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Activity-based protein profiling (ABPP) is a powerful method to investigate protein function, identify
protein targets and determine the mechanisms-of-action of chemical probes as well as small molecule
drugs. Our perspective provides an overview of the design of covalent cysteine-targeted activity-based
probes (ABPs) that rely on reactive elements (‘chemotypes’ or ‘warheads’) as well as functional handles
and describes their use in mass spectrometry-based chemoproteomics analysis. These segments are fol-
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lowed by strategies for the development of advanced ABPs that are employed in live cells for chemopro-
teomics analyses and to install post-translational modifications. Our discussion extends to their potential,
limitations and opportunities, followed by perspectives on advancing the reach of ABPP and its impli-
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Introduction
Activity-based protein profiling (ABPP)

In the ongoing quest to identify highly specific drugs that
target disease-related isoforms and post-translational states of
proteins, advanced technologies are developed as key drivers
to gain an in-depth understanding of disease mechanisms. In
this context, understanding protein localization and function
is an essential foundation to enable combating many human
illnesses including cancer." While proteomic methods such as
shotgun liquid chromatography (LC)-mass spectrometry (MS)
platforms, protein microarrays and yeast two-hybrid screenings
have amplified the understanding of in vitro protein functions,
interactions and expression patterns, they are still limited in
addressing proteins in their diverse, native states.>® Due to
the pioneering development of the chemoproteomic techno-
logy ABPP (Fig. 1), enzyme functions derived from chemical
reactivity can be analyzed within complex biological
systems.””® By using covalently binding small molecules,
referred to as activity-based probes (ABPs), it is possible to
determine enzyme activity, identify ligandable sites on pro-
teins and uncover the mechanism-of-action of drugs.” These
probes have been developed to target a fraction of the pro-
teome, ranging from a few to thousands of proteins with
shared reactivity and/or catalytic features, which, depending

“Department of Pharmacy, Ludwig-Maximilians-Universitit Miinchen, Butenandtstr.
5-13, 81377 Munich, Germany. E-mail: david.konrad@cup.Imu.de

bDepartment of Pharmaceutical Sciences, Universitiit Wien, Josef-Holaubek-Platz 2,
1090 Vienna, Austria. E-mail: david. benjamin. konrad@univie.ac.at

“Vienna Doctoral School of Pharmaceutical, Nutritional and Sport Sciences
(PhaNuSpo), Universitit Wien, Josef-Holaubek-Platz 2, 1090 Vienna, Austria

10262 | Org. Biomol. Chem., 2025, 23, 10262-10275

cations for the pharmaceutical industry.

on their properties, can be employed in cell lysates or in the
native proteome within live cells.’® To analyze the interactions
between ABPs and proteins, the most commonly used
methods include gel-based visualization techniques like
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and MS.

Cysteine as a target of ABPs

A large fraction of the available ABPs engage cysteine residues.
Cysteine is unique among the 20 proteogenic amino acids due to
its elevated nucleophilicity and redox activity, which form the
foundation for its highly conserved tasks within several classes of
proteins.'™"> The high nucleophilicity of the thiol side chain
stems from the large radius of the sulfur atom, which enables a
better stabilization of negative charges compared to, for instance,
the smaller oxygen. This feature imparts cysteine with a pKy <
8.2, which 1is influenced by the surrounding protein
microenvironment.”>™® Characteristics that can enhance the
ionization of thiols include proximal positively charged amino
acids, hydrogen bonding and a localization at the N-terminal
end of an o-helix.'® Cysteines with a low pK, that facilitates their
ionization to the highly nucleophilic thiolate anion at physiologi-
cal pH are referred to as “hyper-reactive”."*'” Although cysteine
has a low overall abundance in the proteome, it is present in
97% of all human proteins which, combined with its high
nucleophilicity, makes it an ideal target for certain electrophiles
and thus the development of covalent chemical probes.'®
Depending on its location within a protein, the function of a
cysteine can range from a nucleophile in enzyme active sites to
stabilizing secondary/tertiary protein structures by forming di-
sulfide bonds or having a regulatory function as a redox-active
anchor for post-translational modifications (PTMs). As regulatory

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic depiction of a classical ABPP workflow: First, cells or cell lysates are treated with an ABP. Next, the identification of the proteins is
pursued through e.g. in-gel fluorescence using SDS-PAGE or enrichment of the probe-labelled proteins using an appropriate tag followed by MS

analysis.

