
while kisspeptin-10 did not. The method avoids an added metal catalyst and stoichiometric
chemical oxidant, but still requires acid and electrolyte.

Thioether-mediated sulfenylation activates 4-fluorophenyl 3-nitro-2-pyridinesulfenate
with either a Met residue or an added dialkyl sulfide [63]. Acid promotes rearrangement
of the initial C3a-sulfenylated pyrroloindoline to a C2 product. In 75% aqueous AcOH at 50
°C, several peptide hormones gave 82-93% product by uncalibrated HPLC peak area. A
Met-free pentapeptide required added sulfide. Daptomycin derivatives were isolated in
43-50% yield, and an azide-bearing product underwent strain-promoted click coupling in
63% yield. These derivatives had lower antibacterial potency than daptomycin (Section 6.3).

Benzeneselenyl bromide or chloride installs a C2-phenylselenyl group in acidic aqueous
ethanol [61]. Ac-VVYPWYQ-NH, reacted with 4 equiv of reagent in 2.0 M HCl/ethanol
(1:1) at room temperature within 15 min, giving 84-90% HPLC purity and 34% isolated
yield. Tyr and His peptides were unchanged, whereas Cys and Met were oxidized. Linear,
monocyclic and bicyclic peptides were modified. Replacing HCl with TFA reduced product
purity to 12%, showing the importance of the acid and solvent combination.

Sulfoxide-based sulfenylation and selenylation provide related chemistry for Trp deriva-
tives [67]. Sequential C2 sulfenylation/C6 bromination and C2 selenylation expand the
available substitution patterns. Peptide examples are needed to assess their use in late-stage
peptide modification.

An aqueous C2 alkylation uses a triarylcarbenium borate ion pair to support transient
N-acyliminium formation [68]. Trp derivatives reacted in H,O/MeCN (19:1) at 37 °C with
20 mol% catalyst, giving 38-43% isolated yields. HRMS detected the expected product
compositions for octreotide and [D-Lys®]-LHRH. Further peptide isolation and structural
analysis would establish the attachment site and product purity.

A reagent-based approach places a boron auxiliary on a thienyl carbinol elec-
trophile [69]. This reagent enables additive-free alkylation in HFIP at room temperature.
Intact-mass LC-MS showed up to 99% conversion for cytochrome ¢, and comparisons of
proteins with and without Trp supported residue preference. The precise role of the boron
group remains under study. The approach reduces the need for added acid but retains
HFIP as the reaction medium.

A water-soluble copper complex with redox-active ligands promotes C2 trifluoromethy-
lation with the Togni reagent [70]. Ac-GGWG-NH, gave 64% isolated yield, while a 13-mer
and Ac-YPWF-NH, gave 21% and 23%, respectively. Tyr showed lower reactivity, and
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bis-CF; products also formed. Primary amines were incompatible, so the tested peptides
were N-acetylated. The reactions required substantial DMSO and heating despite the water
solubility of the catalyst. Selected C2 transformations are summarized in Figure 5.
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Figure 5. Selected C2 functionalization routes for Trp-containing peptides. The examples include
thioether-mediated sulfenylation [63], electrochemical coupling with aryl thiols [62], quinolinyl-
thiosulfonate sulfenylation [17], phenylselenylation [61], boron-assisted, additive-free alkylation in
HFIP (Uzoewuluy, 2026) [69] and copper-mediated trifluoromethylation [70]. The In(OTf)3-mediated
route [71] is discussed in Section 3.4 but is not drawn here. The sulfide additive in the upper-left
route is diethyl sulfide (Et2S). Q denotes a quinolinyl group; HFIP, hexafluoroisopropanol; OTf,
trifluoromethanesulfonate; X, Br or CL; and R, a variable substituent. The lightning symbol denotes
electrochemical activation.

3.4. How the Medium Controls Reactivity and Compatibility

HFIP can strongly accelerate Trp alkylation [71]. In(OTf)3, a tetrabutylammonium
salt and a thiophene-ethanol reagent modified peptides within 20 min and proteins within
5 min at room temperature. Five peptides, including somatostatin, x-MSH and LHRH, gave
82-98% LC-UV conversion; Trp-free controls did not react. Streptavidin and trastuzumab
were also labeled. Some proteins formed +16 Da adducts, and HFIP affected antibody
behavior in Western blots. A later metal-free method used a vinyl-trifluoroborate salt
or acidic ionic liquid in HFIP, including labeling in HEK293T lysate with less than 5%
water [72].

The preferred medium differs across reactions. Selenylation uses aqueous HCl/
ethanol [61], quinoline-thiosulfonate sulfenylation uses TFA [17], and photochemical
quinazoline editing uses TFE or HFIP [40]. Water tolerance also varies: ion-pair alky-
lation operates in 95% water [68], whereas copper-catalyzed trifluoromethylation requires
50-60% DMSO at 50 °C [70]. Solubility can limit scope, as shown by toluene-based N-H
alkylation [65] and the solvent optimization needed for Negishi coupling (Section 5.2).

3.5. Functionalization at the Side-Chain B-Position

Sun and co-workers developed photoelectrochemical functionalization of the Trp -
C(sp3)-H bond using DDQ and TBN under blue light [48]. The peptide procedure used
nickel-foam electrodes, 1 mA current, KPF6 and MeCN/DCE (1:1) at room temperature
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for 4 h. The supporting information reports 51-99% isolated yields for four protected
dipeptide products (5a-5d) and 71-92% for eight further peptide products (5e-51), in-
cluding linear and cyclic sequences. These values are the reported isolated yields in the
product-characterization entries, not the separate HPLC-MS conversion measurements.
Most products were reported as 1:1 diastereomeric mixtures; product 5i had a ratio of 1:1.7.
NMR and MS data were provided for peptide products. Protein experiments included
lysozyme, insulin, BSA and chymotrypsinogen A and relied on mass-spectrometric analysis.
These protein data should not be treated as isolated peptide yields or proof of retained
protein function.

The proposed pathway forms a carbon-centered Trp-skatolyl cation that is trapped
by a nucleophile [48]. Pyrazoles gave the main p-substituted products. Other tested
nucleophiles often failed or gave trace products, while a sulfur nucleophile gave a C2
product. The attachment position therefore depends on the reagent as well as the substrate.
p-Regioselectivity does not establish selectivity for one Trp in a multi-Trp peptide. Figure 6
shows the proposed cation and pyrazole coupling.

NH

NH
B!
R+

[
.

~=’

DDQ(30 mol%), TBN(30 mol%)

Ni(+) I Ni(-) 5 mA
Blue LED (455 nm)

Sun 2025

Q

NH

Proposed intermediate

Figure 6. Photoelectrochemical p-functionalization of Trp with a pyrazole nucleophile [48]. The
proposed pathway forms a Trp-skatolyl cation before nucleophile capture. DDQ denotes 2,3-dichloro-
5,6-dicyano-p-benzoquinone; TBN, tert-butyl nitrite; and LED, light-emitting diode. The electrode
symbols denote the anode (+) and cathode (-). R indicates variable pyrazole substitution. The p-
carbon is the side-chain carbon outside the indole ring. The drawing does not assign its configuration;
the study reports mainly 1:1 diastereomeric mixtures. The 5 mA condition drawn is the model-
substrate procedure; peptide experiments used 1 mA.

