
Angewandte Chemie International Edition 

How to cite: Angew. Chem. Int. Ed. 2026 , e23132 
doi.org/10.1002/anie.202523132 

RESEARCH ARTICLE

Proximity-Induced Transfer of a Mass Tag Enables Direct 
Profiling of Active Matrix Metalloproteases 

Lomane Berthy1 Ugo Pasco2 Mylene Sejalon-Cipolla2 Pierrick Bruyat1 Monika Kaminska1 Carole Malgorn1 
Fabrice Beau1 Manca Osolin3 Metka Novak3 , 4 Barbara Breznik3 , 4 Dimitris Georgiadis5 Isabelle Correia6 
Emeline Groult7 Olivier Lequin6 Sarah Bregant1 Yves-Marie Pers7 Daniele Noel7 Robert Thai1 
Gilles Subra2 Sonia Cantel2 Laurent Devel1 

1 CEA, INRAE, Médicaments et Technologies pour La Santé (MTS), SIMoS, Université Paris-Saclay, Gif-sur-Yvette, France 2 IBMM, Univ. Montpellier, ENSCM, 
CNRS, Montpellier, France 3 National Institute of Biology, Department of Genetic Toxicology and Cancer Biology, 121 Večna pot, Ljubljana, Slovenia 
4 University of Ljubljana, Biotechnical Faculty, Ljubljana, Slovenia 5 Department of Chemistry, Laboratory of Organic Chemistry, University of Athens, 
Panepistimiopolis, Zografou, Athens, Greece 6 Sorbonne Université, Ecole Normale Supérieure, PSL University, CNRS, Chimie Physique, et Chimie du Vivant, 
CPCV, Paris, France 7 IRMB, University of Montpellier, INSERM, CHU, Montpellier, France 

Correspondence: Gilles Subra ( gilles.subra@umontpellier.fr) Sonia Cantel ( sonia.cantel@umontpellier.fr) Laurent Devel ( Laurent.DEVEL@cea.fr) 

Received: 21 October 2025 Revised: 11 March 2026 Accepted: 18 March 2026 

Keywords: activity-based probes | chemoproteomic | mass tag | proximity-induced labeling 

ABSTRACT 

Conventional activity-based probes in activity-based protein profiling (ABPP) require enrichment or reporter tags for detection, 
which limits sensitivity and multiplexing. Here, we present an enrichment-free chemoproteomic approach that enables direct 
mass spectrometric detection by Matrix-Assisted Laser Desorption/Ionization (MALDI) of active proteases. An active-site–directed 
affinity probe transfers, through a proximity-induced reaction, a MALDI-detectable α-cyano-4-hydroxycinnamic acid (CHCA) 
tag exclusively to catalytically active forms of matrix metalloproteases (MMPs). The CHCA label enhances ionization efficiency 
and markedly improves signal-to-noise ratios, allowing confident identification of CHCA-labelled peptides under discriminating 
analytical conditions. Each active metalloprotease is thereby, associated with a distinct set of CHCA signature peptides, defining 
its activity fingerprint. This workflow achieves multiplexed and quantitative activity profiling of MMPs, directly in complex 
proteomes. This design expands ABPP into the mass spectrometry domain and establishes a robust platform for activity-based 
enzyme detection. 
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 Introduction 

roteases regulate nearly every aspect of protein homeostasis.
t some point in their lifecycle, most proteins encounter a
rotease, leading to irreversible posttranslational modifications
bbreviations: ABP, Activity-Based Probe; ABPP, Activity-Based Protein Profiling,; AfBP, Affinity-Bas
enzoate (cleavable linker); Bn, Benzyl spacer; CHCA, α-Cyano-4-hydroxycinnamic acid (mass tag and 
atrix); Cy3, Cyanine 3 fluorescent dye; D-, Deuterated peptide analogue (internal standard); ECM, Ext
onization Mass Spectrometry; LC-MS, Liquid Chromatography-Mass Spectrometry; MALDI, Matrix-As
ass Spectrometry; NASA, N-Acyl-N-Alkyl Sulphonamide (cleavable linker); PDB, Protein Data Bank; S
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that modulate function, localization, or stability. Such events
include secretion, activation via pro-peptide cleavage, membrane
shedding, or degradation, underscoring the multifaceted roles of
proteases in physiology and disease [ 1–4 ]. Among these enzymes,
which together represent about 3% of the human genome, MMPs
ed Probe; APMA, 4-Aminophenylmercuric Acetate (MMP activator); BB, Dibromo Phenyl 
MALDI matrix); CHCE, α-cyano-4-hydroxycinnamic acid methyl ester (alternative MALDI 
racellular Matrix; ELISA, Enzyme-Linked Immunosorbent Assay; ESI-MS, Electrospray 
sisted Laser Desorption/Ionization; MMP, Human Matrix Metalloprotease; MS/MS, Tandem 

I, Supporting Information; t ½, Half-life; Tris, Tris(hydroxymethyl)aminomethane buffer.. 
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onstitute a prominent subfamily of 23 zinc-dependent endopep-
idases [ 5 ]. MMPs mediate tissue remodeling, cell signaling, and
mmune regulation, and are implicated in pathological contexts
uch as cancer [ 2, 6 ] and inflammatory disorders [ 5, 7, 8 ]. Secreted
s latent zymogens, they are activated in the pericellular or
xtracellular space [ 9 ] to process a broad range of substrates,
ncluding extracellular matrix (ECM) and non-ECM proteins,
hereby shaping tissue architecture and cellular dynamics [ 5, 10 ].
nder physiological conditions, MMP activity is tightly regulated
y endogenous inhibitors, but this balance frequently collapses
n disease, leading to uncontrolled proteolysis. Because MMPs
an also activate one another and initiate proteolytic cascades
 5, 10 ] monitoring their activation profiles in complex biological
ystems is essential for understanding their roles in health and
athology. 