sites, they are involved in relaying signals into biological
responses through their site-specific chemical modification.'
The thiol (SH) residue on cysteine works as e.g. a sensor for
redox signaling processes due to the ability of the sulfur atom to
assume a wide variety of oxidation states.'® These oxidative PTMs
(oxPTMs) include sulfenic acid (-SOH), sulfinic acid (-SO,H), sul-
fenyl amide (-SNH,), S-nitrosothiol (-SNO) and disulfide (-S-S-).
The large number of redox-active proteins and the wide array of
modifications which function as modulators in the interaction
profiles, subcellular localization and signaling events highlight
the importance of cysteine as a regulatory site and the impact of
oxPTMs, which are comparable in their reach to phosphoryl-
ation.'® Uncovering the functions of a specific cysteine residue
within the proteome, however, remains a challenge with conven-
tional methods. Harnessing ABPP in combination with tailored
ABPs mitigates this challenge by allowing investigating e.g. the
reactivity of a cysteine,"” its potential as an anchor for covalent
small molecules® and its ability to host oxPTMs.>"

Activity-based probes
Activity-based probe design

In a typical ABPP experiment, cells or cell lysates are incubated
with an ABP which covalently labels a certain amino acid on
specific proteins, such as a subset of enzymes (Fig. 1).*?
Classical ABPs contain three elements: (1) a reactive group that
covalently binds to the target protein(s), a so-called chemotype
or warhead; (2) a spacer/linker or ligand structure. The latter is
used to non-covalently guide the ABP to specific active sites or
binding pockets; and (3) a functional handle suitable for e.g
bioorthogonal modification, visualization or enrichment of the
labelled proteins.® Several analytical platforms can be employed
by using suitable tags, typically involving fluorophore handles in
combination with SDS-PAGE or (desthio)biotin for protein
enrichment coupled to MS methods. Thereby, a global view of
the interaction of the ABP with the proteome is obtained.

This journal is © The Royal Society of Chemistry 2025

Warhead reactivity

Since the inception of the concept in 1999, numerous different
probes for ABPP experiments were developed.”® In general, the
ABPs are designed to follow classical medicinal chemistry
requirements related to size, solubility in aqueous systems and
stability in a native protein environment.>* The chemotype,
however, plays the leading role to ensure an effective modifi-
cation of the desired protein subset. By optimizing the specific
reactivity of warheads, the coverage can be enhanced and cross-
reactivities minimalized. Using probes which are too reactive
can lead to the labelling of undesired residues which lie outside
the scope of the envisioned application.”>*® Consequently, if the
chemotype reactivity is too low, a fraction of the desired protein
sites may not be engaged which decreases the coverage of the
ABP. Commonly used chemical probes are based on reactive
groups that are found in e.g. mechanism-based inhibitors,>”*®
natural products,”?° classical electrophiles*'* and prodrugs®*
(for selected examples see 1-5, Fig. 2A).

ABPs, in general, can be divided into non-directed and
directed variants.>> The latter are either directed by a ligand
structure®® or a specific reactivity of a chemotype, which can be
subdivided into the following: (1) a chemotype that targets a
mechanistically related family of enzymes. Here, in-depth knowl-
edge about the structure, mechanism and affinity of the proteins
is essential.’® These chemotype-directed ABPs are based on a
warhead that engages the well-defined reactivity of an enzyme
active site, such as the labelling of serine hydrolases with fluoro-
phosphonates;*® (2) a chemotype that is highly reactive but selec-
tively targets a specific amino acid side chain such as iodoaceta-
mide alkyne (IAA, 6)'” and bromomethyl ketone (BK, 7)*”
(Fig. 2B);*® and (3) ligand-directed ABPs such as covalent inhibi-
tors, that harbor a low-reactivity chemotype which requires the
ligand structure to bind to a proximal protein binding pocket to
engage the target amino acid.*® Ibrutinib (8),"® for instance,
hosts an acrylamide while nirmatrelvir'’ (9) hosts a nitrile
(Fig. 2C).*> In contrast, non-directed ABPs often incorporate
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Fig. 2 (A) Selected examples of covalent chemical probes based on a mechanism-based inhibitor (1), classical electrophile (2), enzyme-activated

prodrug (4) and natural products (3 and 5). (B) Examples of high-reactivity
low-reactivity warheads targeting cysteine.

