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Chemical proteomics for a comprehensive
understanding of functional activity and
the interactome

Kostiantyn Kozoriz and Jun-Seok Lee 2 *

Traditional mass spectrometry (MS)-based proteomics aims to detect and measure protein expression
on a global scale and elucidate the link between protein function and phenotypic characteristics.
Although advances in MS technology have significantly broadened the scope of detectable proteomes,
these methodologies primarily provide data on protein abundance and offer limited insights into their
functional activities. Phenotypic traits emerge from the interplay between protein abundance and
functional activity, making the accurate measurement of activity a critical but challenging task, owing to
the complexity of biological systems. Furthermore, the biological function of a protein is strongly linked
to its interaction with other molecules within the cellular environment. Chemical proteomics offers a
complementary approach that uses a toolkit developed in chemical biology to map the molecular
interactome and provide initial insights into the activities of specific target proteins. However, the value
of these techniques lies not in isolation, but as part of a broader experimental workflow that includes
follow-up biological investigations to validate the findings and elucidate their functional relevance. This
tutorial review highlights the design principles of chemical tools and examines their applications in two
key areas: (i) functional activity profiling of biomolecules and (i) molecular proximity profiling for
interactome characterization. We also discuss the importance of the experimental context in shaping
data interpretation and ensuring the practical adoption of these methods by biologists. Although
chemical proteomics is not a standalone solution, it represents a promising step toward next-generation
omics technologies and advances our understanding of biological functions at the molecular level.

(1) Chemical proteomics was developed using activity-based protein profiling (ABPP).
(2) The association of ABPP with reactive residue profiling is discussed, aiding in the identification of covalent drug targets and functional hot spots on

proteins.

(3) Advanced techniques for capturing new protein interactions in natural biological environments are discussed.

(4) Unbiased drug-target profiling was compared between the labeled and label-free approaches.
(5) The therapeutic potential of chemical proteomics was established using a discovery pipeline in biotechnology and pharmaceutical research, leading to the

identification of several clinical candidates.

1. Introduction

has prompted a shift toward system-wide exploration, provid-
ing broader insights into the complexities of biological systems.

Biological processes are governed by the intricate actions of
proteins, which serve as structural scaffolds and facilitate
catalytic reactions. The traditional reductionist approach meti-
culously reveals the detailed molecular mechanisms of indivi-
dual protein functions by investigating each protein on a case-
by-case basis. However, the surge in omics research methods
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PCR amplification facilitates comprehensive exploration of the
genome, delivers detailed sequence information, identifies
sequence alterations, and assesses expression levels through
copy numbers across the entire genomic spectrum. In contrast
to genomics, where amplified copies of products are used for
detection, proteomics involves the direct, non-amplified detec-
tion of peptides using mass spectrometry (MS) techniques.
Given that a single gene can give rise to multiple proteo-
forms through enzymatic modifications and chemical

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Conventional proteomics involves a suite of technologies designed for the detection and quantitation of proteins on a global scale. Ongoing
advancement in high-speed and ultra-sensitive mass spectrometry (MS) technology have led the modern revolution in proteomics. Two complementary
MS analysis methods are illustrated: (a) bottom-up proteomics, which involves enzymatic digestion of proteins into peptides prior to MS analysis, and
(b) top-down proteomics, which analyzes intact proteins directly to preserve proteoform-level information.

processing, the scope of diversity that proteomics seeks to cover
far exceeds the number of genes. Therefore, conventional
proteomics is focused on identifying and differentiating pro-
teins based on their expression levels across distinct
samples."”” The current standards for both bottom-up and
top-down proteomic analyses have been significantly influ-
enced by advancements in electrospray ionization for MS
analysis,>* nanoscale liquid chromatography,” and database
searching using MS/MS spectra (Fig. 1).” In bottom-up tech-
niques, proteins are digested using enzymes, such as trypsin,
Lys-C, Lys-N, Glu-C, or Asp-N (Fig. 1a). The resulting peptides
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are typically analyzed using nano-liquid chromatography
coupled with electrospray ionization or matrix-assisted laser
desorption/ionization. The parent mass of each digested pep-
tide is initially measured, followed by further fragmentation of
the isolated peptides in the MS chamber by collision with gas.
This process produces b-ions (charge is retained on the N-
terminus as a primary ammonium jon) and y-ions (charge is
retained at the C-terminus as an acylium ion), which corre-
spond to peptide backbone cleavages at specific residues.
Fragmentation tandem mass spectra are matched against a
protein sequence database to determine protein identity and
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location (Fig. 1a). Although the bottom-up approach is suitable
for protein identification, it is not optimized for single-point
mutants, in-dels, alternative spliced variants, or intact modifi-
cation studies. The top-down approach (Fig. 1b) measures
intact protein ions without the need for enzymatic pre-
digestion.® The complete protein ion is introduced into the
MS, where it underwent further fragmentation using gas colli-
sion. This analysis provides the primary structure and possible
modifications. Although high-resolution tandem MS techni-
ques have the theoretical capacity to analyze a protein comple-
tely, achieving extensive fragmentation of intact proteins,
especially those with larger molecular weights, is challenging.

Substantial advancements in MS technology, resulting in
enhanced resolution, sensitivity, and scan speed, have led to an
increased capacity for protein detection. This progress has
made it possible to conduct proteomic analyses at the single-
cell level.’ However, several inherent technical challenges
remain. First, in the absence of an amplification method
similar to PCR, it becomes difficult to detect low-abundance
proteins, which impedes comprehensive coverage of the entire
proteomic landscape and is highly dependent on the dynamic
range of the detection platform. Second, once translated,
proteins present a level of complexity similar to that of post-
translational modifications (PTMs) that surpasses their pri-
mary sequences. Given that peptides containing PTMs consti-
tute only a small subset of the total peptide population, their
quantity is often insufficient for proteomic identification.
Furthermore, modifications can adversely affect the ionization
efficiency of peptides, thereby presenting additional difficul-
ties. Third, system-wide investigations of proteomic expression
changes against phenotypic signatures have contributed valu-
able insights but are limited in their ability to predict func-
tional outcomes, as protein activity is not solely determined by
copy number. These encompass the state of catalytic activity
and the presence of quaternary structures and their interaction
partners. To address these challenges, chemical proteomics,
which harnesses the power of chemical tools to enable analyses
based on new principles for previously unmet requirements,
has been established. In this review, we focus on the chemical
biology strategies for exploring the proteomic landscape.

Systematic exploration of biology using small molecules
started as a branch of genetics called chemical genetics."® But
these chemical genetics studies focused on perturbing a spe-
cific protein of interest,"* limiting the scope of proteins inves-
tigated. Chemical proteomics is the next conceptual paradigm
in the field and aims to develop chemical probes that engage
within a broader scope, allowing assessment of specific char-
acteristics of all proteins targeted.

In this tutorial review, we summarize the recent progress in
chemical proteomics, focusing on two key areas. We begin by
introducing the concept of activity-based profiling for enzyme
activity profiling and derivative investigation. Subsequently,
chemical and enzymatic tags used in spatiotemporal mapping
technologies to study protein-protein interactions (PPI) or drug
interactome studies are discussed. Finally, we delve into future
perspectives in this field and discuss the current challenges.

6188 | Chem. Soc. Rev,, 2025, 54, 6186-6207
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2. Functional activity profiling

Life processes involve complex signaling pathway networks.
These biochemical events occur via a cascade of enzymatic
reactions and their subsequent products. This implies that the
physiological status of a living organism can be partially
portrayed by the compiled information on proteins, including
their sequences, PTMs, copy numbers, catalytic activities, com-
partmentalization, and molecular associations. Although con-
ventional proteomic methods allow for the quantitative
measurement of proteins, they fail to accurately determine
the precise location and type of chemical modifications or
the activity status of enzymes.

A substantial advancement in overcoming these challenges
was made with the development of bio-orthogonal click reac-
tions, which was honored by the 2022 Nobel Prize in
Chemistry."® This advancement has made it feasible to com-
prehensively explore previously uncharted territories, enabling
selective covalent bond formation at desired sites, even in
complex biological environments. With a carefully designed
chemical probe containing bio-orthogonal groups, subsequent
functionalization can be performed for visualization or enrich-
ment, regardless of the cellular location or associated proteins.
The advent of bio-orthogonal reactions has led to the flourish-
ing of chemoproteomics, with extensive investigations into the
design of chemical probes, revealing new avenues for func-
tional activity profiling at the individual protein level.