BPP has emerged as a powerful means to interrogate enzymes
n their functional state within complex proteomes [ 11 ].
his approach relies on activity-based probes (ABPs) that
ovalently label catalytically active enzymes through reactive
arheads, enabling their identification and quantification [ 11–
6 ]. For metalloproteases, which lack catalytic nucleophiles,
hotoreactive affinity-based probes (photo A f BPs) were
ntroduced [ 11, 17 ], incorporating (i) an active-site recognition
lement, (ii) a photoreactive group that crosslinks upon UV
rradiation, and (iii) an analytical tag. Such probes have enabled
ultiplexed profiling of metalloproteases in diverse biological
ystems [ 18–20 ]. However, these strategies rely on enrichment
orkflows (e.g., biotin-streptavidin pull-down or cleavable linker
trategies [ 21 ]) prior to mass spectrometric analysis. Although
ffective, these additional steps increase the complexity of
he analytical workflow and may introduce potential sources
f variability, particularly when analyzing low-abundance
roteases. 

nspired by affinity-guided protein conjugation strategies [ 22–
5 ], we previously redesigned MMP-directed A f BPs by replacing
hotoreactive groups with electrophilic, cleavable linkers capa-
le of proximity-driven acylation [ 26–28 ]. These linkers, such
s acyl imidazole and N-acyl-N-alkyl sulphonamide (NASA)
oieties, facilitate covalent transfer of fluorescent, clickable,
r biotin-based handles to active MMPs without requiring
hotoactivation. 

uilding on this concept, we now introduce a photoactivation-
ree, mass-encoded ABPP strategy in which a transferable mass
ag provides both selectivity and analytical readout. In this
esign, CHCA functions as a transferable mass tag that, in
ombination with a α-cyano-4-hydroxycinnamic acid methyl
ster (CHCE) matrix, markedly enhances the signal-to-noise ratio
f CHCA-labelled peptides while significantly reducing signals
rom non-labelled peptides under MALDI conditions [ 29, 30 ].
pon digestion, CHCA-labelled metalloproteases yield distinc-
ive CHCA signature peptides that reveal both enzyme identity
nd labelling site, enabling multiplexed detection, inhibitor
rofiling, and quantitative analysis of native MMPs secreted by
ells (Figure 1A ). Furthermore, through a deconvolution process
ombining a dedicated in-house bioinformatic tool with targeted
ALDI-MS and MS/MS experiments, our approach enables the
of 11
identification of additional active MMP targets beyond those
initially anticipated from the probe design. 

2 Result and Discussion 

2.1 Assessment of Key Parameters Governing 
Labelling Efficiency and Selectivity 

The A f BPs were designed to preferentially target lysine residues
within the S3 ′ subsite of human MMPs (Figure S1 ). Each probe
was built around a common phosphinic pseudopeptide recogni-
tion motif derived from a broad-spectrum MMP inhibitor [ 26 ],
with a cleavable linker in its P3 ’ position (Figure 1B ). To assess
how geometry at this position as well as the intrinsic reactivity of
cleavable linkers influence labelling efficiency and selectivity, two
series of Cy3-labelled probes were first developed (Schemes S2,
S4, S5 , and Supplementary Methods). These probes incorporated
either a NASA ( 1-3-Cy3 ) or a dibromo phenyl benzoate (BB) ( 4-5-
Cy3 ) linker. These linkers preferentially react with lysine residues
to form a peptide bond, with however a markedly different reac-
tivity [ 22, 24 ]. The geometry at the P3 ′ position was modulated by
varying the side-chain length and configuration, while the spacer
between the cleavable linker and analytical handle consisted of
either an alkyl chain (Alk; probes 1 - 4 ) or a benzyl group (Bn;
probe 5 ), thereby tuning steric hindrance near the electrophilic
center. Stability assays revealed rapid hydrolysis of the NASA-
linked probe 1-Cy3 ( t ½ ≈ 3 h), whereas the BB-linked analogue
5-Cy3 remained fully stable throughout the analysis (Figure
S2 ), consistent with the difference of electrophilicity between
the two linkers. All Cy3 probes displayed efficient binding to
recombinant MMPs, with affinities ranging from tens to hundreds
of nanomolar, indicating that target engagement is primarily
driven by the shared recognition motif (Table S1 ). Labelling exper-
iments (Figure S3 ) further showed that variations in P3 ′ geometry
and nature of the spacer (Alk vs Bn) only weakly influenced
probe reactivity (Figures S3C and S3D , respectively), whereas
cleavable linker chemistry was the main determinant of selec-
tivity. Thus, NASA-based 1-Cy3 probe exhibited broad labelling
across several MMPs (Figure S3B ), while BB-based 5-Cy3 probe
showed near-exclusive reactivity toward MMP-12 (Figure S3E ).
Importantly, control experiments demonstrated that the reactive
NASA probe 1-Cy3 , even at micromolar concentration, did not
react with inactive zymogens of MMP-2, -9, -12, or -13 (Figure
S4A ), confirming its strict active-site-directed reactivity and the
absence of allosteric activation under these conditions [ 9 ]. We
further demonstrated that efficient labelling of MMP-2, -9, -
12, and -13 can already be achieved within 1 h using 1-Cy3
(Figure S4B ). However, because a systematically higher labelling
efficiency is observed after 4 h for all four MMPs, this incubation
time was selected to ensure more complete and reproducible
labelling. 