higher-reactivity electrophilic, nucleophilic or photoreactive che-
motypes which can bind to a broader set of proteins.** Their
design requires no knowledge about the protein, which is often
used to extend ABPP methods.**

Functional handles and bioorthogonal labelling

In addition to the chemotype, the functional handle is subject to
consistent optimizations. To avoid non-specific labelling due to
the size and structure of a fluorophore or enrichment tag and
thereby ensure broad applicability of the probe, most ABPs
contain a bioorthogonally reacting functional group as a ‘click-

warheads that target cysteine. (C) Examples of chemical probes that host

able’ handle. Using alkyne or azide residues allows the specific
coupling with a complementary reaction partner via a copper()-
catalyzed azide-alkyne [3 + 2] cycloaddition (CuAAC) (Fig. 3A) to
install the desired tag on the probe-labelled protein.*” Recent
studies have uncovered that the amount of the reducing agent
tris(2-carboxyethyl)phosphine (TCEP) used in the CUAAC reaction
is important to avoid a three-component copper(i)-catalyzed
azide-alkyne-thiol background reaction that decreases the cover-
age in chemical proteomics studies.>® Copper-free variants were
developed to avoid the toxicity of metals in living cells, such as
the strain-promoted azide-alkyne [3 + 2] cycloaddition (SPAAC)
(Fig. 3B).>**° Moreover, alternative ‘click’ reactions, such as the
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Fig. 3 Reaction mechanisms for the (A) CuAAC; (B) SPAAC; (C) Staudinger
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ligation; and (D) tetrazine ligation.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ob00905g

Open Access Article. Published on 24 October 2025. Downloaded on 2/12/2026 5:20:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

Staudinger ligation (Fig. 3C) or the tetrazine ligation, which is
based on an inverse electron-demand Diels-Alder reaction
(Fig. 3D), were developed for the bioorthogonal coupling of func-
tional tags.”’** Common examples of ‘clickable’ tags are tetra-
methylrhodamine (TAMRA) azide for a visualization via
SDS-PAGE** or biotin/desthiobiotin (DTB)-based azides for an
enrichment in chemoproteomics workflows.**

Mass spectrometry-based
chemoproteomics analysis
Bifunctional enrichment tags

The introduction of bioorthogonal chemistry into ABPP
experiments®*® has provided the opportunity to harness
advanced tags with multiple features. One example is bifunctional
molecules which harbor a proteolytic cleavage site along with an
enrichment handle that are employed for so-called tandem
orthogonal proteolysis (TOP)-ABPP experiments.***”*®  This
method relies on tags that contain a biotin handle for streptavidin
pulldown experiments connected via a tobacco etch virus (TEV)
protease cleavage site to a bioorthogonally reacting azide group,
which can be ‘clicked’ onto ABP-labelled proteins. After the
enrichment of proteins and a protein digestion with e.g. trypsin,
the tag can be cleaved using TEV protease to specifically elute the
labelled peptides from the streptavidin beads. This approach
allows the determination of exact modification sites on the tagged
proteins using MS analysis. TOP-ABPP furthermore enables pro-
teome-wide analysis of amino acid specificity of electrophilic com-
pounds and, thereby, uncovering the selectivity of haloaceta-
mides, such as IAA (6, Fig. 2), towards cysteine side chains.*®

Isotopically labelled enrichment tags

Further developments of the methodology harnessed isotopi-
cally labelled enrichment tags. These tags enable the splitting
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of a sample proteome into two channels (Fig. 4). The channels
can be differentially treated with e.g. two concentrations of an
ABP (see section “Reactivity profiling”), two treatment times or
complementary treatment regimens such as a covalent inhibi-
tor along with DMSO as a control (see section “Ligandability
profiling”). As part of the workflow, the two channels are even-
tually recombined into one sample after appending the light
and heavy tags, respectively, onto the probe-labelled proteins/
peptides and analyzed by mass spectrometry (LC-MS/MS). The
different masses that stem from the isotopic labels allow deter-
minating the fraction of peptides that originate from each
channel during MS analysis which enables a direct, quantitat-
ive comparison. As such, the isotopically labelled TEV-cleava-
ble enrichment tag (TEV tag, 10) (Fig. 5) enables a multiplexed
MS-based analysis referred to as isotopic TOP (isoTOP)-ABPP
(Fig. 4)'17,20,49