4. Oxidative Cyclization and Skeletal Editing of the Indole

Oxidative cyclization and skeletal editing change the indole framework. Their products
can have different aromaticity, shape and hydrogen-bonding properties from those formed
by direct substitution.
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4.1. Trp-CLiC and Dearomative Coupling

Trp chemical ligation by cyclization (Trp-CLiC) uses N-sulfonyl oxaziridines to form a
dearomatized cycloadduct [35]. The first reagent gave about 50% conversion of Ac-Trp-OMe
in PBS/MeOH within 10 min, with cycloadduct and hydroxylated Trp as major products.
Screening and reagent design produced six reagents with click handles that gave 72-94%
LC-MS peak-based yields. A separate 16 h characterization experiment in MeCN/MeOH
isolated 37 mg of a cycloadduct in 13% yield.

The water-soluble reagent Ox-W18 labeled 50 yM GLP-1 in water with 5% DMSO
within 10 min [35]. Six equivalents of reagent gave 82% labeling by intact-mass analysis.
The measured second-order rate constant was 24.9 + 1.3 M~! s7!, supporting rapid reaction
at low peptide concentration.

Protein labeling depended on the local Trp environment [35]. The buried Trp of
IL-8 became reactive after denaturation. Native lysozyme received about one label per
molecule on average, with Trp62 showing the strongest labeling. Solvent exposure alone did
not explain the observed preferences; nearby cation—7t interactions also affected reactivity.
Free Cys and Met were susceptible to oxidation, and cycloadduct stability varied with
buffer conditions.

Profiling of HEK293T lysate identified 906 hyper-reactive Trp sites in 591 proteins [35].
Structural and mutational analysis linked Lys—Trp interactions to NPM1 localization and
phase separation. The study shows how Trp reactivity can reveal biologically relevant
local interactions. A later correction revised mass parameters used for proteomic peptide
identification and should be considered when interpreting the site assignments.

4.2. Photochemical Indole-to-Quinazoline Editing and Nitrogen Insertion

Photochemical editing converts the Trp indole into a quinazoline, with the former C3
substituent at C4 [40]. This changes the indole N-H donor to an electron-poor nitrogen-
containing ring. Methylene blue, ammonium carbamate and 455 nm light in TFE or
TFE/HFIP under air gave linear and cyclic peptides of 5-20 residues in 47-89% isolated
yield. A free N-terminus was tolerated, and both Trp residues of a two-Trp peptide reacted.
Somatostatin and DOTA-TATE retained their disulfides and gave 53% and 51% yields. Dap-
tomycin gave 44% with a Ru photocatalyst. Free Cys and Met were incompatible, and His
gave complex mixtures.

The proposed pathway involves singlet-oxygen oxidation followed by ammonia capture
before complete oxidative cleavage of the indole [40]. Control experiments supported a
role for singlet oxygen. A tested N-formylkynurenine peptide did not form quinazoline,
supporting capture of an earlier oxidation intermediate. The work established access to
edited peptides; their receptor binding and biological activity remain important endpoints
for further study.

An iodine(IIT)-based route uses ammonium carbamate and phenyliodine bis(trifluo-
roacetate) (PIFA) in methanol [41]. A representative procedure used 8 equiv of ammonium
carbamate and 4 equiv of PIFA, with addition at 0 °C followed by warming over 30 min. Ac-
Trp-OH gave 67% isolated yield. Chiral SFC of Ac-L-, D- and DL-Trp substrates supported
retention of configuration in these models.

Capped di- to pentapeptides gave 22-78% isolated yields [41]. Free Tyr and His
reduced the yield compared with their protected forms, and Boc protection allowed one Trp
to remain unchanged. After dibutyl sulfide quenching, peptide-drug products included
leuprolide (79%), bremelanotide (67%), daptomycin (20%) and semaglutide (15%). Arg
and Lys were tolerated, while sulfur-containing side chains, disulfides and a free N-terminal
amine limited the reaction. Primary amides could undergo a Hofmann-type rearrangement
to ureas unless the reaction was quenched promptly.
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The two quinazoline routes have different practical strengths [40,41]. The photochemi-
cal method accepts several disulfide-containing peptides but gives complex products with
His. The iodine(III) method avoids light and uses methanol, but disulfides and primary
amides require particular care. Substrate compatibility is therefore more useful for choosing
between these routes than a comparison of their highest yields.

4.3. Oxidative Ring Opening and the Scope of Kynurenine Chemistry

Visible-light photocatalysis with Rh-doped SrTiO; oxidizes Trp to N-formylkynurenine
(NFK) in water [73]. For free Trp, NFK yield reached 64% at 48 h and then declined through
further oxidation. Among the 20 amino acids tested, Trp and Cys reacted, with Cys forming
cystine. Asp-Trp and Asp-Trp-Asp showed about 20% substrate loss after 4 h and ions
consistent with NFK-containing products. This work illustrates controlled oxidative ring
opening, although its peptide scope was limited to di- and tripeptides and did not include
isolated peptide products. Figure 7 compares oxidative cyclization, quinazoline formation
and oxidative ring opening.

Peptide
or
Protein

OYRZ
N\

ﬁ 'SO,R;

Xie 2024

Paschke 2026

PIFA (4 eq.)
NH,CO,NH, (8 eq.)

Peptide
0 Q MB3H,0 (10 mol%) AR
/LN—SO R N
B Ry 21 _ » NH,CO,NH, (50 eq.) > —
PBS:MeOH = 1/1 Blue LED (455 nm)
Li 2025
hv
g-STO:Rh
o HNQO
&
<&
Usuki 2025

Figure 7. Reactions that change the Trp indole framework. Left: oxidative cyclization with N-sulfonyl
oxaziridines (Trp-CLiC) [35]. Top: iodine(IIl)-mediated nitrogen insertion to form a quinazoline [41].
Right: photochemical indole-to-quinazoline editing [40]. Bottom: photocatalytic ring opening to
N-formylkynurenine [73]. The quinazoline products retain the former indole C3 substituent at C4.
PIFA denotes phenyliodine bis(trifluoroacetate); MB, methylene blue; PBS, phosphate-buffered saline;
MeOH, methanol; g-STO:Rh, ground Rh-doped SrTiO3; and R groups, reagent substituents. Reaction
media and substrate scope differ among the routes.