2.1. Activity-based protein profiling

Activity-based protein profiling (ABPP) uses enzyme-site-
targeting chemical probes to investigate the functional states
of enzyme families (Fig. 2a). This approach stems from the
combination of mechanistic enzymology studies and the design
of small-molecule inhibitors."® In enzymology, fluorophospho-
nates (FPs) have been used as stable transition state analogs to
covalently label the active-site serine (Ser-195)** of chymotryp-
sin, mimicking the tetrahedral intermediate of catalysis
(Fig. 2a). Additionally, labeling with tosyl-i-phenylalanine
chloromethyl ketone (TPCK) helped identify His-57 as a critical
residue at the active site of chymotrypsin. Notably, FP com-
pounds are potent irreversible inhibitors of most serine hydro-
lases but are inert to other hydrolases, such as aspartyl,
cysteine, and metallohydrolases.

The Cravatt group recognized a key limitation of such
chemical probes—namely, that they generate covalent bonds
only with enzymes possessing specific catalytic mechanisms.
Therefore, they proposed profiling entire enzyme superfamilies
collectively, rather than investigating individual enzymes in
isolation. Since the first demonstration of serine hydrolase
activity profiling by 1D-PAGE using a biotinylated long-chain
FP," researchers have demonstrated the immense potential of
ABPP for the discovery of novel enzymes and characterization of
the role of target enzymes in pathological events at the
proteomic level (Fig. 2b). In subsequent studies, the architec-
ture of the ABPP probe evolved into three components:
(i) a reactive warhead, (ii) a spacer linker, and (iii) a reporter

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Activity-based protein profiling. (a) The concept of activity-based protein profiling (ABPP) is based on classic enzymology studies, particularly
from the understanding of irreversible inhibitors. The catalytic triad in chymotrypsin mediates substrate proteolysis, whereas the irreversible inhibitor
blocks the active site, S195, by generating covalent modifications. Inspired by the mechanism of irreversible inhibitor, ABPP probes has been designed
consisting of three functional motifs: (1) reactive warhead, (2) linker, and (3) reporter. (b) The ABPP workflow shows that chemical labeling occurs based
on the enzymatic activity in whole proteome. Labeled proteins can be visualized using PAGE or analyzed using MS after enrichment, followed by
enzymatic digestion for bottom-up proteomic analysis. The enrichment step helps reduce the complexity of the proteome, making it easier to sensitively
detect proteins that are present in low abundance. In addition, chemoproteomic ABPP enables the discovery of previously unannotated enzymes, as
chemical probes selectively label proteins depending on their enzymatic mechanism.

or bio-orthogonal handle (Fig. 2a). Depending on the assay
platform, fluorescent tags were chosen for visualization using
PAGE or live-cell imaging, whereas biotin tags were used for
subfractionation and subsequent MS-based proteomic analysis
(Fig. 2b). However, earlier findings have suggested that the
presence of biotin or fluorophores can affect enzyme selectivity
or cellular permeability. This has led to the frequent replace-
ment of the reporter handle with a simpler bio-orthogonal
motif to mitigate these effects. Enzyme targets are typically
tethered by reactive warheads that mimic the intermediate state
of enzymatic reactions. Electrophilic motifs have been incorpo-
rated into substrates for common enzyme classes such as
caspases, cysteine proteases, dealcylalses,16 serine hydrolases,
kinases, and phosphatases, which contain nucleophilic resi-
dues near their active sites. Decaging warheads into electro-
philes depending on their activity or activating agent is another
strategy for alkaline phosphatases,'” cytochrome P450s,'® deu-
biquitinating enzymes,'®*° and various oxidoreductases.”'
Those specific case studies fall outside the scope of this review;
however, numerous comprehensive reviews are available.**™>
The discovery of novel enzymes is a definite advantage of
ABPP studies, which use the mechanisms of action of chemical
probes. For instance, the FP group, among the most thoroughly

This journal is © The Royal Society of Chemistry 2025

studied ABPP probes, effectively revealed new serine hydrolases
in human cell lines,?® animal tissues, and bacteria.?”*° The
Bogyo group exploited ABPP using a series of bacteria.*" In their
work on Bacteroides thetaiotaomicron,” 27 proteins were iden-
tified from chemoproteomic analysis using FP probes, whereas
other bioinformatics prediction analyses showed more than
triple the number of proteins as serine hydrolases. Although
bioinformatics prediction offers sequence-based structural
similarities, ABPP results in a combined effect of expression
levels and intact enzymatic activity. Several classes of bacterial
serine hydrolases that are absent in humans have been identi-
fied. Among the identified enzymes, two enzymes (BT4193 and
BT3254) that are classified as homologs of human dipeptidyl
peptidase 4 (hDPP4) were further analyzed to validate their
biochemical functions, revealing several critical functions of
BT4193 in the gut microbiota community. In a study on
Staphylococcus aureus,®® chemical proteomic profiles led to
the discovery of ten previously uncharacterized serine hydro-
lases (FphA-]) that do not have human homologs. Further
functional examination indicated that FphB was localized to
the cell surface and division septum. Perturbation of FphB
expression affected bacterial infections in the heart and liver
but not in the kidney, suggesting that FphB is crucial for

Chem. Soc. Rev, 2025, 54, 6186-6207 | 6189
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initiating infections. They also demonstrated that a selective
inhibitor of FphB reduced the infectivity. This example high-
lights the potential of the ABPP strategy for identifying new
enzymes within the native environment, thus paving the way
for the development of novel antibiotics.

In addition to identifying unannotated enzymes, ABPP offers
the inherent advantage of evaluating the activity of multiple
enzymes within a superfamily in a single assay, making it an
ideal platform for assessing selectivity of inhibitors and
other small molecules. By administering the drug candidate
molecules together with ABPP probes, competitive ABPP facil-
itates the examination of the impact of these molecules on
enzyme activity in an intact environment in the proteomic
landscape.®*** Notably, competitive ABPP can be imple-
mented without the need for known substrates, recombinant
expression, or purification processes and can be conducted
using various techniques, including PAGE,**"** fluorescence
polarization,®® or MS-based proteomic profiling.***” Since
enzyme activity correlates with the extent of probe labeling,
competitive ABPP can detect both inhibitory and activating
effects on target enzymes, although its primary focus has been
on inhibitor discovery. This has been well demonstrated in
competitive ABPP studies for lysophospholipase-like 1
(LYPLAL1).***® Previous genome-wide association studies have
found that genetic variants in 19 loci near LYPLAL1 are asso-
ciated with human metabolic diseases, such as type 2 diabetes
and non-alcoholic fatty liver disease. However, these variant
positions were not within the coding region; therefore, linking
the gain or loss of activity was not straightforward. Although a
selective covalent inhibitor of LYPLAL1 was previously identi-
fied in a competitive ABPP campaign,*® functional inhibition of
LYPLAL1 was not beneficial for the treatment of metabolic
diseases, prompting the search for an activator. Notably, the
false discovery rate (FDR) for activators has been reported to be
substantially higher than that for inhibitors, with only 5% of
identified putative activators confirmed compared to 23% of
inhibitors in follow-up gel-based ABPP assays.>* This highlights
the inherent challenges in activator discovery and underscores
the need for orthogonal validation assays. The successful
identification of LYPLAL1 activators and their potential ther-
apeutic benefits against metabolic disorders highlights the
potential of ABPP as a tool for understanding enzyme function
and as a platform for therapeutic development.

Although the majority of ABPP probes engage nucleophilic
residues of the target because canonical amino acids lack
reactive electrophilic functional groups, the recent emergence
of reverse-polarity (RP)-ABPP offers a new perspective.**? In
nature, enzymes acquire these reactive electrophiles through
PTM or by binding to cofactors, creating an electron-deficient
machinery. However, these targets have often been neglected
because of the lack of suitable chemical tools. The RP-ABPP
approach uses electron-rich hydrazine to investigate the bio-
chemical effects of electrophilic enzyme cofactors or labile
regulatory modifications. Although hydrazine probe labeling
relies on the active-site functional state, it broadly interacts
with multiple functional classes of enzymes, including

6190 | Chem. Soc. Rev,, 2025, 54, 6186-6207
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monoamine oxidase (MAO), histone demethylase 1A (LSD1),
ribosyldihydronichtinamide dehydrogenase (NQO2), nucleic
acid dioxygenase (ALKBH1), aldehyde dehydrogenase (ALDH2),
and copper chaperone cytochrome ¢ oxidase (Cox17). This
broad interaction is a characteristic of clinical hydrazine drugs.
Notably, hydrazine probes revealed the N-terminal glyoxylyl
(Glox) PTM in secerning-3 (SCRN3) for the first time, and
subsequent investigations led to the discovery of naphthyl
hydrazine as a potent and selective inhibitor of SCRN3. This
observation is key to elucidating the regulation of Glox and
SCRN3, and their physiological and pharmacological effects.
The pursuit of expanding the repertoire of target enzymes by
using rationally designed chemical probes is ongoing.