This method was improved by using isotopically labelled
DTB azide (isoDTB, 11) tags (Fig. 5).°*" The isoDTB tags have
the advantage that they can be eluted from streptavidin beads
via specific solvent mixtures and do not require a proteolytic
step, which shortens the chemoproteomics workflow. Due to
their lower chemical complexity, they are straightforward to
synthesize and have recently been commercialized which pro-
vides access to a broader spectrum of researchers.

Reactivity profiling

A combination of the isoTOP-ABPP method and the chemical
probe IAA (6) is used to quantitatively determine the reactivity of
functional cysteines within the proteome. IAA is one of the most
commonly used high-reactivity cysteine-selective ABPs that pro-
vides the ability to determine the inherent nucleophilicity of the
thiol side chain on target amino acids, which is imparted by the
local protein microenvironment. These reactivity profiling experi-
ments are performed by subjecting cell lysates to high (e.g,
100 pM) and low (e.g, 10 pM) concentrations of IAA."” The
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Fig. 4 Schematic depiction of an isoTOP—ABPP workflow: Labelling of a proteome with two sets of conditions, followed by appending a heavy or
light isoDTB tag, respectively. After combination, enrichment, and digestion steps, LC-MS/MS analysis allows the identification of the exact modifi-

cation sites for the ABP.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Chemical structures of isotopically labelled TEV and isoDTB tags.

TEV tag (10)

differently treated proteomes (‘channels’) are labelled with heavy
or light TEV tags, respectively, which allows their combination
into one sample and their parallel analysis by LC-MS/MS. A
cysteine residue is considered highly reactive (‘hyper-reactive’) if
it is labelled to a similar extent by a low concentration of the
probe compared to a high concentration. Profiling the reactivity
of cysteines by using IAA aids the deduction of their functions.
Cysteines with high reactivity typically correspond to active site
nucleophiles, regulatory and redox-active sites as well as binders
of metal ligands, whereas low reactivity is associated with e.g.
structural disulfide-forming residues. It was furthermore demon-
strated that the reactivity of cysteines in differently treated pro-
teomes can result from changes in the PTM state of a protein. A
comparison between asynchronous HelLa cells and HeLa cells
that were synchronized in early mitosis, which is characterized
by a high stoichiometry in protein phosphorylation, showed
bidirectional changes in cysteine reactivity often occurring in
proximity to serine/threonine phosphorylation sites.”” In this
regard, it is reasonable to assume that the reactivity of a cysteine
is changed in case (1) it is the site of modification; (2) the PTM
is installed in proximity; or (3) a distant modification leads to an
altered conformation - all of which affect the cysteine microenvi-
ronment (Fig. 6).

Ligandability profiling

A more advanced variant of ABPP, often used in early drug dis-
covery, includes competition experiments.>*”* This method,
named ligandability profiling, can be used for screening ligand-
able sites and for the identification of binding pockets of small
molecules in the native cellular environment. In a competitive
ABPP experiment, cells are pretreated with a covalent small
molecule that binds irreversibly to proteins (Fig. 7), which is fol-
lowed by cell lysis and incubation with a broadly reactive ABP.>®
Consequently, only proteins which were not modified by the
small molecule ligand are labelled with the probe. The analytical
tag will be exclusively conjugated to the ABP-protein adducts. By
comparing two channels, with and without pretreatment, the
binding site along with the extent of protein labelling by the
covalent small molecule can be determined. Competitive ABPP
has been used to map ligandable cysteines and identify novel

10266 | Org. Biomol. Chem., 2025, 23, 10262-10275
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Fig. 6 Schematic depiction of the underlying mechanisms that
influence the cysteine reactivity in response to altered PTM states.

small molecule modulators both in bacteria®® and in human
cells.”®” The competitors that were employed in these experi-
ments range from ABPs with highly reactive warheads, such as
IAA (6),”° which direct towards more reactive cysteines, to ABPs
with low-reactivity warheads combined with promiscuous ligand
structures, such as scout fragments®® or broadly kinase domain-
targeted ligands like X0O44.*