NFK and kynurenine are distinct ring-opened products: kynurenine lacks the N-
formyl group of NFK. Oxidation-based labeling uses this change in functional groups rather
than direct substitution on an intact indole [25,26,36]. This review does not survey their
formation as oxidative damage or the broader kynurenine metabolic pathway. The SrTiO3
study is included as a recent example of deliberate ring opening, with its limited peptide
scope stated explicitly; it is not evidence for a general labeling method for long peptides [73].
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5. Remote Functionalization and Chemoenzymatic Strategies

Remote positions of the indole can be reached through N1-directed metal catalysis,
cross-coupling of halogenated Trp or enzyme-catalyzed substitution. These approaches
differ in substrate preparation and sequence requirements. Their value should therefore be
assessed across the complete route.

5.1. Directing-Group-Controlled C7 Functionalization

An N-pivaloyl group directs rhodium-catalyzed C7 allylation with a vinyl cyclic car-
bonate [55]. The model Trp derivative gave 82% yield with [RhCp*Cl, ],, AgOTf and Ag,O
in TFE at 60 °C. Di-, tri- and tetrapeptides gave 40-65%, and a 1.25 mmol model reaction
gave 73%. Changing the N1 group altered reactivity: N-Boc and N-tosyl substrates did
not react, while an N-pyrimidyl group directed substitution to C2. The products were
E/Z mixtures.

A related Rh(III) /pivaloyl system couples C7 with allyl alcohols to form B-aryl ketones
or aldehydes [74]. A model reaction gave 76% in DCE at 100 °C. Protected dipeptides
gave 42-65%, tripeptides gave 40-52%, and a 1.25 mmol reaction gave 54%. Both pivaloyl-
directed methods were developed on protected substrates, and the latter study did not
report removal of the directing group.

A removable N-P(tBu), group directs C7 arylation with Rh(PPh;);Cl and K,CO; [54].
Peptide reactions required a suitable ligand and heating in toluene for 48 h at 130 °C,
or 120 °C on resin. Di- to pentapeptides gave 50-63%, with no epimerization detected
by Marfey’s analysis; an on-resin sequence gave 9% overall yield. TBAF or global TFA
deprotection removed the auxiliary. The C7-aryl products showed environment-sensitive
fluorescence, and a modified amphiphilic peptide enabled wash-free imaging of E. coli.
These applications concern the prepared products, while the synthesis itself uses high-
temperature organic conditions.

The same study examined PAF26 analogs against Aspergillus fumigatus [54]. PAF26
had an ICs, of 97.9 uM. A derivative combining the N-P(tBu), group with a phenylalkyl
substituent gave 2.0 uM, whereas analogs bearing only part of this combination gave
73.7-89.2 yM. The improved activity therefore reflects the combined structural changes
rather than the C7 substituent alone. Figure 8 compares the three directing-group-controlled
C7 reactions.

5.2. Cross-Coupling of Halotryptophan Peptides

Halotryptophan can be introduced during peptide synthesis or generated enzymati-
cally (Section 5.3). Aqueous Mizoroki-Heck chemistry established cross-coupling of unpro-
tected halotryptophan substrates [75]. More recently, Negishi coupling enabled alkylation
of bromotryptophan peptides [60]. Conditions were optimized on Ac-Ala-Trp(6-Br)-Gly-
NH, using Pd(amphos),Cl,, zinc and alkyl iodides in DMF at 40 °C. Benzyl iodide gave 97%
isolated yield, protected iodoalanine gave 86%, and two other alkyl iodides gave 55-59%.

Solubility and debromination limited the initial pentapeptide reactions [60]. DMF
gave 13-82% conversion, while DMSO improved conversion but retained substantial de-
bromination. A DMF/DMSO mixture gave 82-98% conversion and 55-90% isolated yield
for a capped 6-bromo pentapeptide with four alkyl iodides. This result shows that solvent
optimization is central to extending cross-coupling from amino acids to peptides.
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Figure 8. Directing-group-controlled C7 functionalization of Trp. From top to bottom: arylation
directed by an N-P(tBu)2 group (Liu, 2026) [54], pivaloyl-directed (acyl)alkylation with allyl alcohols
(Tank, 2025) [74], and pivaloyl-directed allylation with a vinyl cyclic carbonate (Tank, 2026) [55]. The
arylation catalyst is Rh(PPh;);Cl. Piv denotes pivaloyl; tBu, tert-butyl; Ph, phenyl; Cp*, pentamethyl-
cyclopentadienyl; OAc, acetate; OT{, trifluoromethanesulfonate; and R, a variable substituent. The
substrate symbols omit peptide protecting groups.

5.3. Enzymatic Halogenation as a Source of Handles

Trp halogenases can introduce C5, C6 or C7 substituents in water, but their peptide
preferences vary [43,56]. Some recognize specialized biosynthetic substrates: MibH acts
on a multicyclic lanthipeptide, while Srpl requires a C-terminal Trp and part of a leader
peptide [43]. Recent work has expanded the range of accepted peptide sequences.

The Trp 6-halogenase Thal brominates peptides with N-terminal L- or D-Trp [56].
Sequence-dependent LC-MS conversions were 41-99%. C6 accounted for 76-100% of the
products by 'H NMR, with up to 24% C5 bromination in one example. Reactions used
NaBr, FAD, NADH and a flavin reductase in phosphate buffer at pH 7.4 and 25 °C for 20 h.
This study established peptide bromination with a clear requirement for N-terminal Trp.
Figure 9 summarizes Thal-catalyzed bromination.

ChlH, a flavin-dependent halogenase from the chlorolassin pathway, chlorinates the
linear precursor ChlA with ChIR, FAD and NADH [43]. It modifies C5 of Trp12 before Trp8,
with Trp14 reacting after longer incubation. The leader is unnecessary, but the threaded
lasso peptide and free Trp are not accepted. Replacing chloride with bromide enables
bromination. Reactions were assessed by MS in buffered aqueous media at 30 °C.

In a panel of 120 ChlA variants, 29 were fully dichlorinated [43]. Small residues before
Trp favored reaction, while a preceding Leu and positively charged residues reduced activity.
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Other substrates included pyritide A1, GHRP-6 and WL12. GLP-1(7-36) gave trace product
until Lys28 and Arg30 were replaced. Protein activity was low, with one of 97 Trp residues
in seven proteins reacting. The study defines useful sequence preferences through MS
product patterns rather than preparative peptide yields.

The brominase Mppl selects one Trp in a lanthipeptide containing two Trp residues [57].
Its precursor MppE contains a leader and the core sequence ACWRWSG. MppM first forms
a lanthionine macrocycle, after which Mppl brominates C5 of Trp80. Mutational analysis
supported residue preference, and comparison with synthetic standards established C5
bromination. The leader was required and the macrocycle was preferred over the linear
substrate. Suzuki-Miyaura coupling then extended the installed bromide.