2.2. ABPP for reactive residue profiling

To broaden the scope of ABPP probes, early chemopro-
teomic studies exploited the effects of structural diversity in
electrophilic scaffolds. For example, spiroepoxide’® or o-
chloroacetamide®! groups can modulate target enzymes when
incorporated into libraries of natural products or combinatorial
ligands. However, these studies also revealed that probe label-
ing does not always occur at the enzyme active-site. Reactivity-
dependent labeling often reflects the chemical environment
and steric accessibility of the reactive side chains. Considering
that numerous nucleophilic residues are essential for enzyme
function and undergo various redox-related modifications or
ligand-binding, it is crucial to catalog the functional residues
that are more reactive than others, regardless of whether they
are located at the active-site of the enzyme or at the PTM site.
Therefore, cysteine and methionine are of particular impor-
tance because they are the only sulfur-containing amino acids
essential for metal binding, redox regulation, and enzymatic
catalysis.

To identify hyperreactive cysteines, an isotopic tandem ortho-
gonal proteolysis activity-based protein profiling (isoTOP-ABPP)
strategy was proposed to quantify the labeling ratio from the MS
signals of individual peptides (Fig. 3a).”> This approach differs
from traditional proteomic methods that use an excess of iodoa-
cetamide (IA) to alkylate all the cysteines. In contrast, iSOTOP-
ABPP gauges cysteine reactivity by comparing the labeling pat-
terns under both low and high concentrations of the IA probe.
Hyper-reactive cysteines are expected to be fully labeled, even at
low IA probe doses. Although the vast majority of cysteines
exhibited a continuous increase in the labeling ratio upon
increasing the IA dose, <10% of the subset displayed a subtle
difference in labeling, regardless of the IA dose, indicating
hyperreactivity. Chemoproteomic reactivity profiling revealed dis-
tinct labeling ratios for cysteine residues in glutathione S-
transferase (GSTO1) and acetyl-CoA acetyltransferase-1 (ACAT1).
In both cases, only the active-site cysteines (GSTO1: C32; ACAT1:
C126) exhibited minimal labeling changes upon incremental
dosing, which correlated with the reported catalytic effect and
hyperreactivity. Subsequently, cysteine reactivity profiling was
performed during mitosis to examine the effects of PTMs on
activity status.*’ Differential labeling with an IA probe between
lambda phosphatase-treated and untreated proteomes revealed

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Quantitative chemoproteomic analysis for reactive residue profil-
ing. (a) Schematic for tandem orthogonal proteolysis-activity based pro-
tein profiling (TOP-ABPP). Hyper-reactive residues are labeled at the
low dose of reactive probe. Series dose of reactive probes administrated.
(b) Structures of cysteine targeting reactive electrophiles by acid—base
conjugation strategy. (c) ReACT mechanism for methionine conjugation.
Two paths of oxaziridine-based chemical probe are described. The NTP
path generates the desired conjugation, whereas the OTP path generates
sulfoxide modification.

phosphorylation-dependent perturbations in cysteine reactivity.
Generally, proteins with a higher number of phosphorylation sites
display substantial changes in reactivity, suggesting a cis-
regulatory relationship. Furthermore, this study revealed that
the reactivity of specific cysteine residues in key mitotic regulators,

This journal is © The Royal Society of Chemistry 2025
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such as filamin A (FLNA) and SLAIN motif family member 2
(SLAIN2), increased in a phosphorylation-dependent manner
during mitosis (FLNA: C1260, C1453; SLAIN2: C152). Beyond
serving as a reliable predictor of cysteine functionality in enzymes,
IA reactivity can also be used to identify metal-chelating cysteine
residues,™ uncharacterized cysteine-containing peptides from
short open reading frames,” oxidation-sensitive cysteines in
pathogenic bacteria,*® and covalent inhibitor discovery for mutant
Kirsten rat sarcoma G12C and Bruton’s tyrosine kinase."”
Ongoing efforts are underway to further optimize the probe for
reduced cellular toxicity and improved temporal control of label-
ing, as demonstrated by the photo-caged IA probe.*® Efforts are
being made to diversify electrophilic functional groups to expand
the range of cysteines that can be targeted. This also encompasses
the exploration of bioactive electrophiles as a small molecule for
therapeutics, using several electrophiles, such as acrylamide,*® o-
chloroacetamide,>® bromo- maleimide,”" 1,3,5-triazines,>” and p-
chloronitrobenzenes (Fig. 3b).”*

The expansion of chemical proteomics to target amino acids
other than cysteine has considerably broadened the landscape
of ligandable residues. One notable advancement is the devel-
opment of an amine-reactive sulfotetrafluorophenyl ester
probe,> which enabled the large-scale mapping of lysine
reactivity and ligandability across over 9000 sites in the human
proteome. This strategy facilitated the identification of func-
tional lysines with the potential for covalent ligand interac-
tions, including those involved in allosteric regulation and
PPIs. Additionally, alternative lysine-targeting electrophiles,
such as N-hydroxysuccinimide esters,”” activated pyridinium
esters,>® dichlorotriazine,®” and a-acyloxyenamides®® have been
used for ligandable site profiling. A more extensive lysine
reactivity was later generated through a broad-spectrum study
of approximately 180 compounds,® representing over 30 ami-
nophilic electrophiles. This approach quantifies the reactivity
of more than 14 000 lysine residues in the human proteome.

In contrast to the development of chemical probes targeting
residues with inherent nucleophilicity, such as cysteine and
lysine, the development of selective chemical probes for
methionine remains in its infancy. This is largely because
sulfur in methionine exhibits weak nucleophilicity under phy-
siological conditions, making it less reactive toward electro-
philic probes than more nucleophilic residues such as cysteine,
lysine, serine, and tyrosine. The Chang group pioneered a
redox-activated chemical tagging (ReACT) strategy using a
strain-driven sulfur imidation with an oxaziridine scaffold
(Fig. 3¢).%® Although the oxidative sulfur imidation produced
both the desired N-transfer product (sulfimide) and O-transfer
side product (sulfoxide), they were able to optimize the reaction
by introducing less electron-withdrawing groups into the oxa-
ziridine structure. The application of the ReACT probe in
chemoproteomic TOP-ABPP analysis represents a crucial step
toward understanding proteome-wide hyperreactive methio-
nines in HeLa cell lysates. The probe successfully labels various
enzyme classes, with modified methionine residues predomi-
nantly localized on surface-exposed protein domains. While
this represents an important step in mapping methionine
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reactivity, several considerations have been already noted.®’
The observed labeling pattern may be influenced by steric
accessibility rather than solely reflecting the intrinsic biological
reactivity of methionine. Native oxidants, such as peroxides or
hypochlorites, are unlikely to be restricted to surface-exposed
residues, raising the possibility that the probe introduces a
steric bias that differs from the native biological oxidation
patterns. A broader challenge is to determine the extent to
which synthetic probes mimic the native electrophilic species
that target specific residues. In the case of ReACT, the oxazir-
idine scaffold drives bond formation with methionine; how-
ever, it remains unclear how well this system recapitulates the
endogenous oxidative modifications. Furthermore, the compat-
ibility of this probe with live-cell systems and intact specimens,
rather than with lysates, requires further investigation. Another
key factor is the selectivity of oxaziridine-mediated labeling,
particularly whether oxygen transfer (rather than nitrogen-
based nucleophilic addition) (Fig. 3c) could lead to additional,
unintended modifications, as amine and thiolate nucleophiles
may favor alternative reaction pathways. Despite these caveats,
ReACT-based chemoproteomic profiling has identified hyper-
reactive methionines in both actin (M44 and M47) and enolase
(M165, M169, and M244), which play vital roles in actin poly-
merization and functional redox regulation, respectively. A
subsequent study by He et al. using a pancreatic organoid
model further demonstrated the power of ReACT-based che-
moproteomic profiling. This revealed that the oxidation state of
methionine (M239) in pyruvate kinase M2 acts as a reversible
redox switch controlling cancer metastasis.®”> Beyond reactivity
profiling, the ReACT probe has potential for position-specific
labeling in antibody-drug conjugations, given that methionine
is the second rarest amino acid in vertebrates.®® These findings
highlight the intricate relationship between amino acid side
chain properties and the specificity of chemical probes, offer-
ing new perspectives in both biochemistry and molecular
pharmacology.