Based on their labelling behaviors, namely broad reactivity across
several MMPs for 1-Cy3 and near-selective labelling of MMP-
12 for 5-Cy3 , these two probes were selected for conversion
into CHCA-tagged analogues. Importantly, the resulting probes,
1- CHCA and 5- CHCA (Figure S1B ), differ from their Cy3 coun-
terparts only by the analytical handle (Cy3 versus CHCA) and
Angewandte Chemie International Edition, 2026
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FIGURE 1 Mass-encoded chemoproteomic strategy for metalloprotease profiling. (A) Schematic overview of the mass-encoded chemoproteomic 
workflow. The method enables the direct identification of labelled metalloproteases and precise mapping of covalent modification sites within a single 
experiment, while allowing inhibitor profiling, multiplexed detection, and quantitative analysis of proteases in complex proteomes. (B) Chemical 
structures of affinity-based probes (A f BPs) incorporating: (i) a phosphinic pseudopeptide core targeting the metalloprotease active site; (ii) a cleavable 
linker, either N-acyl-N-alkyl sulphonamide (NASA; probes 1 –4 ) or dibromo phenyl benzoate (BB; probes 5 ); and (iii) an analytical handle, consisting of 
a fluorescent dye (Cy3) for in-gel fluorescence imaging or a mass tag ( α-cyano-4-hydroxycinnamic acid, CHCA) for mass-encoded analysis. The handle 
is connected via either an alkyl (Alk; probes 1 –4 ) or benzyl (Bn; probes 5 ) spacer. 

r  

M

2
o
L

T  

-  

C  

i  

M  

w  

a  

n  

a

A  

l  

a  

a  

(

A  

a  

C  

n  

d  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202523132 by U

niversity of L
jubljana, W

iley O
nline L

ibrary on [05/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reati
etain comparable binding affinity and selectivity profiles toward
MPs (Tables S1 and S2 ). 

.2 Determination of CHCA Signature Peptides 
f MMP-2, 9, 12, and 13 and Their Respective 
abelled Residues 

he 1-CHCA probe (1 µM) was evaluated on human MMP-2,
9, -12, and -13 (50 nM each) in Tris buffer (50 mM, 10 mM
aCl2 , 50 µM ZnCl2 , 0.01% Brij 35, pH 7.4) at 37◦C for 4 h. Under
dentical conditions, the 5-CHCA probe (1 µM) was tested on
MP-12. On the basis of the inhibitory constants (Table S1 ),
hich govern equilibrium complex formation between the probes
nd the MMPs, a concentration of 1 µM was selected to ensure
ear-complete active-site occupancy ( > 99%) of MMP-2, -9, -12,
nd -13 under the experimental conditions used. 

fter heat denaturation and acetone precipitation, CHCA-
abelled MMPs were digested (chymotrypsin for MMP-9, -12,
nd -13; sequential trypsin/chymotrypsin for MMP-2), desalted,
nd analyzed by MALDI-TOF using CHCA and CHCE matrices
Figures S5–S8 ). 