H,N

Q Q
I
C—-R HoN C—-R
Thal, NaBr, FADH, =
= NH
_—
\_x
Z"Br
Schnepel 2023

Figure 9. Thal-catalyzed bromination of peptides with N-terminal Trp [56]. C6 is the main sub-
stitution site; some substrates also give a C5-brominated product. FADH2 denotes reduced flavin
adenine dinucleotide, supplied through a flavin-reductase system. The peptide symbol is schematic;
demonstrated activity depends on the terminal position and sequence of Trp. R denotes a variable
C-terminal group.

RebH and its engineered variant 4V broadened enzymatic C7 bromination to pep-
tides with terminal or internal Trp [50]. The variant accepted several native bioactive
sequences, including (RW),, transportan and endomorphin-1. Bromination followed by
Suzuki-Miyaura coupling enabled aryl substitution without rebuilding the peptide. Ac-
tivity remained sequence-dependent, but this route extended halogenation beyond the
terminal-position requirements of earlier systems.

5.4. Prenyltransferases and Other Enzymatic Handle Installation

CdpNPT accepts synthetic diphosphate donors and installs C6 prenyl-type groups on
unprotected peptides [44]. Reactions at 37 °C for 16 h gave 21.9-90.8% HPLC-MS conversion
across examples including alarelin, nafarelin, triptorelin and a two-Trp hexapeptide. The
natural donor gave mixtures, while an alternative donor provided a pent-2-enyl group
for preparative work. HRMS, MS/MS and NMR supported the products, with HMBC
establishing C6 substitution. In two-Trp peptides, a Trp at or near a terminus was preferred.
Tetrazine-biotin ligation demonstrated use of the installed alkene as a conjugation handle.
Figure 10 shows CdpNPT-catalyzed substitution and a proposed allylic-cation pathway.
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Figure 10. CdpNPT-catalyzed C6 substitution of Trp-containing peptides with diphosphate
donors [44]. The lower structures show resonance forms of a proposed allylic cation formed
from the diphosphate donor. The peptide indole reacts with this donor-derived intermediate.
R1 and R2 represent donor substituents; OPP denotes the diphosphate group; and Tris denotes
tris(hydroxymethyl)aminomethane buffer. Donor structure and Trp position affect conversion and
product distribution.

PalQ was identified through genome mining and structure prediction [76]. It prenylates
the C-terminal Trp of DNVRRFFW. NMR supported C3 substitution followed by ring
closure to a tricyclic pyrroloindole, although the role of the enzyme in ring closure remains
unresolved. PalQ accepted dimethylallyl, geranyl and farnesyl diphosphates. Adding
Ala residues after the terminal Trp prevented modification. Later work showed distinct
alkylation at indole C3a and C3 for N- and C-terminal Trp, respectively (reported as Cé2
and Cr in protein atom notation) [49]. Enzyme engineering and glycine substitutions near
the acceptor expanded peptide and donor scope, including geranylgeranyl diphosphate. An
engineered variant also improved performance in high salt and organic solvent. Functional
results are discussed using their measured endpoints in Section 6.3. Table 1 summarizes
the reaction conditions and results discussed above, and Table 2 compares the evidence for
the product assignments.
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Table 1. Representative methods for Trp modification. Substrate protection and groups installed before the key reaction are stated separately. Results retain the
measurement used in the original study. The table summarizes route selection rather than complete experimental procedures.

Ref. Reaction Peptide/Prior Group Reagents and Medium Representative Result Main Consideration
[64] N1 insertion N-capped short peptides; Acylsilane; MeCN, 420 nm, 30 min Di- to tetrapeptides: 69-91% isolated Othe'r N-H/O-H groups react
no Trp handle 1:1 diastereomers
[65] N1 alkvlation Capped Trp and dipeptides; N-Aryl glycine, acridinium, TBHP; Boc-Trp-OMe: 86% isolated; Free termini and Cys incompatible;
Y no Trp handle toluene, blue light, 72 h dipeptide examples solubility limits longer peptides
[31] N1 allvlation Protected solution or resin-bound MBH carbonate, DABCO; CH,Cl,, Solution peptides: 58-99% isolated; Competing Lys, Arg, Ser and Cys;
y peptides; no Trp handle room temperature, 1 h resin route: 7-42% overall aryl reagents give diastereomers
. Capped short peptides; Propiolate, PPh,; CH,Cl,, room Dipeptide: 62%; macrocycle: about Small peptide set; dilute conditions
[51] N1 alkenylation no Trp handle temperature 50% isolated for cyclization
[66] N1 arvlation Resin-bound peptides; ArBr, photoredox/Ni catalysis; Model: 84% crude purity, 49% Purity differs from whole-SPPS yield;
ylato side-chain protection DME, 446 nm, 3 h overall yield; glucagon: 23%, 15% Cys/Met side reactions
[53] N1 arvlation Capped peptides; selected side Arylthianthrenium, Ir/Cu, BTMG; Dipeptides: 50-78%; High Cu loading; protection of Glu,
y chains protected; Tyr OH free MeCN/DMSO, blue light, 24 h tripeptide: 53% isolated Lys, Arg, His and Ser
. Capped short peptides; ArSSAr, CuBr, Ag,CO;, Et;N; Di- to pentapeptides; Heating and silver salt;
[52] N1 sulfenylation no Trp handle CH,Cl,,80°C,8h model: 88% isolated fluoride-cleavable N-S group
[58] N-S stitchin Capped peptides with Dithiosulfonate, electrolyte; MeCN,  21-29-membered macrocycles; Several free nucleophilic side
& two Trp residues constant-current electrolysis isolated products chains incompatible
. . Capped and unprotected peptides; BrCF,C(O)R, 4CzIPN; Hepta- and octapeptides: 15-55% by  Over-alkylation; multi-Trp scope
[18] C2 difluoroalkylation no Trp handle DMSO, 450 nm F NMR; 17-48% isolated requires testing
[17] C2 sulfenvlation Unprotected mature peptides; 8-Quinolinyl thiosulfonate; 15 therapeutic peptides: 35-93% Acid-sensitive groups; reversible Cys
uhenyiato no Trp handle neat TFA, 30 °C, 14 h isolated; daptomycin: 77% adducts; both Trp of triptorelin react
[62] C2 sulfenvlation Protected dipeptides and larger ArSH, LiClO,, TFA; MeOH, Dipeptides: 49-82% isolated; larger =~ Acid and electrolyte; larger-peptide
sutienylatio peptides; no Trp handle graphite-felt electrolysis peptides: MS-based estimates data are not isolated yields
[63] C2 sulfenvlation Unprotected peptide; Npys-OPh(pF), thioether; aqueous Peptides: 82-93% HPLC area; Thioether dependence; lower
sutienylatio Met or added sulfide AcOH, 50 °C daptomycin: 43-50% isolated daptomycin potency
. Capped linear and cyclic peptides;  PhSeBr or PhSeCl; HCI/EtOH, room  Model peptide: 84-90% HPLC - .
[61] C2 selenylation no Trp handle temperature, 15 min purity; 34% isolated Strong acid; Cys and Met oxidation
[68] C2 alkylation Trp derivatives and mature Triarylcarbenium borate; Octreotide and [D-Lys®]-LHRH: Peptide isolation and attachment-site

peptides; no Trp handle

H,0/MeCN 19:1, 37 °C

expected products by HRMS

analysis needed
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Table 1. Cont.

