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Abstract

Chemoproteomic probes (CPPs) have been widely considered as powerful molecular biological tools that enable the highly efficient discovery
of both binding proteins and modes of action for the studied compounds. They have been successfully used to validate targets and identify
binders. The design of CPP has been considered extremely challenging, which asks for the generalization using a large number of probe data.
However, none of the existing databases gives such valuable data of CPPs. Herein, a database entitled ‘Chem(Pro)2’ was therefore developed
to systematically describe the atlas of diverse types of CPPs labelling human protein in living cell/lysate. With the booming application of
chemoproteomic technique and artificial intelligence in current chemical biology study, Chem(Pro)2 was expected to facilitate the AI-based
learning of interacting pattern among molecules for discovering innovative targets and new drugs. Till now, Chem(Pro)2 has been open to all
users without any login requirement at: https://idrblab.org/chemprosquare/
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ntroduction

hemoproteomic probes (CPPs) have been widely considered
s a powerful molecular biological tool that enables the highly
fficient discovery of both binding proteins and modes of ac-
ion for studied compounds (1–3). They have been successfully
pplied in various contexts, including identifying/validating
rug targets by mapping compound-protein interactions (4–
), screening lead compounds in early drug discovery (9–12)
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and optimizing the efficacy/specificity of the identified leads
(13–16). It is known that the design of CPP remains extremely
challenging, which asks for the generalization based on a large
number of probe data (17). All the studies highlight the de-
mands for the valuable information of CPP, and it is therefore
critical to collect the big data of CPP for promoting the AI-
based learning of interacting patterns among molecules for
discovering innovative targets and drugs (18–27).
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Figure 1. The relationships among the three key components in our Chem(Pro)2 database: CPPs, competitors and probe labelling targets. One CPP can
label many targets, and specific competitor can compete with the CPP when binding to targets. As described on the left side, there were two types of
probe-associated techniques: activity-based protein profiling (ABPP) and photoaffinity-based protein profiling (PAL-AfBPP). As demonstrated on the right
side, the primary content in each of the Chem(Pro)2 page (the pages for Probe/Competitor/Target) was also provided.
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So far, a variety of databases have been developed to pro-
vide the interactions between compound and protein, includ-
ing BindingDB (28), ChEMBL (29), CovPDB (30), GtoPdb
(31), KLIFS (32), Chemical Probes Portal (33) and Co-
valentInDB (34). Only one database named CysDB (35) has
been available for describing CPP data, which focuses on of-
fering three CPPs covalently binding to the cysteine sites of
11 621 human proteins detected using the chemoproteomic
technique, and 363 competitive compounds (namely, com-
petitors) corresponding to the CPPs were accumulated using
experimentally-validated data. Most of the existing databases
have attracted broad interest from worldwide audiences and
won substantial reputation from the relevant research com-
munity, which further highlights the great importance of the
accumulation of these valuable CPP data.

However, it is known that the probes are designed to cova-
lently bind to any amino acids (not just cysteine) of the human
proteins, and the diversity of the binding amino acid is of great
importance for the identification of the target/drug (36–42).
Besides the covalent ones, photoaffinity probes are known to
be appealing and promising to noncovalent drugs for the en-
richment of targets from the whole cellular proteome (43,44),
and it is critical to have the binding data of probes validated in
living cell to represent the complexity of the biological system
(45–48). To the best of our knowledge, none of the existing
databases provided such valuable information as described
above. Therefore, it is urgently needed to have a knowledge
base that systematically describes the precious data of diverse
types of chemoproteomic probes (CPPs) labelling the human
proteins in living cells.

Herein, a database named Chem(Pro)2, which systemati-
cally describes the atlas of chemoproteomic probes (CPPs) la-
belling human proteins in living cells was therefore developed.
First, CPPs were collected based on comprehensive literature
reviews in PubMed, which led to a total of 603 CPPs (133 co-
valent and 470 photoaffinity), 1016 competitors of CPPs and
14 250 binding proteins in the human genome (including 4649
enzymes, 1357 channel/transporters, 225 GPCRs and so on).
Second, all interactions between CPPs and their labelling hu-
man proteins were experimentally discovered based on a total
of 118 living cell types (such as HEK293T, HCT-116, PaTu-
8988t, MDA-MB-231, HeLa) from 22 healthy/disease organs
(including kidney, colon, uterus, breast, pancreas, and liver).
Third, the information on the probe’s binding sites in human
protein was comprehensively collected from the literatures
and explicitly provided in Chem(Pro)2, which resulted in a to-
tal of 135 486 binding sites in 13 938 human proteins labelled
by 160 CPPs. Finally, the binding ratios between 524 CPPs
and 863 competitors (which challenge the labelling of CPPs
on proteins) were collected, which brought about 2 118 636
records of binding ratio experimentally validated based on
106 living cell types (including K562, Hep-G2, Ramos, SH-
SY5Y and KYSE410).