Activity-based protein profiling in live
cells
Disadvantages of conventional workflows

As described above, ABPP is a powerful chemoproteomics
technology that aids in uncovering the function of specific

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Simplified schematic depication of a competitive ABPP workflow: Labelling with a covalently binding small molecule ligand followed by lab-

elling with a ‘clickable’ ABP. Identification of the small molecule-labelled sites by a decrease in ABP labelling compared to a control channe!

cysteine residues, drug development and PTM-based protein
states. The conventional workflows, however, necessitate incu-
bating cell lysates with ABPs which does not allow retaining
the native cellular environment of proteins. This may lead to
changes in the protein states and interaction networks which
are, for instance, dependent on oxPTMs on cysteine that are
installed based on proximal redox signaling pockets and other
intracellular microenvironments which perturb the investi-
gated protein activity and reactivity.>>*® To overcome this
issue, it has been demonstrated that IAA-based probes can be
used in intact bacteria to assess redox-modified cysteines.®'
However, directly applying reactive IAA (6) derivatives to intact
cells is not particularly feasible for applications that rely on
subtle changes in cysteine reactivity, such as reactivity profiling
in e.g. human cells, since a concentration gradient of the
added ABP is established that spans from the plasma mem-
brane to the intracellular compartments through a gradual
permeation of the compound through the cell. This feature

Photocaged ABP

-8

'..55

will perturb reactivity measurements in favor of proteins that
reside in ‘probe hotspots’, i.e., microenvironments where the
probe can establish its application concentration at a faster
pace compared to other intracellular structures during the
dilution process. This is compounded by the high toxicity of
the probe, which may lead to adapted signaling cascades that
originate from probe hotspots and influence the native cellular
function during ABP distribution, which hinders recording
meaningful changes in protein engagement.®”

Photoactivatable ABPs

To circumvent these difficulties, a photocaged haloketone
chemical probe was developed which remains inactive unless
it is irradiated with light (Fig. 8).>”°> This allows incubation of
the cells with the compound before activating the cysteine-
reactive chemotype through an external stimulus, which pre-
vents the formation of a concentration gradient and facilitates
temporal control over covalent binding. Remarkably, a combi-
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Fig. 8 Simplified schematic depiction of an ABPP workflow in living cells with a photoactivatable ABP: Incubation of the cells with non-reactive

ABP followed by photouncaging of the reactive chemotype.
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nation of AlphaFold2-predicted side chain accessibility with a
meta-analysis of cysteine profiling datasets described that live-
cell labelling with caged-a-bromomethyl ketone (caged BK, 12)
has a bias for exposed residues, while haloketone or haloa-
mide-based probes, such as BK (7), in lysates show an
increased bias against buried cysteine residues.®® This data
suggests drastic changes in cysteine reactivity attributable to
the native labelling in cellular environments. A drawback of
the presented approach, however, is the need to use UV light
to activate the warhead reactivity, which is toxic to cells and
might perturb labelling profiles.

Harnessing advanced ABPs in live
cells: protein-specific installation of
PTMs

Combining genetic engineering with chemical reactivity

To facilitate the precise labelling of specific proteins in live
cells with alkynylated analogues of PTMs, the vinyl aldehyde
warhead of the covalent chemical probe 4-hydroxynonenal
(HNE)-alkyne (13) was caged with a light-responsive anthraqui-
none residue through an ether linkage (Fig. 9A).°" This photo-
activatable residue hosted a terminal alkyl chloride group, a
warhead that specifically labels HaloTags. The HaloTag is a
self-labelling protein tag that can be linked to a protein-of-
interest (POI) through genetic engineering, thereby allowing
protein-specific labelling with ABPs. This approach was
demonstrated for e.g. Keapl and PTEN. Here, cells are incu-
bated with the chemical probe PreHNE-alkyne (HtPHA, 14),
which can be specifically activated with UV light (365 nm) to
release the electrophilic probe in stoichiometric amounts with
regard to the POL®®® This enables the spatiotemporal control
of protein labelling and minimizes off-target engagement due
to a proximal release mechanism. Therefore, it is a powerful
tool to investigate the consequences of specific and time-
dependent signaling events in living cells.”” The downside of
this platform are the fact that it relies on genetic engineering
of the POI, which might perturb its protein interaction net-
works and localization within live cells, and the use of UV
light which is toxic to cells.