2.3. Intrinsic issues with ABPP

Despite its strengths, ABPP detects only a fraction of its
intended target residues. For instance, among an estimated
200000 cysteines in the proteome, current ABPP approaches
typically rank reactivity for approximately 1000-3000 specific
cysteines, leaving the majority uncharacterized.®® Conse-
quently, ABPP provides a high-resolution snapshot of a subset
of the cysteome while overlooking the broader landscape of
cysteine reactivity. Recent studies have highlighted the impor-
tance of addressing potential false positives and negatives to
ensure analytical accuracy.®® For instance, proteins undergoing
allosteric regulation, disulfide bond modifications, or tran-
scriptional downregulation in response to reactive electrophilic
species (RES) exposure may be mistakenly identified as direct
RES targets, while proteins, such as Keapl, which harbor
cysteines prone to conjugation with sp?-hybridized RES,
such as 4-hydroxynonenal (HNE), may exhibit limited reactivity
toward sp’-centered electrophilic probes, such as IA. Moreover,
proteins susceptible to oxidation-induced aggregation or
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precipitation may degrade under sample-processing condi-
tions, leading to their exclusion from subsequent MS
analyses. Given that o,B-unsaturated RES modifications occur
via time-dependent covalent labeling, precise control over their
concentration, localization, and release timing is critical.
Furthermore, MS sample preparation must be optimized,
including the judicious selection of reducing agents to preserve
sensor proteins prone to aggregation and to stabilize labile RES
modifications, thereby ensuring robust and reproducible
results.

Hit identification in competitive ABPP, in which a small-
molecule ligand of interest (LOI) competes with a proxy-
electrophile probe, relies on an indirect readout. Proteins that
lose proxy-electrophile engagement in cell lysates (from LOI-
treated samples) compared to control specimens are identified
as hits, with signal changes analyzed via an enrichment-based
proteomics workflow.®® Nonetheless, this approach has been
instrumental in mapping drug-target interactions, such as the
ABPP-based identification of fumarate® targets in cell-based
HLRCC models, where physicochemical factors, such as pH,
influence target reactivity.®® Despite advances in immune-
relevant target profiling, ABPP-based approaches face inherent
challenges. These include compartment-specific and low-
occupancy target identification, as well as the indirect nature
of the readout, as target capture occurs in-cell lysates rather
than in live cells.®® These factors can complicate the interpreta-
tion of target engagement in complex biological systems.

The spatiotemporal nuances of redox signaling cannot be
captured using ABPP methods in lysates, where proteins are
exposed to a bolus of RES or other probes in a non-
physiological manner.®® Although this approach allows for
broad profiling of protein reactivity, it inherently lacks the
ability to discriminate between specific localized cellular
responses and bulk proteome-wide modifications. Bolus dosing
of RES is a common experimental approach in ABPP studies
that relies on externally applying excess RES to cells, tissues, or
organisms for a defined period, followed by downstream path-
way analysis.®® Although conceptually straightforward, this
method introduces several confounding variables, including
the potential for RES-induced membrane perturbation, genera-
tion of secondary reactive oxygen species (ROS), and wide-
spread macromolecular modifications. Moreover, as multiple
proteins are simultaneously modified under these conditions,
the direct correlation between RES modifications and pheno-
typic outcomes remains unclear. The inability to selectively
target a single protein under bulk treatment further compli-
cates mechanistic interpretation, as downstream signaling
effects are frequently not rescued by hypomorphic sensing
mutants. Additionally, many identified RES-sensitive pathways
exhibited hormetic responses, adding another layer of complex-
ity to data interpretation. Another critical issue with bolus
dosing is the potential overestimation of the reaction kinetics.
Many putative RES sensors identified under such conditions
exhibit significantly lower second-order reaction rates than
well-established key protein sensors in physiologically relevant,
RES-limited environments.®® This discrepancy raises concerns
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about the physiological relevance of protein hits obtained from
ABPP-based screening using bolus conditions.

To address these limitations, alternative approaches, such
as G-REX,”® Localis-REX,”* and T-REX’?> have been developed.
These techniques enable spatially and kinetically controlled
profiling of protein interactions and modifications across
multiple biological models, including cultured cells and whole
organisms, such as worms and fish.®® The REX approach
capitalizes on Halo proteins, which can be functionally
expressed in a highly specific manner at the cellular, tissue,
or organelle levels. After introducing bioinert, cell-permeable
REX probes and allowing for washout, these probes irreversibly
bind to Halo proteins with a precise 1:1 stoichiometry. Upon
exposure to light at predefined times, these bound probes rapidly
released electrophiles, typically within seconds (¢, < 1 min).
This release mechanism emulates the natural generation of
endogenous electrophiles, which are characterized by precise
spatial and temporal resolution. Owing to their transient nature
and limited availability, these electrophiles selectively engage with
nearby native electrophile-sensing proteins located close to the
Halo protein. However, it is important to note that REX technol-
ogies require genetic manipulation and are currently limited to
studying reactive electrophilic species (RES), which restricts their
scope. In contrast, ABPP is more broadly applicable across a wide
range of reactive residues and protein classes.

2.4. Glyco-activity profiling

Glycosylation is a major PTM that profoundly influences pro-
tein function, stability, and cellular localization. The ultimate
goal of glycosylation profiling is the system-wide identification
of glycan structures and their specific modification sites on
proteins. However, the heterogeneity of glycan structures poses
a major obstacle to traditional proteomic techniques. Although
the metabolic incorporation of azidosugars has substantially
advanced the identification of target proteins and modification
sites, monitoring glycosylation-related activities remains chal-
lenging. The enzymatic activities involved in glycosylation
include the addition and removal of carbohydrates, mediated
by glycosyltransferases and glycosidases, respectively. Most
glycosidases have a conserved two-step catalytic mechanism
mediated by both a nucleophilic residue and pair of acid/base
residues; thus, ring-constrained epoxide (cyclophellitol probes)
and aziridine (cyclophellitol aziridine probe) were incorporated
into a carbohydrate motif to monitor activities of glycocerebro-
sidase (GBA),”® galactosylceramidase (GALC),”* heparinase
(HPSE),”” and o-glucosidase.”®

Moreover, irreversible chemical probes for glycotransferases
have not been developed yet. Instead, a single glycotransferase
knockout model was used to monitor the system-wide glycosy-
lation patterns by global glycoproteomic analysis (Fig. 4a).”’
Nevertheless, glycosylation is a highly interdependent process;
thus, a single loss-of-function model could substantially alter
the overall glycosylation pattern. To selectively modulate the
activity of glycosyltransferases, a bump-and-whole approach
was applied to N-acetylgalactosaminyl transferases (GalNAc-
Ts) (Fig. 4b). Double mutants of GalNAc-Ts (T1: 1238A, L295A;
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T2:1253A, L310A; T10: 1266A, L321A) were designed to contain a
hole adjacent to the ligand-binding pocket, allowing the selec-
tive accommodation of a bulky UDP-GalNAc analog.”® This
method was effective not only for GalNAc-T1 and -T2, which
tend to use unglycosylated peptide substrates, but also for
GalNAc-T10, which prefers glycosylated substrates. This
approach was further applied in a live cell system, and chemo-
proteomic analysis revealed that the substrates of GalNAc
depend on their activity.”® Although still in the early stages,
such activity probes selective for a specific type of glycosyl-
transferase have the potential to provide a comprehensive map
of substrate-enzyme relationships, thereby deepening our
understanding of glycosylation events at the glycoproteomic
level. For a detailed discussion of glycoproteomic approaches
and opportunities for targeting O-GlcNAc, readers are encour-
aged to check recent reviews.?"®! Metabolic glycan labeling is a
powerful technique that allows the incorporation of unnatural
sugar analogs into cellular glycoproteins through the GalNAc
salvage pathway.®* %

O-GlcNAc-labeled peptides or proteins can be further func-
tionalized or conjugated through bio-orthogonal reactions,
such as copper-catalyzed azide-alkyne cycloaddition (CuAAC)
and strain-promoted azide-alkyne cycloaddition (SPAAC), facil-
itating the visualization, enrichment, quantification, and ana-
lysis of O-GlcNAc-mediated PPIs. Following the selective
enrichment of O-GlcNAc-modified proteins or peptides, quan-
titative proteomic approaches have been used for in-depth
characterization of O-GlcNAc modifications.

3. Interactome profiling

In addition to bioactivity assessed at the protein level, a
considerable proportion of biomolecular functionality depends
on interactions with other biomolecules. Interactions between
biomolecules encompass a range of complexities, from rela-
tively simple homomeric or heteromeric quaternary structure
formations to multi-protein assemblies, such as the complex
oxidative phosphorylation system in the mitochondria.®® In
which the molecular proximity of intact proteins plays a pivotal
role in various biochemical functions. Furthermore, in the
context of drug molecules, the interactions between a drug
and its on- and off-targets directly influence its bioactive
phenotypic outcomes and potential side effects.

Although most biomolecular function studies have focused
on functional changes based on altering the abundance of a
protein of interest (POI), molecular interactome profiling has
emerged as a promising approach. In this field, highly reactive
intermediates are generated in situ to capture spatiotemporal
interactions using catalytic reactions or by activating inert
probes through light or electricity, followed by enrichment
and chemoproteomic analyses.