All in all, Chem(Pro)2 is unique in systematically providing
diverse types of chemoproteomic probes (both the covalent
and photoaffinity ones) that experimentally label human pro-
teins in living cells. Its provided data were fully cross-linked to
many established molecular biological knowledge bases, such
as UniProt (49), PubChem (50), TTD (51), DrugMAP (52) and
ChEMBL (29). With the booming applications of chemopro-
teomic techniques in chemical biology research, our database
is therefore expected to attract broad interests from the rele-
vant research community. The Chem(Pro)2 is now freely ac-
cessible by all users at: https://idrblab.org/chemprosquare/.

https://idrblab.org/chemprosquare/
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Figure 2. Detailed information offered in Chem(Pro)2 for describing the chemoproteomic probes (CPPs) and their labelling targets. (A) explicit
descriptions for each CPP in Chem(Pro)2 database, which included various chemical data (such as lipid-water partition coefficient, molecular weight,
hydrogen bond donor, hydrogen bond acceptor, and rotatable bond) and diverse probe techniques (ABPP and PAL-AfBPP). (B) explicit descriptions for
every probe-labelling target in Chem(Pro)2, which described the competing mechanism of competitors underlying each probe technique, and a variety of
drugs and proteins that interacted with the studied probe-labelling target.
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actual content and data retrieval

ata collection for chemoproteomic probes (CPPs),
ompetitors and targets

he data for Chem(Pro)2 were collected through the fol-
owing procedures. Particularly, a literature review was con-
ucted using keywords and combinations such as ‘chemo-
roteomics + probes’, ‘chemoproteomics + targets’, ‘activity-
ased protein profiling’, ‘affinity-based protein profiling’,
photoaffinity labelling’ and ‘click chemistry’ in PubMed and
RIDE (53). Entries detailing reported probes along with
heir corresponding target were documented. As a result,
hem(Pro)2 established a comprehensive chemoproteomic at-

as that integrated a diverse series of CPPs with their labelling
targets and competitors. Experimentally, each studied CPP can
label multiple targets and be competed by several competitors,
which established the relationship among the three main com-
ponents in Chem(Pro)2 database: CPP, competitor, and target.

As depicted on the left side of Figure 1, there were two typ-
ical types of probe-protein profiling technique: activity-based
protein profiling (ABPP (54)) and photoaffinity-based protein
profiling (PAL-AfBPP (55)). The probes in Chem(Pro)2 were
specifically designed for labeling and enriching the target pro-
tein profiles in proteomics analyses and the key differences be-
tween probes in Chem(Pro)2 and the Chemical Probes Portal
was shown in Supplementary Table S1. Moreover, the main
contents in the Chem(Pro)2 pages describing those three com-
ponents were briefly provided (the right side of Figure 1),

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae943#supplementary-data
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Figure 3. The atlas of the activity-based protein profiling (ABPP) probe labelling cysteine. There were 22 types of ABPP probes under this category (from
Cys01 to Cys22, highlighted in green background, the number in bracket denoted the total amount of ABPP probes within certain probe type). Under
each probe type, both structure and name of the representative probes were provided, and the corresponding probe warhead was highlighted in red
color. A square frame in orange was used to highlight the specific information for each cysteine-labelling probe type.
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Figure 4. Different numbers of probe-labelled sites and targets according to the various types of residues labelled by all probes described by
Chem(Pro)2. Among all existing amino acids, a total of thirteen amino acids were identified in this study to be labelled by at least one chemoproteomic
probe, which made Chem(Pro)2 covering the most comprehensive types of probe-labelled amino acids among available databases. Particularly, the
cysteine was the most popular one labelled by probe, while the methionine was the one with the least numbers of sites and targets.
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hich included the labeled targets, chemoproteomic competi-
ors, and experimental detail of the studied probe, the com-
eting probes, interacting targets, and experimental detail of
studied competitor, and the corresponding probes, analyzed

ompetitors, and experimental detail of the studied target. In
hem(Pro)2, readers could readily retrieve the information of

he three main components and their one-to-many relation-
hip, and 603 CPPs (133 covalent and 470 photoaffinity),
016 competitors and 14 250 protein targets (such as 4649 en-
ymes and 1357 channel/transporters) were finally included
nto Chem(Pro)2.