Ref. Reaction Peptide/Prior Group Reagents and Medium Representative Result Main Consideration
. 0/ i _
. Peptides and proteins; Boron-bearing thienyl carbinol; HFIP, Cytochrome c: up t099 /D, Infact-mass  pyppp dependence;
[69] C2 alkylation LC-MS conversion; peptide .
no Trp handle room temperature boron mechanism unresolved
examples also reported
) . N-acetylated peptides; Cu complex, Togni reagent; Ac-GGWG-NH,: 64%; longer Free amines incompatible;
[70] C2 trifluoromethylation no Trp handle DMSO/H,0, 50 °C examples: 21-23% isolated bis-CF; products
[71] C2 alkvlation Mature peptides and proteins; In(OTf),, thiophene reagent, salt; Five peptides: 82-98% LC-UV Water sensitivity;
Y no Trp handle HFIP, room temperature conversion; protein labeling protein-dependent side effects
) . ) Vinyl-BF;K or acidic ionic liquid; Somatostatin and HEK293T Low water tolerance;
[72] C2 alkylation Peptides and lysate; no Trp handle HFIP, room temperature lysate labeling demonstrated in lysate
[48] B-functionalization Protected dipeptide and larger DDQ/TBN, KPF6; MeCN/DCE (1:1), ]f?;ﬁiz?dis t5131_e5s(15e?1519 21/(:;920/ Ni(c))igl}; 11\:/}8(jé?fsfteerrse?rrcl)lrilr Zolated
peptides; protein demonstrations Ni electrodes, 1 mA, blue light, 4 h . P .p ’ ” p . .
isolated yields peptide evidence
[35] Dearomative cvclization Unprotected peptide; N-Sulfonyl oxaziridines; aqueous GLP-1: 82% intact-mass labeling at Cys/Met oxidation; local
y no Trp handle medium, 10 min for GLP-1 50 yM environment and buffer effects
. . Unprotected peptides; Methylene blue, ammonium g e 47O § Free Cys/Met incompatible;
[40] Indole — quinazoline no Trp handle carbamate; TFE/HFIP, 455 nm 5-20-mer peptides: 47-89% isolated His gives mixtures
. . Capped peptides and peptide PIFA, ammonium carbamate; MeOH, . 1E_7Q0/ Sulfur groups, free N-termini and
[41] Indole ~ quinazoline drugs; no Trp handle 0 °C to room temperature Peptide drugs: 15-79% isolated primary amides need attention
. . . L . . NEFK peptide ions; free-Trp NFK Cys oxidation; further oxidation;
[73] Indole - NFK Unprotected di- and tripeptides Rh-doped SrTiO;; water, visible light yield: 64% at 48 h small peptide scope
[55] C7 allylation Protected peptides; N-pivaloyl Trp  VCC, Rh/Ag; TFE, 60 °C Di- to tetrapeptides: 40—-65% isolated E};iﬁ%ﬁgup installation;
. e N Allyl alcohol, Rh/Ag/Cu; Dipeptides: 42-65%; Heating; directing-group removal
[74] €7 (acyhalkylation Protected peptides; N-pivaloyl Trp DCE, 100 °C tripeptides: 40-52% isolated not reported
[54] C7 arviation Protected peptides or resin; Rh catalyst, ligand, K,COj;; toluene, Solution peptides: 50-63%; Auxiliary installation/removal;
y N-P(tBu), group 120-130°C, 48 h on-resin route: 9% overall high temperature
[60] C6/C7 alkylation Capped tri- and pentapeptides; Pd catalyst, Zn, alkyl iodide; Pentapeptides: 55-90% isolated Solubility and debromination;
Y preinstalled Br DMEF/DMSO, 40 °C under optimized conditions prior Br installation
[56] C6 bromination Short peptides with N-terminal Trp Thal, flavin/reductase system, NaBr;  41-99% LC-MS conversion; Terminal-position requirement;

pH 7.4,25 °C

C6 fraction 76-100%

some C5 product
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Table 1. Cont.

Ref. Reaction Peptide/Prior Group Reagents and Medium Representative Result Main Consideration
[43] C5 halogenation Enzyme-compatible linear or ChlH/ChIR, FAD, NADH, halide; 29/120 ChlA variants fully Local-sequence preference; limited
aogenatio cyclic peptides buffer, 30 °C dichlorinated by MS protein activity
[57] C5 bromination Leader-bearing lanthipeptide Mppl after MppM cyclization One Trp s.electeq; bromide extended = Leader required; macrocycle
macrocycle by Suzuki coupling preferred
[50] C7 bromination and Native peptides; terminal or RebH/4V, flavin system; aqueous Bioactive peptide diversification and ~ Sequence-dependent conversion; two
coupling internal Trp bromination, then Pd coupling functional tests reaction stages
[44] C6 prenyl-type Unprotected peptides; CdpNPT, diphosphate donor; buffer, 21.9-90.8% HPLC-MS conversion; Donor-dependent mixtures
substitution terminal/near-terminal Trp favored 37°C,16h tetrazine ligation and scope
[49,76] Terminal Trp PalQ-compatible N- or PalQ/engineered variants; Distinct attachment positions; Sequence and donor requirements;
! prenylation C-terminal Trp isoprenoid diphosphates expanded peptide/donor scope some substrates redesigned
i Model pentapeptide: 94%; e
[42] Keto-ABNO conjugation ~ Unprotected peptides and proteins Keto-ABNO, 4_,OXO TEMPO, NaBr; six further peptides: 51-89%, HPLC Cys 0x1df';1t10n, more reagent/charge
PBS, electrolysis . for proteins
peak-area yield
DNA-peptide . . ABNOH-linked DNA; buffer, 37 °C, DNA-peptide: 7-68%,; protein Diastereomeric products;
[77] conjugation Trp peptides and proteins 18h cross-link: 6-26%, gel estimates peptide excess
Quinolinium/pyridinium system; Leuprorelin: 91% conversion; Protein counts, residue selectivity
[59] Light-driven labeling Peptides, proteins, lysates and cells N Py y / P o ! and site occupancy are different

aqueous medium, 427 nm

intracellular labeling

measures

Compounds 5a-5d and 5e-51 follow the numbering scheme of the original study [48]. Abbreviations: BIMG, 2-tert-butyl-1,1,3,3-tetramethylguanidine; DABCO,
1,4-diazabicyclo [2.2.2]octane; DDQ, 2,3-dichloro-5,6-dicyano-p-benzoquinone; FAD, flavin adenine dinucleotide; MBH, Morita—-Baylis—Hillman; NADH, reduced
nicotinamide adenine dinucleotide; NFK, N-formylkynurenine; PIFA, phenyliodine bis(trifluoroacetate); SPPS, solid-phase peptide synthesis; TBHP, tert-butyl
hydroperoxide; TBN, tert-butyl nitrite; VCC, vinyl cyclic carbonate.
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Table 2. Representative structural evidence and the level at which each assignment was tested. A
structurally assigned model and residue-localized protein labeling are different types of evidence.