3.1. Endogenous physiological interactions

In the reductionist approach, molecular interactions are typi-
cally studied in vitro using methods, such as isothermal
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glycoproteomic analysis. The glycosylation process involves complex multiple substrate—enzyme networks; therefore, the loss of a single glycotransfer-
ase considerably alters the glycosylation pattern. (b) Bump-and-hole approach for the selective activation of a single glycosyltransferase. Bumpy sugar

selectively incorporated into the mutant GalNAc-T substrate.

calorimetry or surface plasmon resonance, which measure the
binding between two purified molecules. In more physiologi-
cally relevant settings, interactions have been examined in cell
lysates using techniques, such as co-immunoprecipitation (Co-
IP)*® or in genetic screening systems, such as the yeast-two-
hybrid method, which can be applied to large-scale screening,
allowing for the broader discovery of new interactors.®” How-
ever, these approaches have limitations: Co-IP often fails to
capture weak or transient interactions, and the yeast two-hybrid
method is conducted in a heterologous expression system,
which may not fully recapitulate endogenous interactions. To
address these issues, alternative methods, such as the proxi-
mity ligation assay (PLA)®*® have been used to detect weak or
transient PPIs in their native cellular context using species-
orthogonal antibody pairs. Furthermore, protein complex ana-
lyses can be refined using blue native PAGE (BN-PAGE),* which
preserves protein interactions under non-denaturing condi-
tions and allows the isolation of intact complexes. BN-PAGE
can be followed by secondary separation techniques, such as
tricine-SDS-PAGE or isoelectric focusing, to resolve subunit
compositions. These electrophoretic methods provide addi-
tional insights into protein assembly without requiring prior
knowledge of the interacting partners. For in-cell visualization,
fluorescent-based strategies, such as Forster resonance energy
transfer (FRET) and protein complementation assays, such as
bimolecular fluorescent compartmentations (BiFC) or split-
luciferase, have been developed for use in live cells.’® This
involves expressing two recombinant POIs tagged with pairs of
fluorescent proteins, tailored for either FRET or BiFC. While
these techniques are commonly used to validate predefined
interactions and comprehensively profile protein interactions,
chemical proteomic approaches using covalent labeling strate-
gies have gained traction. This is crucial, given that many
biomolecular interactions have a dissociation constant in the
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range of tens to hundreds of micromolar’ and are easily
disrupted during conventional lysis or Co-IP procedures.

3.1.1. Photo-crosslinking unnatural amino acids and
sugars. To capture transient interactions, it is important to
establish a stable covalent linkage that captures a snapshot of
the direct interactions. While genetically encoded unnatural
amino acids (UAAs) containing electrophilic linkers can be
used for proximal labeling,”® photo-crosslinking has emerged
as the principal technique because of its exceptional temporal
control.”*”** Upon photo-irradiation, highly reactive intermedi-
ates are formed that indiscriminately engage with nearby
amino acid residues. The functional groups most commonly
used for this purpose are aryl azides, benzophenones, and
diazirines, which produce nitrenes, diradicals, and carbenes,
respectively. These UAAs embedded with photo-crosslinkers
have been developed as either phenylalanine or pyrrolysine
analogs,”®®” and have revealed numerous elusive PPIs, includ-
ing in vivo substrates of acid-protection chaperone®® and bind-
ing modes of ligands and G protein-coupled receptors
(GPCR).” One technical challenge is the complexity of identify-
ing the labeled peptides. Given the non-specific nature of
photocrosslinking, the sequence analysis of modified peptides
using MS is intricate. To minimize such complications, clea-
vable photoaffinity linkers were incorporated into UAAs using
selenium chemistry and the exact crosslinking sites were
identified."*%'

In addition to genetically introducing UAA in a site-specific
manner, the stochastic incorporation of photoaffinity amino
acids by endogenous translation machinery without using
amber suppression is feasible because of their structural simi-
larity to canonical amino acids. Photo-lysine and PTM-modified
photo-lysine probes were incorporated into proteins by cultur-
ing cells in photo-lysine-containing medium, demonstrating
that photo-lysine-based photoaffinity probes enable the

This journal is © The Royal Society of Chemistry 2025
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identification of protein-protein interactions mediated by
lysine post-translational modifications in vitro.'"”* A similar
approach was applied for the alkyne-functionalized methionine
surrogate, photo-ANA, in Salmonella typhimurium by expressing
mutant methionyl-transfer RNA synthetase, and host factors
playing roles during infections were revealed using photoaffi-
nity labeling.'®® As the bacterial proteins were solely incorpo-
rated into the photo-ANA, their interaction partners in the host
cell were distinguishable and identified using chemoproteomic
analysis. Glycan-mediated interactions are notably challenging
to characterize compared with the above PPIs because of their
weaker binding strength, sometimes in the micromolar to
millimolar Kp range. Furthermore, site-specific incorporation
of unnatural carbohydrates into glycans remains elusive
because it is not directed by genetic coding. Using metabolic
azido sugar labeling,'® which has shown effective labeling
from the cells'® to living mice,"®° the chemoproteomic analysis
of glycan interaction has been explored using bifunctional
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sugar analog containing photo-crosslinkers for sialic acids
(Acs-SiaDAz, 9AzSiaNAI, and 9AzSiaDAz),"”*°® mannosamine
(Ac;-ManNDAz),"” and N-acetylglucosamine (GlcNDAz).''**
Despite of the low-binding affinity, GlcNDAz captured direct
interaction between extracellular glycan binding proteins
(galectin-1 and cholera toxin subunit B) and cell-surface N-
linked glycoproteins'™' as well as O-GleNAc modified nucleo-
porins with nuclear transport factors.'’® However, recent stu-
dies have highlighted the importance of meticulous placement
of azido functional groups in azido sugar probes."** Therefore,
a thorough assessment of glycosylation processes for each
probe is imperative, ensuring specific metabolic labeling sub-
strates and thereby gaining a more nuanced understanding of
glycan-protein interactions.

3.1.2. Enzymatic tag. The idea of an enzymatic chemical
tagging strategy for revealing molecular interactions was based
on earlier research on selective protein labeling. Instead of
using a 238 amino acid-long fluorescent protein, Ting group
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Fig. 5 Development of proximity labeling techniques. (a) Early research on site-specific biotinylation: early studies involving site-specific biotinylation of
target protein laid the foundation for protein—protein interaction profiling through chemical tag conjugation. BirA can selectively biotinylate the substrate
acceptor peptide (AP) only in the presence of rapamycin that triggers FKBP—-FRB binding. (b) Genetic engineering BirA: wild type BirA transfer biotin into
the substrate peptide through producing biotin-AMP (bioAMP) in the active pocket. Additionally, mutant BirAR118G has low binding affinity for bioAMP;
thus, it releases from the active site pocket. Passive diffusion of bioAMP led biotinylation into the proximal proteins. (c) Peroxidase-based proximity-
labeling (PL) tag and reactive intermediate: ascorbate peroxidase generates a phenoxyl radical, which is a highly reactive intermediate. Owing to the high
reactivity, it only labels proteins within narrow proximity. (d) Workflow of proximity labeling in live cell: this schematic outlines the process of proximity
labeling for protein network analysis. A protein of interest can be cloned with PL tags and expressed in a live cell. After the labeling step, biotinylated
proteins are enriched and subjected to chemoproteomic analysis, which provides direct protein network information.
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explored the use of a compact chemical tag. This tag aims
to trace the location of target molecules similar to fluore-
scent proteins, using site-specific chemical modifications facili-
tated by enzymes, such as biotin ligase (BirA)'**''* and
transglutaminase.'’> These proof-of-concept studies showed
that a short substrate peptide displayed on the cell surface
was modified by excess enzymes mixed with the media. The
enzyme and substrate peptides must be adjacent to each other
to trigger enzymatic labeling; therefore, they subsequently
designed a PPI detection method using an enzyme/substrate
pair (Fig. 5a)."'° In their model system, FKBP (FK506 binding
protein) was fused to BirA, whereas FKBP-rapamycin-binding
protein (FRB) was fused to the substrate peptide. The substrate
was modified only when rapamycin was administered, trigger-
ing ternary complex formation through FKBP-rapamycin-FRB
interactions. Although this study demonstrates the potential of
the chemical tagging method for PPI studies, the interaction
partner must contain a substrate for BirA, which limits its
versatility in interactome discovery.