Inhibitor-directed cargo release

One approach for circumventing these limitations harnessed
methacrylamide warheads that provide the ability to release a

View Article Online
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cargo upon binding to a cysteine.®® This chemotype was
installed on the Bruton’s tyrosine kinase (BTK) inhibitor ibru-
tinib (8) in place of the acrylamide and the O*-protected di-
azeniumdiolate (NONOate) was appended as a leaving group
to the a-methyl moiety which yielded TSNO1 (15) (Fig. 9B).%°
NONOates offer a controllable NO-release capability and the
binding of the TSNO1 construct to C481 of BTK triggered
S-nitrosation at Cys527. Harnessing this approach enhanced
phosphorylation inhibition at Y551 compared to ibrutinib and
thus the effect of covalent inhibition. This strategy was
extended to FGFR4 and HER2.

Addressing the limitations of advanced
ABPs

Our discussion highlighted the potential, limitations and
opportunities of contemporary approaches along with the
design of advanced ABPs that can be employed in live cells.
The latter harnessed the use of photoactivatable chemical
probes which allowed performing reactivity profiling in the
native proteome. However, a drawback of the presented
approaches is the need to use UV light to activate the warhead
reactivity, which is toxic to cells and might perturb labelling
profiles and/or cellular responses. To advance this technology,
the use of visible light-responsive photocages would enable
avoiding the use of hazardous UV irradiation to retain native
biological functions during the labelling process.

Subcellular microenvironment profiling

A conceivable advancement in ABP development would entail
extending their reach in chemoproteomics analysis from
whole live cells to focused labelling events within certain
protein microenvironments. In cells, proteins are localized in
defined subcellular environments and compartments.”® These
microenvironments are essential for protein signaling and
function.”® Thus, determining the protein composition within
compartments and microenvironments could offer fundamen-
tal biological insights, which could play a critical role in the
development of therapeutics.”” The combination of ABPs and
protecting groups that mask the warhead reactivity and can be
removed in response to certain stimuli provides an intriguing
foundation for this approach. To date, the spatiotemporal sub-
cellular mapping is often controlled by irradiation with light.”®
To increase the selectivity of compartment-specific ABP label-

A OH HaloTag B
= cl HNE-alkyne (13)
HtPHA (14)
HO

o O i K/\/\ 365 nm N

COoY ™"
0 CHO
[0}
Fig. 9 (A) Photouncaging reaction of HtPHA (14) to HNE-alkyne (13). (B) Reaction of TSNO1 (15) with C481 of BTK.
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ling, for instance, functional groups could be implemented
which dictate the transport to specific organelles, such as the
use of triphenylphosphonium species to localize compounds
to mitochondria, on the photocage.”* In addition, protecting
groups could be installed to temporarily neutralize the
warhead reactivity which are, in turn, removed by second mes-
sengers. With this strategy, the ABPs stay inactive unless trig-
gered by a desired stimulus (Fig. 10). This approach could aid
in uncovering the protein microenvironments that these sig-
naling molecules are released into. An example of a second
messenger is hydrogen peroxide, which belongs to the class of
reactive oxygen species (ROS) that propagate redox signals via
the installation of oxPTMs on cysteine residues and plays a key
role in aging cells and cancer progression.”” Its concentration
strongly different cellular organelles and
microenvironments. In excess, H,0, is responsible for oxi-
dative stress and, if left unregulated, can lead to cell death
through e.g. ferroptosis. Identifying proteins that reside in sub-
cellular microenvironments with high ROS concentrations
could thus aid in pinpointing suitable drug targets.

varies in
76,77

Advancing the installation of PTMs with ABPs

A pioneering approach that combines genetic engineering
with chemical reactivity facilitated the spatiotemporal control
of the protein-specific installation of PTMs on cysteine.®” This
was achieved with minimal off-target engagement due to a
proximal release mechanism which is a powerful tool to inves-
tigate the consequences of specific and time-dependent signal-
ing events in living cells.®” The downside of this platform is
the fact that it relies on the use of hazardous UV light, which
could be addressed by harnessing visible light-inducible
photocages. In addition, the genetic engineering of the POI
might perturb its protein interaction networks and localization
within live cells. This limitation was addressed by an alterna-
tive approach that relied on an inhibitor-directed cargo release
mechanism harnessing methacrylamide warheads on the BTK
inhibitor ibrutinib (8) in place of the acrylamide to generate
TSNO1.°® TSNO1 facilitated the controllable release of NO
which performed an S-nitrosation at Cys527 with its binding
to C481 of BTK. A challenge for this approach is that the instal-
lation of a PTM cannot be facilitated without secondary label-