Method Ref. Model or Peptide Evidence  Larger-Substrate Evidence Scope of the Assignment
. . ROESY/HMBC on a model HPLC and mass analysis of Dlrg ct peptide N1
On-resin N1 arylation  [66] entapeptide longer peptides assignment on the
pentapep setpep tested model
. . Model connectivity supports
C2 sulfenylation [17] Mod.e INMR and ! SOI?ted Peptide mass ar.ld C2; check each peptide
peptide characterization product analysis
separately
Aqueous ion-pair Isolated Trp-derivative HRMS for octreotide and Peptide corpposmon.
. [68] detected; direct peptide
alkylation products [D-Lys6]-LHRH . . h
regiochemistry incomplete
NMR and MS for isolated Protein spectra do not
B-Functionalization [48] peptide products; ESI/MALDI MS for proteins  determine every bond or
d.r. reported stereocenter
. Isolated model-cycloadduct ~ Intact mass and proteomic Mo.del connect1v1ty.and
Trp-CLiC [35] o . . residue-level mapping;
characterization site mapping . ;
correction [ ] applies
. . . Isglated peptide products; Peptide-drug isolation and Model x-configuration test is
Nitrogen insertion [41] chiral SEC on L2 .
characterization not a test of every peptide
Ac-Trp models
Ox1d?1t1ve ring (73] Free-Trp NFK analysis NFK—§0n51§tenF No 1splated peptide product
opening di-/tripeptide ions in this scope
Thal bromination [56] 1H NMR gives (?6 /C5 LC—MS monltor?, Regioisomer ratio 'dlffers
product proportions peptide conversion from total conversion
- Comparison with MS and sequence-dependent C5 assignment and
Mppl bromination [57] . preference among
synthetic standards enzyme tests .
two Trp residues
. Connectivity, residue
- HMBC supports C6; NMR, Peptide/donor scope by ’ .
CdpNPT substitution ~ [44] HRMS and MS/MS HPLC-MS preference and conversion
are separate
Neutral-buffer [32,42] Connectivity based on LC-MS/MS maps Residue localization is not a

keto-ABNO

keto-ABNO model chemistry

protein sites

fresh bond-level assignment

Notes: Evidence refers to the substrates tested in each cited study. Model-compound assignments and
protein-site mapping do not by themselves establish the bond connectivity or stereochemistry of every
peptide product. MS, mass spectrometry; MS/MS, tandem mass spectrometry; HRMS, high-resolution
mass spectrometry; ESI, electrospray ionization; MALDI, matrix-assisted laser desorption/ionization;
NMR, nuclear magnetic resonance; ROESY, rotating-frame Overhauser effect spectroscopy; HMBC,
heteronuclear multiple-bond correlation; HPLC, high-performance liquid chromatography; LC, liquid
chromatography; SFC, supercritical fluid chromatography; d.r., diastereomeric ratio; Ac, acetyl; NFK,
N-formylkynurenine; Trp-CLiC, tryptophan chemical ligation by cyclization.

6. Macrocyclization, Cross-Linking and Functional Validation
6.1. Trp as a Macrocyclization and Cross-Linking Point

Trp can serve as a connection point for peptide macrocyclization. Palladium-mediated
stapling forms C-C bonds between Trp and Phe or Tyr [30]. N1 allylation formed 17-35-
membered rings in 49-77% yield and intermolecularly linked a tetrapeptide into larger
rings in 33-38% yield [31]. Phosphine-catalyzed N-alkenylation gave a Z-Trp-Trp-OMe
macrocycle in about 50% yield [51]. Electrochemical N-S stitching used dithiosulfonate
linkers to connect two Trp residues [58]. Changing the peptide spacing or linker gave
21-29-membered rings.

For N-S stitching, calculations compared a linear precursor with three macrocycles,
and selected products had cancer-cell ICs, values of 9-27 yM [58]. These results provide

https://doi.org/10.3390 /molecules31224085


https://doi.org/10.3390/molecules31224085

Molecules 2026, 31, 4085 22 of 30

conformational models and cell-based activity data. A matched linear-parent comparison
is needed to assign an activity gain to cyclization. Linkage stability also deserves attention:
fluoride cleaves the N-S group formed by copper-catalyzed sulfenylation [52]. Comparing
different linkages on the same peptide would help separate effects of ring closure from those of
bond chemistry. Figure 11 outlines the residue pairs used for C—C stapling and N-S stitching.

6.2. Payload Attachment and Reactivity Probes

Trp modification can install a payload directly or add a group for later coupling. Trp-
CLiC combines rapid labeling with click handles [35]. TFA sulfenylation installs azide
or alkyne groups [17], and an azide introduced through thioether-mediated sulfenyla-
tion underwent strain-promoted click coupling in 63% yield [63]. CdpNPT provides an
alkene for tetrazine ligation [44]. The appropriate route depends on peptide compatibility,
concentration and the required linkage.

Representative macrocyclization strategies

OOOOOCXIXB@CL)OOOO%OOO

c-Cc
Macrocyclization

c-Cc
Macrocyclization

N-S Macrocyclization

Figure 11. Residue pairs used in representative Trp-based macrocyclization strategies. C—C stapling
connects Trp with Phe or Tyr [30], whereas electrochemical N-S stitching connects two Trp residues
through a sulfur-containing linker [58]. Arrows indicate possible residue pairings. Colored spheres rep-
resent a generic peptide chain; actual sequences, linker structures and ring sizes depend on the method.

Neutral-buffer electrochemistry activates keto-ABNO for Trp labeling [42]. Keto-
ABNO becomes part of the product, 4-oxo-TEMPO mediates electron transfer and NaBr
stabilizes the oxoammonium species. In PBS at pH 7.4, H-GSNWG-OH gave 94% HPLC
peak-area yield at 0.8 V versus Ag/AgCl and 2.0 F/mol. With increased keto-ABNO loading,
leuprorelin, somatostatin, octreotide and daptomycin gave 76-89%, while a Met-containing
tetrapeptide gave 51%. Competition tests supported tolerance of Lys, Met and cystine. His
and Tyr required adjusted electrochemical conditions, and free Cys was oxidized.

Five proteins, including trastuzumab, were labeled with higher reagent amounts and
charge than the model peptide [42]. LC-MS/MS mapped sites in four proteins. The
product-connectivity assignment draws on keto-ABNO model chemistry. These results
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extend neutral-buffer labeling to proteins, while binding and enzyme assays are needed to
assess functional retention.