Furthermore, a variety of detailed information was in-
orporated into our Chem(Pro)2 to describe the chemopro-
eomic probes and their labelling target. As depicted in Fig-
re 2A, chemoproteomic probes in Chem(Pro)2 were system-
tically described by various chemical data (such as lipid-
ater partition coefficients, molecular weight, rotatable bond,
ydrogen bond donor and hydrogen bond acceptor) and
robe techniques (ABPP and PAL-AfBPP). Meanwhile, the
robe-labelling targets were also explicitly introduced and
hown in Figure 2B. Chem(Pro)2 introduced all interac-
ions and labelling processes involving a studied probe, and
he competing mechanisms of competitors underlying differ-
nt probe techniques were also shown. Moreover, a large
umber of drugs (2033 approved, 2379 clinical trial, 3588
reclinical/patented and 9631 investigative ones) and 10 533
roteins interacting with the probe-labelling targets were also
ollected.

ctivity-based protein profiling (ABPP) probes
abelling the protein targets

BPP is a well-used chemoproteomic technique initially de-
eloped to monitor enzyme activities in complex proteomes
(56–63). Various types of enzymes have been targeted us-
ing ABPP probes, which include proteases, kinases, phos-
phatases, glycosidases, oxidoreductases, and so on (64–67).
To overcome the limitation of traditional protein profiling
techniques, broad-spectrum ABPP probes with highly reac-
tive warheads have been designed to label the intrinsically
reactive residues across various protein families (68). For
example, the iodoacetamide-derived probe ‘IA-alkyne’ la-
belled over 1000 functional cysteines in human cells (69),
which included a list of hyper-reactive cysteines associated
with enzyme’s functional sites, highlighting the versatility
of broad-spectrum probes. In addition to the large num-
ber of probes targeting cysteine (70), other amino acid
residues, such as lysine, tyrosine, aspartic acid, glutamic acid,
histidine, tryptophan and methionine, have also been fre-
quently adopted in current chemoproteomic studies (71–
74). The key features of the probes included (a) a chem-
ically reactive warhead that covalently binds to a specific
residue/cofactor on the labelled target, (b) a reporter tag for
detecting/purifying the labelled targets and/or (c) a binding
group that fine-tunes target-labelling specificity and minimiz-
ing undesirable interactions between the warhead and the
tag.

In Chem(Pro)2, a comprehensive collection of ABPP probes
along with their labelled targets was provided. As one of
the most popular labelling residues, cysteine was reported
to be the only one covalently labelled by marketed drugs,
which highlighted its dominant role in chemoproteomic re-
search. In this study, the atlas of all the cysteine-labelled
ABPP probes collected to Chem(Pro)2 was systematically de-
scribed in Figure 3, which resulted in 22 types of ABPP
probe (from Cys01 to Cys22, highlighted in green back-
ground, the numbers in brackets indicated the total num-
ber of collected probes in the corresponding probe type). In
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Figure 5. The number and structure of photoaffinity-based protein profiling (PAL-AfBPP) probe scaffold in different scaffold clusters. (A) the number of
PAL-AfBPP scaffolds in each of the top-9 scaffold cluster. (B) the structure of the representative PAL-AfBPP probe for each probe cluster, and the
corresponding scaffold was highlighted in blue color.
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each probe type, both the structure and name of the repre-
sentative ABPP probes were illustrated, with the correspond-
ing warhead highlighted in red color. A number of square
frames in orange were used to highlight certain data for
each cysteine-labelled probe type. Particularly, the commonly-
used warheads (colored in red) included electron-deficient
haloalkane or electron-deficient alkene, leading to the devel-
opment of diverse ABPP probes, such as ENE (17), AZ-9
(36), IA-alkyne (69), IPM (75), DBIA (76,77) and NAIA_5
(78). Other warheads incorporated many chemotypes: (a)
electron-deficient alkyne probes (such as Hsieh_2 (79), and
phosphinate-6 (80)), (b) benziodoxole probes (such as TFBX
(81) and JW-RF-010 (82)), (c) catechol probes (such as DA-
P3 (83), and DAyne (84)), (d) sulfonium probes (such as
C-Sul (85)), (e) nitrile oxide probes (such as W1 (86)) and
so on.