While investigating the enzymatic mechanism of BirA, the
Roux group envisaged a potential for tethering biotinylation
targets."'” BirA operates in a two-step process: the formation of
biotinoyl-5’-AMP (bioAMP) from biotin and ATP; and substrate
conjugation with activated bioAMP. A single amino acid muta-
tion to BirA, (BirA®''®“) has a weaker affinity for bioAMP than
the wild type."*®''® This reduced affinity leads to promiscuous
protein biotinylation because the bioAMP released from Bir-
ARM8G can spontaneously react with any neighboring primary
amine (Fig. 5b). They named the enzyme tag proximity-
dependent biotin identification (BioID) and coined the term
“proximity labeling (PL)” for this technology. BioID (35 kDa)
was further optimized to decrease its size and modulate the
biotinylation radius, and the Roux group successfully presented
an improved PL using a mutant biotin ligase of Aquifex aeolicus
(R40G) called BioID2."*° Since these reports, both BioIlD and

BioID2 have become invaluable tools for various PPI studies,
117 121

including nuclear lamina, " nuclear envelope protein, " cen-
trosome components,">>'>* cell junction complexes,'**"*?
cytoskeletal — structure,"””®  kinases,"*” "> E3  ubiquitin
ligases,"*® and mitochondrial protease ClpP."**

The Ting group also recognized the unique advantages of
genetically encoded enzyme tags for PL, using a distinct approach
based on their high-resolution electron microscopy (EM) imaging
studies."** Conventionally, 3,3'-diaminobenzidine (DAB) staining
is used to achieve clear EM image contrasts. This method relies on
the polymerization of 3,3’-diaminobenzidine, triggered by hydro-
gen peroxide and horseradish peroxidase (HRP). Oxidized DABs
are released from the HRP pocket, producing aggregate deposi-
tion in the vicinity. Observing HRP inefficiency in mammalian
living conditions, they engineered a 28 kDa monomeric ascorbate
peroxidase (APEX), which requires exogenous H,O, for the oxida-
tion of substrates. APEX oxidized the DAB as well as numerous
phenol derivatives of phenoxyl radicals that are highly reactive to
electron-rich amino acids with small crosslinking radius
(Fig. 5¢)."** Using the biotin-phenol probe as the APEX substrate
for PL, they were able to specify protein localizations (Fig. 5d),
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even distinguishing sub-organelle regions, such as matrix and
mitochondria intermembrane space.’** For enhanced sensitivity,
APEX was further investigated using FACS selection of 10° yeast
display libraries, leading to the discovery of APEX2, a variant
containing a single amino acid mutation (A134P)."** The superior
sensitivity of APEX2 elucidated intricate biological details, pin-
pointing the precise localization of Ca*"-binding protein
(MICU1),"*® revealing RNA granule trafficking machinery,"*® and
shedding light on transient interaction within the GPCR
pathway™” or between enzymes and their substrate.'**'*°

Both types of PL tags have distinct advantages and draw-
backs related to their labeling mechanisms. The strength of
APEX2 lies in its rapid labeling duration (approximately 1 min).
Furthermore, their reactivity can be tuned by altering their
chemical probe structure. However, BioID is favored because it
does not require an additional chemical probe (e.g., biotin-
phenol) and avoids the use of toxic cofactors (e.g., hydrogen
peroxide). Nonetheless, the labeling process is prolonged
(>18 h), and regulating the passive diffusion of the activated
ester form of biotin is challenging, leading to a broad labeling
radius. The Ting group attempted to enhance BioID by combin-
ing the benefits of both the tags. Through yeast display screen-
ing using 107 libraries and after 29 rounds of selection, they
found two random bioID mutants capable of 10 min PL in cells:
TurboID (35 kDa) and miniTurbo (28 kDa)."*° As TurboID
improved the labeling speed compared to that with APEX2,
both PL tags can be simultaneously applied in a single system
and report a source and destination compartment within the
cell using orthogonal enrichment handles.**" This technique,
termed transitID, revealed subcellular trafficking between the
cytosol-mitochondria, cytosol-nucleus, and cytosol-stress gran-
ules under oxidative stress. Recently, UltraID,"**
ler and faster biotin ligase, was developed to further enhance
the PL efficiency.

These PL tags were further enhanced using the protein
complementation method in BioID,"**'** TurboID,"** and
peroxidase-based systems.'*®'"” The split forms of PL tags
exhibit substantial spatial specificity based on a specific input,
such as RNA-protein interactions during microRNA-mediated
silencing pathways,'** organelle contacts,'*® transient orga-
nelle formations,'** and neuronal synapses.'*” In addition to
biotin ligase and peroxidase, research on PL techniques has
expanded to explore a diverse range of enzymatic reactions to
broaden their application scope. Ubiquitination is a common
PTM that involves the formation of covalent bonds at the lysine
residue of a substrate via ubiquitin activation. Inspired by the
high similarity between bioAMP-mediated proximal labeling
and activated ubiquitin substrate labeling in the spatially
restricted E3 ligase-binding mode, several approaches have
been developed to functionally mimic ubiquitination. The first
is the NEDDylator system,"*®'*° which performs the NEDDyla-
tion process using a chimeric protein that combines an
NEDDS-conjugating enzyme with a bait protein. NEDDS is a
stable and rare ubiquitin homolog; therefore, the NEDDS-
conjugating enzyme labels the interaction partner of the bait
using NEDDS8, which is particularly useful for identifying

an even smal-
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ubiquitin E3 ligase substrates. Another system is the PUP-IT
system.'®® Using the bacterial ubiquitin-like modifier Pup, a
Pup ligase was developed as a PL tag, with a distinction
between activated Pup that does not diffuse out of the enzyme.
Substrate labeling occurs in the pup ligase, PUP-IT has a more
restricted labeling radius and is used for membrane protein
interaction discovery for CD28, a receptor for T lymphocyte
activation. Notably, both NEDDylation and PUPylation attach
large domains to target proteins, which can influence signaling
pathways or protein functions independent of the intended
experimental design. All engineered variants, including point
mutants, should be assessed for potential disruptions to nor-
mal cellular functions, such as proliferation, signaling proper-
ties unrelated to the targeted process, canonical activity, and
structural integrity."*" These evaluations should be conducted
in relevant cell lines and, where necessary, further validated in
knockout lines reconstituted with the fusion POL. In vitro assays
provide valuable insights into protein folding and their activ-
ities. Beyond the ubiquitin analogs system, the transpeptidase
sortase A (SrtA) has been adapted for PL to capture cell-to-cell
interaction, especially between T and dendritic cells."** This
was achieved as SrtA transfers a “LPXTG”’ sequence motif into a
nearby N-terminal polyglycine, and was later further engi-
neered to target monoglycine since it is much more abundant
on the cell surface than polyglycine.'*?

3.1.3. Photocatalytic labeling. Apart from the efforts by
many research groups to engineer the natural enzymes for
desirable PL characteristics, the MacMillan group delved into
the catalysis mechanism that selectively activate the chemical
probe for high precision microenvironment mapping.'>*'°>
Although many photoaffinity tags have been extensively used
for PPI studies,'® considerable drawbacks exist: (i) the intricate
process of incorporating photo-crosslinking UAA into the POI,
(ii) a limited scope of PPI discovery due to the fixed orientation
of the UAA position, (iii) the absence of spatially selective
activations in complex biological environment, and (iv) the
reactive intermediates are simultaneously activated and easily
quenched by water, resulting in low-labeling yield overall. By
harnessing the Dexter energy transfer, which typically occurs
within 10 A, it was demonstrated that reactive intermediates
can be generated from inert, pre-reactive species (such as
diazirine,">*'* aryl-azide,"” '*® or phenol'®") through photo-
catalyst activation (Fig. 6a). The photocatalyst is first localized
to the desired target by conjugation with specific targeting
agents—including antibodies, recombinant viral proteins,
intact pathogens/phages, and small biologics (e.g., cytokines or
peptides).’®* The reactive probes exhibit limited diffusion,
ensuring that only proximal biomolecules are covalently tagged
with marked spatial precision for further isolation, identifi-
cation, and characterization (Fig. 6b). The key challenge lies in
designing a photocatalyst that can be activated at long wave-
lengths to facilitate energy transfer to the chemical probe, while
ensuring that the probe itself remains inert. This was achieve-
dusingcomputational analysis of metal photocatalysts (Ir, Sn,
and Os complexes)'>*>>138710 o1 3 natural photoreceptor, the
flavin cofactor.'®® This photocatalyst strategy (Fig. 6b) offers a
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notably higher spatiotemporal resolution than previously dis-
cussed enzyme-mediated diffusion methods based on the half-
life of reactive species. For instance, bioAMP has a lifetime of
approximately one minute (t;, ~ 1 min), the phenoxyl
radical lasts approximately 100 ms (¢;, ~ 100 ms), and the
carbene is fleeting, with a duration of merely one nanosecond
(i ~ 1 ns).'®® However, these values likely represent upper
estimates in cellular environments, where biomolecular crowd-
ing, diffusion constraints, and quenching effects can signifi-
cantly alter lifetimes. Although temporal control over labeling
reactions has improved, a fundamental challenge remains: the
precise delivery of photocatalysts to specific proteins or sub-
cellular locations. Beyond half-life considerations, the reactivity
of these species introduces biases in residue selectivity, which
may limit their applicability to unbiased proteomic profiling.
For instance, labeling occurs within a defined spatial region
dictated by the diffusion and stability of the reactive species,"®*
indicating that reactive probes may preferentially target acces-
sible residues rather than providing a comprehensive picture of
the interactome. Additionally, the temporal resolution of
photocatalysis must be contextualized. Although the lifetime
of a carbene is on the nanosecond scale, biological association
such as protein complex formation or enzymatic
catalysis, typically occur over microseconds to milliseconds,
raising questions about the effectiveness of such short-lived