H,0,-sensitive Probe

Labelling

Cancer Cell

View Article Online
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ling with a covalent chemical probe. To circumvent this limit-
ation, a traceless ligand-directed installation of a PTM could
be conceived, which was demonstrated for the directed acyla-
tion of lysine.”® Alternatively, for cysteine-targeted ligands, an
advanced version of the methacrylate chemotype could be
developed that functions through a reversible covalent
mechanism’®® and could detach from the protein once the
cargo is released.

Perspective: advancing the reach of
ABPP

ABPP databases

Due to its unique reactivity which promoted the establishment
of ABPs based on a wide range of thiol-reactive functional
groups, cysteine is the most widely studied amino acid with
ABPP to date. This is highlighted by the publication of large
databases for human cysteine chemoproteomics data. For
example, CysDB is a comprehensive repository which hosts
records for the labelling of 24% of the cysteinome (62 888 resi-
dues).*" The Ligandable Cysteine Database specializes in
cysteines that can be labelled using small molecule fragments
and describes the engagement of >20000 cysteines within
>6000 proteins.®” A quantitative pan-cancer analysis with a
focus on cell line-dependent changes in ligandability across
400+ cancer cell lines yielded >78 000 quantified cysteines
along with >5900 ligandable sites which are hosted by the
DrugMap database.®® The latter showcases that changes in
mutational states and the PTM landscape can impart small
molecules with state-dependent selectivity for cysteines on
certain proteins. Combined, these databases provide a foun-
dation for the targeted development of new cysteine-reactive
chemical probes and drug candidates.

Expanding the reach of ABPP through chemical innovation

Contemporary research has afforded many reactive motifs that
allow the engagement of amino acids beyond cysteine with
high selectivity.”" Nucleophilic amino acids are among the
most common targets. While lysine has received considerable
attention,*®”®”® warheads for tyrosine,®**® methionine,®

Intensity

r‘ \'\\\ Il
'», / ’ St m/z
@( Click =
' . Enrichment -i () 1
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Fig. 10 Simplified schematic depiction of a potential H,O,-sensitive microenvironment-dependent cysteine profiling workflow: Treatment of living
cells with a chemical probe that is activated by the second messenger leads to the labelling of proteins in environments with high concentrations of

H>0,. Lysis of the cells is then followed by a typical ABPP workflow.
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tryptophan, glutamate/aspartate, and arginine,®
among others, have been established.’>”*® Intriguingly, che-
motypes that target serine/threonine residues beyond their
highly nucleophilic versions in enzyme active sites®® remain
scarce and while histidine is a common off-target of ABPs
directed at lysine and cysteine, highly selective warheads for
proteome-wide studies remain elusive.” It is worth noting that
the reactivity of an amino acid is strongly influenced by the
local protein microenvironments, which may hinder its label-
ling with available chemotypes. Cysteine, lysine, histidine,
aspartate, glutamate and arginine, for instance, can be present
as protonated or deprotonated versions depending on the local
pH value. To account for this variability, it is necessary to
develop microenvironment-specific, amino acid-selective war-
heads. The need for additional research in this area is com-
pounded by the demand for broadly reactive amino acid-selec-
tive chemotypes for proteome-wide labelling and low-reactivity
warheads for the development of protein-selective ABPs and
drug candidates. For the latter, the literature shows that the
availability of binding modes beyond irreversible covalent
bonds to reversible covalent mechanisms®* and the implemen-
tation of covalent ligand-directed release chemistry®® are
highly desirable. Based on the function of an amino acid as an
anchor for a PTM, warheads can be developed that specifically
engage the modified residues, which has been shown for
cysteine sulfenic acid.**