s previously reported the combination of a CHCE matrix with
 CHCA mass tag markedly improves the signal-to-noise ratio of
HCA-labelled peptides while strongly suppressing signals from
on-labelled peptides [ 29, 30 ]. In this respect, CHCE acts as a
iscriminating matrix, favoring the selective detection of CHCA-
ngewandte Chemie International Edition, 2026
tagged species. Differential analysis of MMP-2 digests revealed
a peak at m/z 1007.4 (and its oxidized form at m/z 1023.4),
preferentially detected under CHCE conditions (Figure 2A ).
MS/MS sequencing identified this signal as a CHCA-tagged
signature peptide, characterized by a diagnostic fragment ion
at m/z 368.2 (Figure 2B ), likely corresponding to a CHCA-Alk-
Lys immonium ion (Figure S9 ) [ 31 ], with labelling assigned to
Lys372 within the fibronectin insert in the S3 ′ region of MMP-2
(Figure 2C , left panel). Similarly, signature peptides at m/z 1543.9
(MMP-9) and 1369.7 (MMP-12) were identified, corresponding to
CHCA-labelled Lys214 and Lys177 , respectively (Figure 2C , center
panels; Figures S10–S11 ), both located within the catalytic S3 ′
subsite. Upon treatment of MMP-12 with 5-CHCA , the same
Lys177 residue was modified, yielding a peptide at m/z 1389.7
with a diagnostic ion at m/z 388.2 (Figures S11A–C ). The 20 Da
mass difference observed both in MS and MS/MS, reflects the
substitution of the alkyl spacer in 1-CHCA by a benzyl group
in 5-CHCA and further confirms CHCA-Lys immonium ion as
a characteristic diagnostic ion. When comparing the digest of
1-CHCA -labelled MMP-12 with that of 5-CHCA -labelled one,
this difference of 20 Da in mass proved particularly useful to
unambiguously identify additional CHCA-labelled peptides and
their respective labelling sites, including Lys436 and Lys378 /Lys379 
from the hemopexin-like domain and Lys111 from the catalytic
domain (Figures S11D–F ). These results indicate that, both probes
can label MMP-12 transient intermediates retaining partial con-
nectivity between their catalytic and hemopexin domain, despite
a propensity for autolysis [ 32, 33 ] as observed during labelling
experiments with Cy3 probes (Figure S3 ). They also align with the
3 of 11
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FIGURE 2 Identification of CHCA-labelled signature peptides from MMPs (A) Differential MALDI-MS analysis of human MMP-2 digested with 
trypsin/chymotrypsin and analyzed in positive-ion mode using either CHCA (top) or CHCE (bottom) matrices. A peak at m/z 1007.4 and its oxidized 
form at m/z 1023.4, preferentially observed under CHCE conditions, are highlighted in purple. (B) MS/MS spectrum of the m/z 1007.4 peptide acquired 
under CHCE conditions in positive-ion mode. The labelled lysine residue (Lys372 ) is shown in red within the peptide sequence. Annotated b- and y-type 
fragment ions are indicated in blue and purple, respectively, and the diagnostic CHCA fragment ion at m/z 368.2 is boxed in red. (C) CHCA-labelled 
signature peptides mapped onto the catalytic domains of human MMP-2, -9, -12, and -13 (PDB IDs: 1CK7, 1L6J, 3LIK, and 4FU4). Lysine residues identified 
as CHCA-labelled from peptide MS/MS spectra are displayed as red sticks. Structural domains are color-coded: catalytic domain (cyan), fibronectin-like 
domain (light grey), and hemopexin domain (orange). Zinc (yellow) and calcium (green) ions are shown as spheres. 
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igh conformational mobility of MMP-12 catalytic domain [ 34 ],
hich enables labelling of Lys111 at the N-terminal end despite
he cleavable linker being projected toward the opposite subsite
Figure S11H ). For MMP-13, two characteristic CHCA signature
eptides at m/z 960.4 and 1013.4, corresponding to labelling of
ys249 and Lys212 within the S3 ′ subsite, were identified (Figure 2C ,
ight panel; Figure S12 ). Noteworthy, in all CHCA-Alk-labelled
eptides, the diagnostic fragment ion at 368.2 was consistently
bserved (Figures S10–S12 ). Finally, competition experiments
ith the active-site inhibitor RXP500.1 (10 µM) strongly reduced
HCA labelling (Figures S5–S8 ), conf irming both the specificity
f the labelling and the active-site-directed reactivity of 1-CHCA
nd 5-CHCA probes. 

.3 Selectivity of A f BP With BB Cleavable Linker 

he clear identification of reactive lysine residues within the S3 ′
ubsite of MMP-2, -9, -12, and -13 prompted further investigation
nto the exceptional selectivity of the BB probes for MMP-12.
pecifically, we sought to understand why MMP-2 and MMP-
 exhibited poor reactivity toward this probe, despite sharing
of 11
a lysine residue (Lys187 in MMP-2 and Lys184 in MMP-9) with
MMP-12 (Lys177 ) within their respective S-loops (Figure S13A ).
Interestingly, substituting Asp185 with Gly185 in MMP-9 partially
restored the reactivity of Lys184 toward 5-Cy3 (Figure S13B ),
whereas introducing the reverse mutation (Gly178 →Asp178 ) in
MMP-12 markedly reduced the reactivity of Lys177 . These findings
indicate that the presence of an adjacent aspartate near the
S-loop lysine in MMP-2 and MMP-9 substantially decreases
its nucleophilicity. This observation is consistent with previous
studies showing that the local microenvironment modulates
the p K a of lysine residues, thereby influencing their intrinsic
reactivity when interacting with nearby carboxylate groups [ 35 ].
Furthermore, the BB-cleavable electrophile exhibited negligible
reactivity toward MMP-2 Lys372 , MMP-9 Lys214 , or MMP-13 Lys212 
and Lys249 , as reflected by the low signal-to-noise detection of
CHCA signature peptides indicative of covalent modification
by the 5-CHCA probe (data not shown). These results suggest
that MMP-12 Lys177 , preferentially targeted by both 1-CHCA and
5-CHCA (Figures S7 and S11 ), is not only significantly more
reactive than MMP-2 Lys187 and MMP-9 Lys184 , but also optimally
positioned to engage with a cleavable linker, even one of limited
intrinsic reactivity. 
Angewandte Chemie International Edition, 2026
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FIGURE 3 Multiplexed detection of CHCA-labelled MMP signature peptides and modulation of activity-dependent CHCA-labelled peptides upon 
inhibitors incubation. Human MMP-2, -9, -12, and -13 (10 nM) was incubated as a mixture with probe 1-CHCA (1 µM, 4 h, 37 ◦C) either alone (top) or after 
preincubation (30 min) with a selective inhibitor of MMP-13 (middle) or MMP-12 (bottom) at 10 µM. Samples were digested with trypsin/chymotrypsin 
and MALDI analysis were performed under CHCE matrix conditions. Signature peptides corresponding to each MMP are indicated by colored arrows: 
MMP-2 (purple), MMP-9 (green), MMP-12 (orange), and MMP-13 (cyan). 
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.4 Multiplexed Detection of MMPs and 

odulation of Activity-Dependent CHCA-Labelled 

eptides Upon Inhibitor Incubation 

 labelling experiment was performed on a mixture of four
uman MMPs (MMP-2, -9, -12, and -13, each at 10 nM) incubated
ith the broad-spectrum 1-CHCA probe (1 µM) at 37◦C for 4 h.
ollowing proteolytic digestion with a combination of trypsin
nd chymotrypsin, the resulting CHCA-labelled and unlabelled
eptide mixtures were analyzed under CHCE-discriminating
onditions (Figure 3 , upper panel). Under these conditions,
HCA signature peptides corresponding to MMP-2 ( m/z 1007.4
nd 1023.4, purple arrow), MMP-9 ( m/z 1396.8 and its partially
rocessed variant at 1543.8, green arrow), MMP-12 ( m/z 1369.7 and
elated peptides at 1298.7, 1151.6, and 943.4 resulting from missed
leavages, orange arrow), and MMP-13 ( m/z 960.4 and 1013.4, blue
rrow) were unambiguously detected. 