ABNOH-linked nucleotides and DNA provide nucleic-acid conjugation partners [77].
The reaction forms tricyclic pyrroloindole-derived adducts, including diastereomeric mix-
tures. Modified 19- and 31-mer oligonucleotides captured Trp peptides in gel-estimated
yields of 13-68% and 7-58%, respectively; bsGntR cross-linking gave 6-26%. These results
extend Trp chemistry to DNA—peptide and DNA-protein conjugates.

Cation—cation photosensitization combines a quinolinium sensitizer with an N-
carbamoylpyridinium reagent under 427 nm light [59]. Leuprorelin labeling reached 91%
conversion in 40 min, and peptide mapping located a modification at heavy-chain Trp99 of
trastuzumab. Labeling was also demonstrated with glutathione, in HEK293T lysate and in
living cells. Proteomic analysis enriched 319 lysate proteins and 101 proteins after live-cell
labeling. The authors report 93% Trp selectivity. This assay-specific value is retained as
reported and is not recalculated from the numbers of enriched proteins. Protein counts,
residue assignments and site occupancy measure different outcomes; they are not used
here to rank labeling methods quantitatively.

6.3. Activity, Stability, Cellular Uptake and Conformation

Trp sulfenylation improved melittin persistence in human serum [17]. After 24 h at
37 °C, chromatographic estimates showed about 75% of the SCF3 analog and 53% of the
SCF2H analog remaining, compared with 23% of melittin. In cancer-cell viability assays,
cytotoxicity was similar in SKBR3 and MDA-MB-231 cells, while the SCF3 analog showed
greater cytotoxicity in MCEF7 cells. This means stronger inhibition of cell viability, not
improved safety. The result supports serum persistence and a cell-dependent cytotoxic
effect; it does not establish a wider therapeutic window. For PAF26, the strongest antifungal
improvement involved both a C7 substituent and the retained N-P group (Section 5.1) [54].

Other modifications reduced potency or affinity. Thioether-mediated sulfenylation
gave daptomycin derivatives with lower antibacterial activity [63]. Trp3(2-SCF;) and
Trp3(2-CF;) endomorphin-1 analogs had p-opioid receptor K; values of 7.30 £ 4.21 and
11.0 + 7.94 nM, compared with 0.64 + 0.35 nM for the parent [78]. They remained agonists
in a cAMP assay. These analogs were assembled from modified building blocks; the largest
plasma-stability gain in that study arose from a Tyrl-derived analog. By contrast, a study
of the permissive prenyltransferase PriB also used two other prenyltransferases to prepare
daptomycin derivatives with improved antibacterial activity [79]. The effect therefore
depends on the installed group and peptide context.

Recent enzyme-based methods also connect diversification with functional testing.
PalQ-mediated prenylation gave up to an 18-fold increase in antibacterial potency relative
to the corresponding non-prenylated peptide [49]. The assays fitted bacterial growth-
inhibition IC50 values from OD600 measurements; they were not MIC determinations.
Plantaricin A was tested against Lactobacillus sakei, and membrane-permeabilization ex-
periments provided separate evidence of membrane disruption. These outcomes depend
on the peptide, prenyl group and assay conditions. Bromination of (RW)3 reduced its E.
coli MIC from 25 to 6.25 pM; subsequent 3-trifluoromethylphenyl coupling reduced it to
1.6 uM [50]. These results support antibacterial gains for the tested derivatives.

Linkage stability is distinct from proteolytic or plasma stability. Tests on selenylated
peptides, Trp-CLiC products, HFIP-derived conjugates and DNA-peptide adducts assess
chemical persistence [35,61,71,77]. The melittin serum assay instead measures persistence
in a biological medium [17]. Similarly, cellular uptake and membrane permeability require
different measurements. Fluorescent naphthyl-transportan prepared through bromination
and coupling entered U20S cells [50], but this imaging result does not quantify passive
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permeability. Binding, stability and transport should be measured directly when they are
the intended design goals [7,9,10]. Table 3 summarizes the measured outcomes and their
comparators.

Table 3. Measured functional and structural outcomes for representative applications. Comparisons

refer to the stated parent and assay; different endpoints are not interchangeable.

System Ref. Endpoint and Comparator Reported Outcome Interpretation
Melittin S-fluoroalkyl [17] Serum persistence; 24 h: SCF3 75%, SCF2H 53%, Chromatographic estimates;
analogs native melittin parent 23% remaining not linkage stability alone
R Greater MCF7 cytotoxicity; e
Melittin SCF3 analog ~ [17] Esgcer;eﬂtxt/;lblhty, similar effects in SKBR3 and Caiu;dipini?: iytot;(glicﬁya
ve me MDA-MB-231 safety benefit not establishe
PalQ-prenylated Bacterial growth IC50; Up to 18-fold higher potency; IC50 from OD600, not MIC;
. [49] non-prenylated sequence and prenyl
peptides separate membrane assays
counterpart group matter
Brominated/arylated . ) Matched antibacterial
(RW)3 [50] E. coli MIC; parent (RW)3 25— 6.25 —» 1.6 yM comparison
- A. fumigatus IC50; 97.9 — 2.0 yM for combined  Effect cannot be assigned to
PAF26 derivative [54] parent PAF26 N-P and side-chain changes = C7 substitution alone
Sulfenylated [63] Antibacterial assay; Lower potency for the Synthetic success did not
daptomycin daptomycin tested derivatives preserve activity
Trp3-modified n-Opioid receptor Ki; 7.30 £ 4.21and 11.0 £ 7.94 Low.er aff.lruty; agorism
. [78] retained in a separate
endomorphin-1 parent nM versus 0.64 £ 0.35 nM cAMP assay
) Fluorescence imaging in Does not measure passive
Naphthyl-transportan ~ [50] U205 cells Cellular uptake observed permeability
N-S peptide Computed conformations  Selected IC50 values: Ma.tc.hed llnear—Parent
[58] activity comparison
macrocycles and cancer-cell IC50 9-27 uM still needed
. . . . . . Binding and activity are
Quinazoline-edited Isolation and Synthetic access to edited
. [40,41] . . separate unanswered
peptides structural analysis peptide drugs .
questions
Protein labeling and Intact mass, MS/MS and Labeh.n & and residue Site mapping alone fioes not
s [35,42,59] . mapping; NPM1 follow-up show retained protein
profiling proteomics

in [35]

function

Abbreviations: IC50, half-maximal inhibitory concentration; MIC, minimum inhibitory concentration;
Ki, inhibition constant; OD600, optical density at 600 nm; MS/MS, tandem mass spectrometry; cAMP,
cyclic adenosine monophosphate. Arrows indicate the sequence of modification steps, not a common
assay scale.

7. Trends and Unresolved Problems

Recent methods expand peptide synthesis, biological labeling and control of the indole
framework. Further progress will depend on linking these chemical advances to clear
structural and functional measurements.