Perspective on the pharmaceutical
industry
Assessing on/off-target engagement

Although many historically important drugs, such as aspirin,
penicillin, esomeprazole and clopidogrel, are covalent inhibi-
tors, this modality was considered as a risk factor in the
pharmaceutical industry for decades based on the view that
chemical reactivity drives off-target engagement.”>*® In this
regard, ABPP is a powerful method that mitigates the risk of
non-specific binding by determining the protein engagement
of small molecules within the proteome. A key advantage of
this approach is that the drug candidates can be subjected to
live cells, which accounts for interactions that might not be
found using in vitro assays based on the native cellular
environment of proteins that facilitates, among other factors,
the installation of PTMs, protein-protein interactions (PPIs)
and compartmentalization. As such, this method allows the
confirmation of target engagement and uncovering undesired
off-target reactivities under physiological conditions. To show-
case the potential of ABPP, the off-target binding of the fatty
acid amide hydrolase (FAAH) inhibitor BIA 10-2474, which led
to the death of one volunteer and produced mild-to-severe
neurological symptoms in four others during phase I clinical
trials, was analyzed in an effort to identify the cause of the
clinical neurotoxicity.”” As a foundation for the analysis, the
labelling of PF04457845, an FAAH inhibitor developed by
Pfizer that did not produce neurotoxic effects in phase 1 clini-
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cal trials, was compared to that of BIA 10-2474. This experi-
ment revealed that BIA 10-2474 targets several lipases that are
not targeted by PF04457845 - a highly selective FAAH inhibitor
- which suggests that the toxicity arises from the promiscuity
of the lipase inhibitor from Bial Pharmaceuticals. Based on
this precedent, ABPP was used to assess the off-target reactivity
of many covalent inhibitors, including those of EGFR T790M
proteins.®®

Identification of unrecognized binding sites

A strong signal for the importance of ABPP for the pharma-
ceutical industry was the acquisition of Vividion Therapeutics,
a company that is founded on a strong chemoproteomics plat-
form, by the Bayer AG for $1.5 billion. Vividion specializes in
harnessing cysteine-reactive small molecules to identify unrec-
ognized binding sites on historically undruggable proteins.
Their approach has yielded an inhibitor that specifically
blocks the interaction between RAS and PI3Ka which has
entered phase 1 clinical trials®® along with novel covalent allo-
steric inhibitors of e.g. the WRN helicase'® and JAK1.'”
Jnana Therapeutics’® and Belhara Therapeutics'®® harness
photoaffinity labelling to identify binding sites for the develop-
ment of reversibly binding drugs which has empowered Jnana
Therapeutics'®® to discover an SLC6A19 amino acid transpor-
ter inhibitor currently being evaluated for its ability to treat
phenylketonuria in phase 3 clinical trials.”® Frontier
Medicines and Matchpoint Therapeutics combine chemopro-
teomics with machine learning methods.*®

Summary and conclusion

The combination of ABPs with chemoproteomics ABPP
approaches has yielded a transformative platform to investi-
gate protein function, identify protein targets and elucidate
the mechanisms-of-action of bioactive small molecules.
Cysteine-targeted activity-based probes have emerged as power-
ful tools that leverage the unique reactivity of cysteines to
enable covalent labelling across the proteome. ABPs consist of
an optimized reactive warhead that balances reactivity, cover-
age and selectivity, along with a linker or ligand structure and
a bioorthogonal functional handle, which are essential to
enable the visualization and enrichment of probe-bound pro-
teins. Advances in chemoproteomics techniques such as
bifunctional enrichment tags, isotopic labelling and quantitat-
ive reactivity as well as ligandability profiling have allowed pin-
pointing functional cysteines and unrecognized binding
pockets. Recent developments extend to the ability to profile
cysteine reactivity in live cells, achieve spatiotemporal control
of cysteine labelling with PTMs and identify druggable protein
states with ABPP. Future directions in probe design may entail
directing probes to specific organelles and mapping protein
microenvironments. Beyond academic research, ABPP has sig-
nificant implications for drug discovery within the pharma-
ceutical industry, providing means to confirm target engage-
ment and assess off-target labelling under physiological con-

This journal is © The Royal Society of Chemistry 2025
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ditions which built the foundation for the resurgence of
covalent drugs. The ability to uncover unrecognized binding
sites has led to the development of new drug candidates which
are currently being evaluated in clinical trials. A new avenue
that is pursued by recently founded companies is the inte-
gration of large datasets obtained by ABPP with machine
learning.
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