events,
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intermediates in capturing meaningful biological interactions.
Furthermore, spatial resolution must be considered in the
context of biological structures.®® While small molecules may
diffuse tens of nanometers before reacting, protein complexes
often span tens of nanometers themselves, and cellular struc-
tures extend into the micrometer range. A reactive probe with a
labeling radius smaller than that of a signaling complex (e.g.,
<10 nm) may fail to capture functionally relevant interactions,
whereas excessive diffusion may reduce the specificity. As
observed in redox signaling pathways, the functional “sphere
of influence” of a reactive species depends on its diffusion
coefficient and half-life, where longer-lived or faster-moving
species can traverse greater distances, influencing a broader
subset of proteins.®’ This interplay between stability, reactivity,
and spatial reach remains an open question in chemical
proteomics, emphasizing the need for further methodological
refinement to ensure the precise mapping of functional activity
and protein interactions in living systems.

3.1.4. Locale-specific mapping. Traditional proximity
labeling technologies provide valuable insights into localized
protein interactions but are limited in assessing small-
molecule responsivity within specific cellular or tissue contexts.
Although proteome profiling techniques such as BONCAT offer
some advancements,'®® mapping the plasticity of chemical
reactivity as a function of location remains challenging. This
limitation is particularly evident in electrophile signaling,
which is highly dependent on cellular redox state, microenvir-
onment, and protein association. Understanding how proteins
selectively respond to reactive metabolites is crucial for eluci-
dating context-specific biochemical pathways, particularly in
disease-related settings. These insights can help identify rapid
response circuits and clarify the precise functions of proteins
within these pathways, including their roles in specific sub-
cellular compartments’* and cell types."®®

To address this gap, a recent study introduced organ-specific
localized reactivity-based profiling (0S-Localis-REX),'®” a
method that enables the direct mapping of electrophile-
responsive proteomes in live organisms. Using a photocaged
HNE probe, this approach enables the controlled release of
native electrophiles into specific tissues, enabling the identifi-
cation of proteins with privileged reactivity under physiological
conditions. Enrichment-based quantitative MS revealed that
more than 70% of the identified targets exhibited localized
responsiveness to electrophiles, independent of their tissue-
specific abundance. This finding challenges the conventional
assumption that locale-specific protein expression dictates the
electrophilic reactivity. A comparison with existing datasets,
such as tissue-specific single-cell RNA sequencing and PAXdb,
confirmed that the electrophile responsivity was not strictly
correlated with protein expression levels in the respective
tissues.”"'®” Additionally, OS-Localis-REX identified localized
protein targets that were undetectable using tissue-specific
biotinylation approaches, such as Ultra-ID, highlighting
its unique capability to capture context-specific chemical
actionability. Notably, OS-Localis-REX identified CYP-33E1, a
protein that displays gut-specific electrophile responsivity in
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Caenorhabditis elegans, despite being expressed in multiple
tissues. Functional analyses revealed that this localized
response plays a crucial role in gut-driven lipid homeostasis,
underscoring the potential of this method for identifying
proteins involved in local metabolic regulation.

Despite its strengths, OS-Localis-REX has certain limita-
tions. The approach is blind to total protein levels in specific
tissues, making it necessary to integrate complementary tech-
niques, such as OS-Ultra-ID, for a more comprehensive under-
standing. Moreover, because this method relies on a low-dose
electrophile release, it selectively identifies the most responsive
proteins, potentially missing lower-affinity interactors. Expand-
ing the methodology through modified REX protocols or the
inclusion of diverse photocaged electrophiles can enhance the
depth and sensitivity of these methods.

3.2. Exogenous bioactive drug-target interactions

Bioactive molecules are invaluable pharmaceutical sources. Dra-
matic advances in molecular diversity generation'®® and high-
throughput screening have led to the identification of many
bioactive molecules.'®® However, determining their functional tar-
gets remains a complex exdeavour.'”® Most bioactive compounds,
including the majority of FDA-approved drugs, interact with their
targets through non-covalent mechanisms—such as hydrogen
bonds, ionic interactions, and hydrophobic forces—which are
typically reversible and context-dependent. In contrast, covalent
drugs form irreversible bonds with nucleophilic residues and
require distinct profiling strategies. As we gather more detailed
information about molecular perturbation networks at the genomic
and proteomic levels, it is evident that the pharmacological effect of
a bioactive molecule does not always stem from its single highest-
affinity target."”" Instead, it is often influenced by its polypharma-
cological interactions. Regardless of whether bioactive compounds
emerge from phenotype- or target-based approaches, their mole-
cular interactions are not straightforward, particularly in complex
cellular environments."”? Given that the conventional affinity pull-
down method recovers only exceptionally high-affinity partners,
comprehensive mapping of non-covalent small-molecule interac-
tions is essential to fully understand their functions. Research in
this area predominantly involves two methodologies: labeling and
label-free target profiling.

3.2.1. Labeling for target profiling. Photoaffinity labeling is
a method for instantaneously attaching small molecules to
non-covalently bound target proteins, offering easy temporal
control and neutrality toward amino acids. Aryl-azide, benzo-
phenone, and diazirine, which have been previously used in PPI
studies, have also been widely applied for target identification
(Fig. 7a).°* However, a notable difference emerges when con-
sidering their size: most proteins are substantially larger
(>10 kDa) than bioactive small molecules (<1 kDa). Although
integrating photocrosslinkers into proteins does not typically
induce considerable structural changes, these photoaffinity
tags can be as large as the drug molecules themselves. There-
fore, target profiling results rely on the choice of photo-
crosslinkers.'”**”* Moreover, additional functionalization is
eventually required to enrich the crosslinked proteins, which

This journal is © The Royal Society of Chemistry 2025
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can lead to substantial structural modifications, potentially
diminishing bioactivity.

Although size remains a key consideration, it is not the only
factor influencing drug-protein interactions. Therefore, the
position of the tag and its potential for autoreactivity must be
carefully evaluated. Any modification, even minimal, may pro-
foundly affect the target engagement and selectivity. This is
exemplified by the comparison of ibufenac and ibuprofen, two
NSAIDs that differ only in their carboxyl groups. Despite their
structural similarity, ibufenac was withdrawn from the market
because of its hepatotoxicity,'” whereas ibuprofen remains one

This journal is © The Royal Society of Chemistry 2025

of the safest NSAIDs. Their acyl glucuronides exhibited only
minor differences in reactivity; however, their CoA thioesters
formed covalent adducts with proteins at significantly different
rates, with ibufenac-CoA displaying an order-of-magnitude
higher reactivity. This highlights the substantial biological
consequences of seemingly small modifications.

The concept of minimalist tags has emerged to mitigate
these challenges. This method was devised by integrating the
smallest photoaffinity group, alkyl diazirine, with simple bio-
orthogonal handles to facilitate subsequent visualization and
enrichment (Fig. 7a). Due to their small size, the minimalist tag
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can effectively elucidate the target protein profiles of the BET
inhibitor, JQ-1;*"%'"” the clinical diabetes medication, metfor-
min;’® and nonsteroidal anti-inflammatory drugs.'’® Notably,
all three studies showed both on- and off-target effects. For
example, the photoaffinity probe JQ-1 identified a novel off-
targetapurinic/apyrimidinic endodeoxyribonuclease-1. This
enzyme upregulates ROS levels upon JQ-1 binding, suggesting
a synergistic anticancer effect in addition to its bromodomain-
mediated epigenetic effect. The photoaffinity probe highlighted
the mechanism by which metformin activates AMPK signaling.
Upon binding to metformin, PEN2 forms a complex with
ATP6AP1, which triggers AMPK activation regardless of cellular
AMP levels. Despite the micromolar binding affinity between
PEN2 and metformin, photoaffinity labeling effectively revealed
this interaction. The use of photocatalysts is a unique photo-
labeling method (Fig. 7b).'*® Although the minimal tag cap-
tures the drug interactome, it exhibits a poor signal-to-noise
ratio because a single label is produced from each photoaffinity
molecule. In contrast, a drug molecule conjugated to a photo-
catalyst can generate multiple labels on targets in a spatially
restricted manner via Dexter energy transfer. Admittedly, the
large size of the photocatalyst may hinder drug-target interac-
tions. However, the evident signal amplification highlights its
potential for profiling the interactomes of various drugs,
including JQ-1, paclitaxel, and dasatinib.