his multiplexed detection of MMPs enables the rapid and
ualitative assessment of inhibitor selectivity within a single
xperimental workflow. To demonstrate this, we evaluated the
bility of active-site-directed MMP inhibitors to compete with
-CHCA for binding to MMP-2, -9, -12, and -13. The presence
r disappearance of CHCA-labelled peptide signals served as a
ualitative indicator of enzyme activity or inhibition, enabling
apid screening of enzymatic modulation under the experi-
ental conditions, without the need for precise quantitative
easurements. 
ngewandte Chemie International Edition, 2026

C
reat
Preincubation of a highly selective MMP-13 inhibitor [ 36 ] (10 µM)
with the four MMPs for 30 min prior to 1-CHCA labelling
(1 µM) resulted in a decrease in intensity of MMP-13 signature
peptides, while those of MMP-2, -9, and -12 remained detectable
(Figure 3 , central panel). Under these conditions, the MMP-
13 inhibitor retained full selectivity toward MMP-13, sparing
the other MMPs. In a separate experiment, the phosphinic
pseudopeptide RXP470.1, a selective MMP-12 inhibitor [ 37 ], was
incubated (10 µM, 30 min) with the same MMP mixture before
1-CHCA labelling (1 µM) (Figure 3 , lower panel). Blocking
the MMP active site with RXP470.1 resulted not only in the
disappearance of CHCA signature peptides from MMP-12, but
also affected those of MMP-13 and, to a lesser extent, MMP-2. This
observation indicates that the selectivity of RXP470.1 for MMP-
12 decreases at 10 µM, consistent with its inhibition constants for
MMP-2, -12, and -13 (Table S1 ). 

By coupling catalytic activity to protease-specific mass signa-
tures, the method allows simultaneous monitoring of multiple
targets present at nanomolar concentration, without enrichment
or gel-based analyses. In addition, competition experiments
with inhibitors provide a rapid readout of inhibitor selectivity,
with an activity-dependent signal suppression directly visual-
ized in the mass spectra. This approach, complementary to
established ABPP-based multiplexing strategies for evaluating
target engagement [ 38 ], offers a simplified analytical workflow
based on direct MALDI detection and identification. Although,
the present study emphasizes qualitative activity readouts, this
5 of 11
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nalytical framework offers clear potential for extension to dose-
esponse analyses under appropriately standardized conditions,
s demonstrated in previous CHCA-based MALDI competitive
ssays [ 30 ]. 

.5 Detection and Quantification of MMPs in 

omplex Proteomes and Cell Supernatants 

o evaluate the performance of our workflow to quantify active
orms of MMP, recombinant MMP-13 (10 nM), alone or spiked
nto 40 µL of mouse breast tumor extract at 125 µg/mL. In
his last case, MMP-13 (0.02 µg, 400 fmol) corresponded to
.4% of total proteome and was labelled with 1-CHCA (1 µM)
t 37◦ C for 4 h (Figure S14 ). The samples were then sub-
ected to the complete workflow, including precipitation, dual
rypsin/chymotrypsin digestion, desalting, and MALDI analysis
nder CHCE conditions. 

or absolute quantification, heavy deuterated analogues of the
wo CHCA signature peptides ( m/z 960.4 and 1013.4, Figure S14A )
ere synthesized and added during MALDI analysis as inter-
al standards for calibration (Figure S14B ). When recombinant
MP-13 alone was processed through the entire workflow, the
HCA-labelled peptides at m/z 960.4 and 1013.4 were quan-
ified at 31.1 ± 6.1 and 26.0 ± 3.6 fmol, respectively (Figure
14C ). The 57.1 fmol detected, relative to the initial 400 fmol
resent in the sample, corresponded to an overall detection yield
f 14% ± 2%. This calculation assumes stoichiometric mass-
ag transfer, namely the transfer of a single CHCA tag per
nzyme molecule, as previously demonstrated for reactive probes
ncorporating a phosphinic pseudopeptide scaffold [ 26 ]. 

n the tumor extract, after labelling and verification of complete
rypsin/chymotrypsin digestion by electrophoresis (Figure S14D ),
oth signature peptides from MMP-13 were unambiguously
etected (Figure S14E ). In this case, CHCA-labelled peptides
t m/z 960.4 and 1013.4 were quantified at 7.2 ± 0.9 and
3.8 ± 3.3 fmol, respectively. The total amount of CHCA-
abelled peptides (21 fmol) corresponded to a detection yield of
.3% ± 0.9%, relative to the 400 fmol spiked into the mouse extract,
nd to an estimated MMP-13 concentration of approximately
.5 nM. (Figure S14F ). This underestimation may partly result
rom probe consumption through non-specific reactions with
bundant proteins such as serum albumin, as evidenced by the
etection of CHCA-modified albumin peptides at m/z 1072.5
Figures S14E, G , and H ), consistent with previous observations
or NASA-linked AfBPs [ 26 ]. 