7.1. From Installing Substituents to Changing the Indole

N1 and C2 substitution retain the indole, Trp-CLiC dearomatizes it, and nitrogen
insertion produces a quinazoline [35,40,41]. These outcomes offer different ways to change
aromaticity, shape and hydrogen bonding. The quinazoline studies mainly establish syn-
thetic access. Matched measurements of binding, activity and conformation are the next
step in evaluating the edited peptides.
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7.2. Complementary Media and Levels of Biological Compatibility

Organic, strongly acidic and aqueous methods serve different purposes. Earlier aque-
ous labeling [23,24,32-34] and recent TFA sulfenylation, HFIP reactions and directed C7 ary-
lation [17,54,71] provide complementary synthetic options. Neutral-buffer electrochemistry
and photosensitization extend labeling of dilute biomolecules and complex samples [42,59].
Method selection should consider both reaction efficiency and the requirements of the
planned biological experiment.

Terms such as metal-free, electrochemical and protecting-group-free should describe
the actual reaction conditions. Electrochemical oxidation can replace an added oxidant
while retaining mediators, electrolyte or acid [42,58,62]. A reaction without side-chain
protection may still use terminal caps [52]. Reporting these details makes comparisons
more useful. Biological compatibility should be supported by the relevant evidence for
chemical integrity, retained function, lysate labeling or live-cell use.

7.3. From Single-Trp Model Peptides to Multi-Trp Sequences and Complex Samples

Control among multiple Trp residues remains an important goal. Several methods
modify both Trp residues in a peptide [17,40,52,58], while other systems favor a site through
enzyme recognition or the local protein environment [35,44,57,59]. ChlH illustrates time-
dependent preference: Trp12 reacts before Trp8 and Trp14 in ChlA [43]. Such selectivity
depends on the reagent, sequence, accessibility and reaction time. Multi-Trp substrates,
residue-resolved analysis and clearly defined selectivity measurements would make future
studies easier to compare. In lysates and cells, tests with competing thiols and oxidation-
sensitive residues are also important [35,40,59,73].

7.4. From Chemical Proof to Isolable Products, Conformation and Biology

Conversion, isolated yield and biological activity should be reported as separate out-
comes. Some peptide regioassignments rely partly on amino acid or model-compound
data [17,42,62,69]. Table 2 distinguishes these assignments from direct peptide structural ev-
idence. Stereochemical analysis, such as Marfey’s testing in C7 arylation [54 ] and chiral SFC
in nitrogen insertion [41], strengthens product evaluation. Shared peptide substrates, cali-
brated measurements, isolation of representative products and matched biological controls
would help identify the practical strengths of each method.

7.5. Enzyme Engineering, Chemical Coupling and Scale

Enzyme-catalyzed modification and chemical coupling are increasingly used to-
gether [44,50,57]. RebH/4V extends bromination to terminal and internal Trp, while PalQ
engineering expands peptide and donor scope [49,50]. Future work can build on these
advances through enzyme stability, catalyst reuse and simpler preparation of donors. Re-
movable N-S groups and directing groups offer further synthetic control [52,54], although
fluoride-mediated cleavage differs from reversal under physiological conditions. Scale
should be reported for the peptide product as well as the model reaction. Examples include
1.25 mmol C7 functionalization of Trp derivatives [55,74] and sulfenylation of 16.2 mg of
daptomycin [17]. Isolated mass, purification losses and total route yield will help assess
scale-up. Solid-phase methods also provide a basis for more automated workflows [31,66].
Table 4 summarizes route selection by experimental goal.

https://doi.org/10.3390 /molecules31224085


https://doi.org/10.3390/molecules31224085

Molecules 2026, 31, 4085

26 of 30

Table 4. Representative routes for different experimental goals and their main substrate requirements.

Key Measurement or

Goal Representative Routes Substrate Requirements .
Constraint

Trp-CLiC [35]; photosensitization [59]; Accessible Trp; tolerance of Test Cys/Met compatibility for
Attach a payload neutral-buffer electrochemistry [42]; the selected medium and the specific system; locate sites

sulfenylation [17] oxidizing system in multi-Trp peptides
Add a lipophilic C2 S/Se or CF; substitution [17,61,70]; CAaCId;)IeI;TSZi;ermgil or Measure activity and stability

pop N1/C7 arylation [53,54]; PalQ ppimg, 5 BTOUP directly; lipophilicity alone

group enzyme recognition,

prenylation [49]

depending on route

does not predict benefit

Form a macrocycle

N-S stitching [58]; N1 allylation [31];
N-alkenylation [51]; Trp—Phe/Tyr
stapling [30]

Suitable spacing and reactive
groups; protection/dilution as
required

Compare linkage stability,
conformation and activity
with the linear parent

Modify C5-C7

Directed C7 reactions [54,55,74];
halotryptophan coupling [60];
halogenases [43,50,57]; CdpNPT [44]

A directing group, a halogen
or an enzyme-compatible
sequence

Include installation/removal
steps; assess solubility and
competing sites

Change the ring
framework

Quinazoline editing [40,41];
Trp-CLiC [35]; oxidative opening [73]

Compeatibility with oxidation
and the required solvent

Check sulfur residues, amides
and termini. Ring

opening [73]: only
di-/tripeptide product ions;
no isolated peptide products

Combine enzyme
and chemical steps

Bromination/Suzuki coupling [50,57];
CdpNPT/tetrazine ligation [44]

Mppl leader/macrocycle,
RebH /4V-compatible
sequence or suitable prenyl
donor

Optimize both steps and
report overall isolated yield

Label proteins or

HFIP alkylation [71]; keto-ABNO
electrochemistry [42];

Trp accessibility and protein

Measure protein function after
labeling; assess product

link to DNA ABNOH-DNA [77]; tolerance of the medium .
i mixtures
photosensitization [59]
Profile lysates Trp-CLiC [35]; photosensitization [59]; EQ?EEEZi?;?;SI;IE;ESSbIe ?Ciinfiiile.cgi‘;g aﬂi(ih lvsate
or cells HFIP lysate labeling [72] ! pancy; & y

applied to lysate

from live-cell evidence

Routes are grouped by intended use. Requirements and outcomes depend on the peptide sequence
and reaction conditions. DNA, deoxyribonucleic acid; HFIP, hexafluoroisopropanol.

8. Conclusions

Trp modification now provides routes to peptide analogs, macrocycles, labeled

biomolecules and edited indole frameworks. Recent advances add B-functionalization,
neutral-buffer and intracellular labeling, and broader enzyme-catalyzed diversification.
The choice of method depends on the peptide sequence, starting-material preparation and
intended use.

Reliable evaluation requires clear selectivity definitions, product characterization and
direct functional testing. Selected modifications improve serum persistence or antibacterial
activity, while others reduce potency or receptor affinity. Wider multi-Trp testing, enzyme
engineering, and matched parent-product comparisons will help turn new reactions into
useful tools for peptide design.
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