In addition to photo-crosslinking and photocatalytic labeling
techniques, a small redox-active diazetidinone (DZE) was used to
form covalent bonds through an alternative activation method
(Fig. 7¢)."®' DZE can be easily produced from any carboxylic acid
as a precursor and efficiently converted to ketene upon nitrogen
extrusion using electrolysis. This electro-affinity labeling can
engage various nucleophilic residues in lysates and living cells.
To date, a series of drug interactions have been revealed using
ligands for BRD4, ABL, AURKA, and MEK1.

3.2.2. Label-free target profiling. For interactome labeling,
a bioactive molecule often requires a structure-activity relation-
ship study and chemical modification of the crosslinking
handles. However, this may not always be feasible, particularly
for compounds that are challenging to synthesize, such as
natural products. Taking advantage of MS techniques and
insights into protein stability, label-free approaches for small-
molecule interactome profiling have been developed based on
the thermal stability of proteins, proteolysis resistance of
proteins upon ligand-binding stabilization, and differential
oxidation of methionine depending on surface exposure.

Thermal proteome profiling (TPP) was used to evaluate
alterations in the thermal stability of individual proteins upon
ligand-binding at the proteomic level. Upon exposure to ther-
mal stress, proteins unfold, and their hydrophobic domains are
exposed. However, ligand-binding events alter this unfolding
behavior, often stabilizing the protein owing to the binding
energy of the interactions. TPP is particularly effective for high-
affinity binders with sufficiently low dissociation constants (Kg)
that induce measurable shifts in protein stability. While these
stability shifts correlate with ligand affinity under saturated
conditions, the ranking of binding affinities among multiple
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targets requires complementary approaches, such as isother-
mal dose-response (ITDR) profiling."®* ITDR refines affinity
assessments by monitoring ligand-induced shifts at defined
temperatures over a range of concentrations, enabling a finer
resolution of binding interactions. Beyond affinity considera-
tions, additional factors influence thermal stability shifts,
including competitive binding events and disruption of PPIs,
which can confound the TPP analyses. Using the superior
resolution and rapid scanning capabilities of contemporary
MS techniques, the simultaneous quantitation of more than
10 samples is achievable, streamlining the comparative assess-
ment of protein thermal stabilities. TPP has expanded our
understanding of the interactome of drugs for the pan-
specificity of staurosporine,'®® on- and off-target profiling of
cancer drugs,'®® and the stereoselectivity of (S)-crizotinib for
MTH]1 as a novel anticancer strategy.'®* Although TPP offers an
insightful target profile at the proteomic level, a subset of
proteins that is either elusive or not quantifiable exists, deli-
neating the current boundaries of the technique. The stability
of proteins from rates of oxidation (SPROX) offers insights into
protein-ligand interactions via oxidation of the methionine
side chain.'® In particular, SPROX employs a denaturant
influence on the oxidation rates of shielded methionine within
proteins to calculate thermodynamic parameters, such as the
folding free energy of the protein and the associated Ky values.
Although SPROX has primarily been applied to cell lysates for
small-molecule drugs'®® or ubiquitous enzyme cofactors
(NAD"),"® it can quantitatively measure the protein-ligand
binding affinity. The last labelfree target profiling method is
drug affinity responsive target stability (DARTS).'®® DARTS evalu-
ates the resistance of a target to proteolysis, which increases upon
ligand binding, because proteins often become more stabilized by
drug binding. This method was initially demonstrated through
the stabilization of mTOR and EF-1a upon treatment with rapa-
mycin and didemnin B, respectively. DARTS has been applied to
cell extracts and specific target proteins, such as alanine-serine-
cysteine transporter 2 (ASCT2)'*® and NOD-like receptor family
pyrin domain-containing protein 3 (NLRP3),"*® which demon-
strated its versatility. However, DARTS relies on antibody-based
monitoring of specific targets rather than MS-based proteomic
profiling; its scope is limited, and does not offer a full proteomic-
level analysis of off-targets. The intrinsic nature of bottom-up
proteomic analysis, which involves piecing the detected peptide
fragments together to infer proteins, complicates the straightfor-
ward integration of DARTS into conventional proteomics. One
potential approach involves coupling 1D PAGE-like separation
based on protein size with MS proteomics. This confirms the
proteome-wide proteolytic resistance induced by drugs, as pre-
viously demonstrated by the PROTOMAP application.™""** Never-
theless, these technological adaptations are still underdeveloped.

4. Conclusions and perspectives

The future of chemical proteomics is expected to advance
substantially owing to its ability to bridge the gaps often
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overlooked in traditional proteomics and biochemistry. Recent
advancements in MS techniques have expanded the scope of
proteomics; however, they often fail to detect the so-called ‘dark
proteome’*®® and provide nuanced data on functional activity
and molecular interactions. Chemoproteomics has addressed
some of these gaps using chemical biological methods
and tools.

Proteomics experiments generate numerous candidate pro-
teins that require rigorous validation to ensure their biological
relevance. Ideally, some findings align with the existing litera-
ture, whereas novel candidates require further scrutiny. Selec-
tion criteria used for hit selection include confidence levels,
pathway associations, and homology with known interactors.
Although fold-change-based enrichment methods can be
ambiguous and potential confounding factors must be consid-
ered, absolute occupancy techniques, such as ABPP, offer
clearer insights. Ultimately, the goal is to link proteomic data
to phenotypic outcomes to elucidate protein function or
uncover mechanistic insights. Validation should be performed
under biologically relevant conditions to reduce artifacts asso-
ciated with in vitro systems or protein overexpression. Genetic
perturbation models, including knockdowns and knockouts,
provide strong evidence for functional roles. To validate PPIs,
Co-IP remains a standard approach, though its success
depends on antibody specificity and interaction stability post-
lysis. Alternative approaches, such as PLAs and crosslinking
techniques, enhance detection sensitivity. Point mutants and
subcellular localization studies can further refine the mecha-
nistic insights into protein function. Reagent validation is also
essential. Antibody specificity should be confirmed using
knockout or knockdown models with appropriate controls for
imaging, western blotting, and immunoprecipitation. Ectopic
protein fusion (e.g.,, APEX2, BioID, and REX technologies)
should be assessed for functional perturbations. Given that
commonly used cell lines may harbor genomic alterations,
sequencing key genes or using multiple models may enhance
reliability. For a comprehensive discussion of these validation
strategies, including pitfalls and case studies, please refer to
the relevant literature review.'>"

This review will serve as an ideal introduction to the topic of
chemical proteomics for members of the chemical community,
spark the interest of chemists from various fields to combine
their expertise with new knowledge, and encourage them to
contribute to the development of this relatively new field of
research. Chemical proteomics has substantial implications in
organic, inorganic, and medicinal chemistry. It is a great plat-
form for chemists to showcase their creativity by developing
new chemistries for covalent bond formation and improving
the efficacy and performance of existing chemical warheads.
Recent examples include halogenated enamine N-oxides, which
can be reduced bio-orthogonally using diboron reagents to
generate highly electrophilic o,B-unsaturated haloiminium ions
that label a range of amino acid residues in proteins.'®* This
approach enables a deeper understanding of the metallopro-
teome and the interactions of metal-based drugs, such as
platinum-, rhenium-, and bismuth-containing drugs, for cancer
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and bacterial infection treatment.*®>™*%7

Moreover, chemical
proteomics is integral to inhibitor design, allowing early selec-
tive profiling of newly synthesized inhibitor candidates. Speci-
fically, it is essential to identify and validate new therapeutic
targets,'®® and accelerate drug development by guiding the
interactions of small molecules with disease-relevant proteins
to impact human health.

Highly selective and promising chemical probes have
unique practical applications for activity profiling. Further
research is required to fine-tune the selectivity of these probes
in both directions, allowing them to interact with a broader
range of canonical amino acid residues. Moreover, there is a
persistent need for enhanced spatiotemporal control of these
probes to study biological systems practically. The targetable
reactive electrophile and oxidant strategy is one example,®®
demonstrating the potential of chemical probes for spatiotem-
poral control. Although exposure to specific wavelengths of
light is the primary method of temporal control, pursuing
alternative activation triggers may be worthwhile.

The scope of interactome profiling has expanded from
studying PPIs in vitro to exploring interactions within subcel-
lular organelles and cell-to-cell interactions. Numerous enzy-
matic and chemical catalysts have been exploited for the
instant generation of reactive intermediates; however, multi-
plexing options remain limited. Given the intricate nature of
biological signaling pathways, capturing interactome changes
across multiple time points is essential. We foresee the devel-
opment of next-generation methods that are specifically
designed to monitor dynamic shifts in interactome profiles.
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