he same quantitative workflow was then applied to detect
nd measure active MMPs secreted by cells. The supernatant of
EK293T cells expressing pro-mMMP-12 [ 27 ] was first activated
ith APMA, and engagement of the 5-CHCA probe (1 µM)
ith activated mMMP-12 was verified through an enzyme assay
Figure S15A ). After four hours at 37◦C, the proteome was ana-
yzed using our workflow, including dual trypsin/chymotrypsin
igestion. Under CHCE conditions, a peak at m/z 951.4 (Figure
15B ) was preferentially detected. This signature peptide corre-
ponded to the covalent modification of Lys181 by the benzyl-
HCA tag within the S3 ′ subsite of mMMP-12, as confirmed
y its MS/MS fragmentation pattern and the presence of the
of 11
diagnostic fragment ion at m/z 388.2 (Figures S15C and D ). Using
a deuterated standard peptide (D-951-mMMP-12) for calibration,
the concentration of active mMMP-12 in the supernatant was
determined to be 9.4 nM (Figures S15E and F ). Notably, this
measurement very closely matches values obtained by standard
enrichment and on-bead digestion methods followed by ESI-
MS targeted mass spectrometry [ 27 ]. This demonstrates that our
CHCA workflow enables accurate and direct quantification of the
active enzyme without additional purification steps. 

Similarly, we evaluated the ability of probe 1-CHCA to detect
and quantify endogenous MMP-2 in the supernatant of U87
glioblastoma cells [ 39 ]. Its presence and concentration (40 nM,
corresponding to 0.2% of the total proteome) were confirmed
by Western blot analysis (Figure S16A ) and ELISA, respectively.
Notably, both Western blot analysis and an MMP-directed flu-
orogenic substrate assay (Figure S16B ) suggested that MMP-2
was present predominantly in its inactive (pro-MMP-2) form
in this supernatant. After APMA activation (1 mM, 1 h,
37 ◦C), a well-established reagent used to activate pro-MMPs
via disruption of the cysteine switch mechanism [ 40 ], 1-CHCA
labelling (1 µM) was performed (4 h at 37 ◦C) followed by
dual trypsin/chymotrypsin digestion. The resulting digest was
analyzed both under CHCE-discriminating conditions and under
standard MALDI conditions using conventional CHCA matrix
(Figure S16C ), further illustrating the ability of CHCE conditions
to selectively reduce signals from unlabelled peptide fragments
(Figure S16C , lower panel). Notably, under CHCE-discriminating
conditions, a CHCA-tagged MMP-2 peptide ( m/z 1007.4) was
clearly detected, consistent with labelling of the active enzyme,
whereas no corresponding signal was observed in non-activated
or inhibitor-treated samples (Figure 4A, B ). Quantification using
the D-1007-MMP-2 (Figure S16D ) standard yielded an active
MMP-2 concentration of 20 ± 1 nM (Figure 4C ), in good agree-
ment with the total MMP-2 concentration measured by ELISA.
Two additional peaks ( m/z 1001.7 and 1045.7; Figure 4A ) were
detected both in the non-activated sample and in the sample
preincubated with a broad-spectrum MMP inhibitor. MS/MS
experiments did not indicate any of CHCA conjugation, nor
confident assignment of the corresponding peptide sequences.
These signals therefore most likely arise from background species
and are not associated with probe-mediated labelling of active
metalloproteases. 

An additional CHCA-labelled albumin peptide ( m/z 1101.6) was
consistently detected, further confirming albumin as a recurrent
off-target of 1-CHCA (Figure 4A–D ). Moreover, identification of
Lys455 as a preferential labelling site suggests a potential binding
pocket for 1-CHCA near site II of serum albumin (Figure 4D ) [ 41 ].
This site is known to bind aromatic derivatives carrying negative
charges, consistent with the chemical structure of 1-CHCA . 

2.6 Detection of Active MMP-3 in Human 

Chondrocyte Supernatants 

We next applied our chemoproteomic workflow to profile met-
alloproteases secreted by primary human chondrocytes stimu-
lated with IL-1 β, a pro-inflammatory cytokine known to induce
the expression and release of MMPs in this cellular context
[ 42 ]. Chondrocytes were isolated from the femoral condyles of
Angewandte Chemie International Edition, 2026
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FIGURE 4 Detection and quantification of activated MMP-2 in the U87 glioblastoma cell secretome. (A) MALDI mass spectra of U87 cell 
supernatants labelled with 1-CHCA (1 µM, 4 h, 37 ◦C) and digested with trypsin/chymotrypsin. Samples were either APMA-activated (1 mM, 1 h, 
37 ◦C; top), non-activated (middle), or APMA-activated followed by incubation with the inhibitor RXP500.1 (bottom). Analyses were performed under 
CHCE matrix conditions. The MMP-2 signature peptide at m/z 1007.4 is indicated by a purple arrow; a background peptide at m/z 1101.6, present under 
all conditions, is marked in yellow. (B) MS/MS spectrum of the m/z 1007.4 peptide acquired under CHCE conditions. The CHCA-labelled lysine (Lys372 ) 
is shown in red. Annotated b- and y-type fragment ions are colored blue and purple, respectively, and the diagnostic CHCA fragment ion at m/z 368.2 
is boxed in red. (C) MALDI-MS spectrum ( m/z 1000–1020) of APMA-activated U87 supernatant labelled with 1-CHCA in the presence of a deuterated 
MMP-2 reference peptide (D-1007-MMP-2). Quantification yielded an estimated MMP-2 concentration of 20 ± 1 nM (mean ± SD, n = 3). (D) MS/MS 
spectrum of the peptide at m/z 1101.6 acquired under CHCE conditions. The labelled lysine (Lys455 ) is highlighted in red. Annotated b- and y-type ions 
are colored blue and purple, and the CHCA-specific fragment ion at m/z 368.2 is boxed in red. The structure of bovine serum albumin (BSA, PDB: 
4OR0) is shown with domains I–III and subdomains A and B indicated. The approximate positions of sites I and II are marked with blue and green 
circles, respectively. The protein core is shown as a yellow cartoon, and Lys455 near site II is displayed as a red stick. The corresponding peptide sequence 
highlights Lys455 in red. 
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steoarthritic patients ( n = 5; Figure 5A ), mixed, cultured for
4 h with or without IL-1 β, and the resulting supernatant reacted
vernight with probe 1-CHCA . Importantly, no pre activation
ith APMA was performed in this case. MALDI analysis revealed
 CHCE-specific signal at m/z 1385.7 detected only in IL-1 β-treated
amples (Figure 5A ), whereas a m/z 1101.6 peak was common to
ll samples and attributed to serum albumin labelling. 

o annotate CHCA-labelled peptides, we developed Enzymator
 https://github.com/ugo351/enzymator.git ), a differential spec-
ral analysis tool that deconvolutes CHCA-modified peptides by
omparing experimental and theoretical m/z values derived from
MP, ADAMTS, and albumin sequences. Peaks displaying the
iagnostic 368.2 fragment were validated by MS/MS and matched
gainst theoretical spectra generated by Protein Prospector and
nzymator (See supplementary methods for further details).
ngewandte Chemie International Edition, 2026
Validation using recombinant MMPs confirmed accurate peptide
assignment (e.g., CHCA-labelled MMP-13 at m/z 960.4; Figure
S17 ). 

We then applied a three-step deconvolution strategy to
assign the signal at m/z 1385.7. First, the MS profile of the
trypsin/chymotrypsin digest from IL-1 β-stimulated chondrocytes
analyzed under CHCE matrix conditions was compared
with that obtained using a standard CHCA matrix (Figure
S18A ), confirming that the m/z 1385.7 signal is preferentially
detected under CHCE-discriminating conditions. This ion was
subsequently subjected to MS/MS fragmentation (Figure S18B ).
The resulting fragmentation pattern revealed the presence
of the diagnostic CHCA-derived fragment ion at m/z 368.2,
thereby confirming conjugation of the peptide to the CHCA
mass tag (Figure 5B ). In a second step, the experimental MS/MS
7 of 11
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FIGURE 5 Identification of MMP-3 in supernatants from primary human chondrocytes. (A) Experimental workflow. Primary chondrocytes were 
isolated from the femoral condyles of five patients with knee osteoarthritis (OA), cultured, and stimulated with IL-1 β for 24 h. The resulting supernatants 
were concentrated and labelled overnight at room temperature with 1-CHCA (1 µM). After trypsin/chymotrypsin digestion, samples were analyzed by 
MALDI–MS using the CHCE matrix. Representative spectra from one control (Ctrl, orange) and one IL-1 β-treated sample (dark blue) are shown. A peak 
at 1385.7 Da, detected exclusively in the IL-1 β-treated sample, is indicated by a blue star. (B) Workflow for deconvolution of CHCA-labelled peptides. 
Comparative MALDI–MS analyses using CHCA and CHCE matrices enabled identification of peaks selectively enriched under CHCE conditions. 
These peaks were further analyzed using Enzymator and validated by MS/MS sequencing, revealing a previously unannotated CHCA-labelled peptide 
corresponding to human MMP-3 in IL-1 β-stimulated samples. The labelled lysine (Lys108 ) is located in the S3 subsite of the MMP-3 catalytic domain 
(PDB: 4G9L). The domain is shown in cyan, with zinc (yellow) and calcium (green) ions depicted as spheres, and the CHCA-labelled lysine highlighted 
as red sticks. 
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pectrum was compared with theoretical MS/MS spectra
enerated using Protein Prospector for the 15 candidate peptide
equences predicted by Enzymator (Figures 5B , S18C , and S18D ).
omparison across all candidate peptides, together with the
umber of matching experimental MS/MS fragment ions for
ach sequence, identified the MMP-3 peptide (TFPGIPK*WR,
abelled at Lys108 ) as the highest-confidence assignment,
ith eight matching fragment ions (Figure S18C ). Finally, to
ndependently validate this assignment, recombinant MMP-3
as labelled with probe 1-CHCA, enabling confirmation of its
ALDI-MS fingerprint under CHCE conditions (Figure S19A ),
s well as the corresponding MS/MS fragmentation pattern of the
/z 1385.7 signal (Figure S19B ). The excellent agreement between
he experimental and theoretical fragmentation patterns (Figure
19C ) provides unambiguous confirmation of the assignment. 

hese findings are consistent with IL-1 β-induced MMP-3 secre-
ion by chondrocytes [ 43 ] and suggest a high degree of flexibility
n the enzyme’s N-terminal region, as previously observed for
MP-12. 
of 11
2.7 Probing MMP Activity Through Mass-Tag 
Transfer Chemistry 

This work establishes a mass-encoded ABPP strategy in which
a transferable mass tag provides both chemical selectivity and
analytical readout. By coupling proximity-driven chemistry with
MALDI-based detection, the approach integrates molecular
recognition with MALDI mass spectrometric sensitivity, enabling
rapid and quantitative analysis of catalytically active MMPs
directly in complex proteomes. Each labelled enzyme yields a
unique, or a defined panel of, CHCA-derived signature peptides
that constitute an activity fingerprint, enabling multiplexed, and
comparative analyses without enrichment. 

The efficiency and quantitative accuracy of the workflow are
governed by multiple parameters, including probe labelling
efficiency, protein recovery, digestion completeness, and peptide
extraction, each of which may be influenced by sample complex-
ity. For instance, MMP-2 detection yields were higher in U87 cell
supernatants ( ∼ 50%) than in buffer ( ∼ 18%; Figure S16E ), whereas
Angewandte Chemie International Edition, 2026
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ore complex matrices, such as tumor extracts, resulted in
educed yields. These observations underscore the inherent chal-
enges associated with absolute quantification of active MMPs
cross heterogeneous biological samples. Nevertheless, this limi-
ation, also encountered with other quantification methods, does
ot preclude accurate measurement of endogenous active MMPs
n three distinct proteomes examined in this study. In this respect,
ur strategy enables determination of active MMP concentrations
ith defined accuracy, precision, and linearity within samples of
omparable complexity. 

lthough a direct one-to-one comparison with enrichment-based
BPP workflows is non-trivial due to fundamental differences
n sample handling and readout, the close agreement between
nrichment-based and enrichment-free quantification of acti-
ated mMMP-12 in HEK293T supernatants supports the accuracy
nd validity of the direct quantification achieved with the present
ethod. In this regard, the principal advantage of our approach
ies in direct, enrichment-free, mass-based quantification of
atalytically active MMPs, rather than incremental gains in
nalytical sensitivity. Moreover, when combined with ELISA, an
ssay that measures total protein levels irrespective of activation
tate, this strategy enables estimation of the fraction of active
MPs within a given sample. This distinction is particularly
elevant in light of growing evidence that MMP activity, rather
han expression alone, correlates with disease progression and
iagnostic value [ 2, 8, 44–46 ]. 

he applicability of this enrichment-free strategy depends on
wo key parameters: (i) efficient binding of A f BPs to the target
nzyme, primarily dictated by the recognition motif, and (ii) the
resence of a suitably positioned nucleophilic residue, such as
 lysine, in proximity to the binding site to enable proximity-
nduced mass-tag transfer. In this context, A f BPs projecting a
leavable linker into the S3 ′ subsite preferentially label MMP-
, -9, -12, and -13, which contain lysine residues within this
egion. Notably, labelling of MMP-12, -3 in their S3 subsite,
ikely facilitated by a higher degree of flexibility from their
-terminal region, illustrates the potential extensibility of this
esign principle to other MMPs and proteases. For MMPs, this
ay involve the development of CHCA-derived A f BPs targeting
he S3 subsite, which contains a reactive N-terminus and mul-
iple lysine residues [ 28 ]. For other protease families, broader
pplicability will likely require libraries of probes incorporating
istinct recognition motifs and cleavable linkers with varied
eactivity and projection geometries. In addition, targeting alter-
ative nucleophilic residues within the catalytic cleft may further
xpand the scope of this bioanalytical strategy. Collectively, these
evelopments define important directions for future CHCA-
erived probe design, with the perspective of comprehensive
apping of protease activation patterns across physiological and
athological contexts. 

ithin the scope of the present study, MALDI analysis coupled
ith MS/MS sequencing identified serum albumin as the princi-
al off-target of the A f BPs. This observation can be attributed to
he high abundance of albumin in biological samples, together
ith the hydrophobic scaffold and negatively charged features
f the probes. While the present approach is quantification-
riented rather than discovery-driven, this result nonetheless
uggests that mass-tag transfer combined with deconvolution
ngewandte Chemie International Edition, 2026
strategies could support probe-based target identification under
appropriate conditions [ 16, 47 ]. 

Beyond profiling MMP activity in liquid samples, the intrinsic
MALDI compatibility of the CHCA tag suggests that, this strategy
could be extended to mass spectrometry imaging, enabling
spatially resolved mapping of MMP activity in tissues. Such devel-
opments could help bridge chemical proteomics and diagnostic
mass spectrometry, ultimately facilitating the identification of
mass-encoded activity biomarkers and advancing translational
applications of ABPP. 

Overall, by validating proximity-induced mass-tag transfer as a
robust analytical principle, this work establishes a generalizable
framework for CHCA-derived probe design. The CHCA tag
provides an orthogonal, MALDI-compatible readout, offering a
scalable and multiplexable platform for investigating enzyme
activity in native biological environments [ 48 ]. 

3 Conclusion 

We have developed a new generation of affinity-based probes that
enable the proximity-induced transfer of a MALDI-detectable
mass tag selectively to catalytically active MMPs, allowing their
direct identification and quantification without enrichment.
This strategy extends ABPP into the mass spectrometry domain
by translating enzyme activity into a mass-encoded analytical
readout. The approach provides sensitive, multiplexed, and quan-
titative detection of active MMPs in complex proteomes. By
combining chemical selectivity with analytical simplicity, this
work establishes a general design principle that can be adapted
to other metalloprotease and enzyme families and may enable
functional biomarker discovery in physiological and pathological
contexts. 

4 Supporting Information 

The Supporting Information includes Figures S1–S19 , Schemes
S1–S5 , Tables S1–S5 , supplementary methods, and NMR and
HPLC data of the chemical probes and their synthetic precursors.
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