Additionally, many CPPs in Chem(Pro)2 database were
discovered to label the post-translational modification of
cysteine. As provided in Supplementary Figure S1, these
CPPs belonged to four different classes: 4-hydroxy-2-nonenal-
modified cysteine (Cys-HNE), acrolein-modified cysteine
(Cys-Acrolein), sulfenylation of cysteine (Cys-SOH) and sulfi-
nation of cysteine (Cys-SO2H). Taking the type of Cys-SOH
as an example, there were three types: (a) Wittig reagent
probes (such as WYneX (87)), (b) benzothiazine probes (such
as BTD (88)), (c) dimedone probes (such as DYn-2 (89)). Ex-
cept for cysteine and its post-translational modifications, the
ABPP probes for other amino acids were also collected to
Chem(Pro)2. As shown in Supplementary Figure S2, the at-
las of activity-based protein profiling (ABPP) probes labelling
the resides beyond cysteine and its post-translational modifi-
cation was systematically described, with detailed information
was explicitly discussed in the corresponding figure legend.
All in all, Chem(Pro)2 provided 135 486 ABPP probe-labelled
sites relevant to 13 amino acids in 13 938 human proteins
(as shown in Figure 4), which made it the most comprehen-
sive repository of probe-labelled amino acids among existing
knowledge bases.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae943#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae943#supplementary-data
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Figure 6. A systematic classification of probe-labelled targets. (A) the numbers of targets among a variety of protein functional classes. (B) the
percentages of targets according to their therapeutic effects and clinical trial status. Particularly, about 15% of the probe-labelled targets had already
been previously reported as ‘therapeutic target’, which could be further classified into successful, clinical trial, preclinical, discontinued,
patent-recorded and literature-reported ones.
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hotoaffinity-based protein profiling (PAL-AfBPP)
robes labelling targets

ost FDA-approved drugs bind non-covalently to protein
argets. Tools for evaluating reversible interactions between
mall molecules and proteins are invaluable in this context.
o address this need, the affinity-based protein profiling (Af-
PP) strategy incorporated with photoaffinity labelling (PAL)

90) was developed. PAL-AfBPP probe (commonly known as
he photoaffinity-based protein profiling probe) has become a
ersatile tool for mapping the reversible interactions between
mall molecules and proteins in living cells, aiding in the iden-
ification of protein targets for various molecules (such as lead
ompounds and natural product (91–93)), which significantly
xpanded the spectrum of ‘ligandable’ proteins (94–97). A
ypical PAL-AfBPP probe consists of three essential compo-
ents: a scaffold that facilitates the probe’s approach to the
argeted proteins, a photoreactive group that forms a cova-
ent bond with the target upon exposure to radiation, and a
reporter tag for subsequent detection or enrichment. Typical
photoreactive groups included aryl azides, diazo ketones, di-
azirines, benzophenones and aryl tetrazoles, with diazirines
being favored due to high reactivity and compact size. While
the type and attached sites of the photoreactive group im-
pacted labelling profile of scaffold (98,99), the overall land-
scape of protein labelling was predominantly determined by
the diversity of scaffold structure. Till now, a large num-
ber of PAL-AfBPP probes and their labelled proteins (95,96)
have been generated within the research community, making
it an opportune time to construct a comprehensive database,
which would give substantial insight into the design of in-
novative chemoproteomic probes and the discovery of new
therapeutics.

The latest Chem(Pro)2 contained 488 PAL-AfBPP probes
labelling 4 864 human proteins. Given the importance of scaf-
fold diversity, the structure variety of all accumulated scaffolds
was further investigated. First, RDKit package (100) was uti-
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Figure 7. The functional search engines provided in Chem(Pro)2 for retrieving probe, competitor, and target. (A) a schematic illustration of how to search
a probe/competitor based on user-defined compound structures. Chem(Pro)2 engine could output the compound similarity by matching the user-defined
one to all the probe/competitor structures in our database, and a variety of similarity degrees were calculated (High Similarity, Intermediate Similarity,
and Remote Similarity). (B) a schematic illustration of how to search probe-labelled target using user-defined protein sequence. Chem(Pro)2 engine could
calculate the sequence similarity by aligning the user-defined sequence against all target sequences collected to our database, and similarity levels were
measured using the BLAST E-values and Identities as the quantitative similarity scores.
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lized to generate Murcko scaffolds and compute Morgan fin-
gerprints for all probes, and the similarity among probes was
calculated using Tanimoto coefficients (101). Second, based
on these similarity scores, hierarchical clustering of all probes
was performed using a linkage strategy to calculate the dis-
tances among clusters with the threshold set to 0.85 (102).
Third, within each cluster, the representative scaffolds were
discovered by calculating the average fingerprint and identi-
fying the scaffold closest to this average. Finally, a total of 35
clusters were generated, and the numbers of PAL-AfBPP scaf-
folds in each of the top-9 scaffold clusters were provided in
Figure 5A. Moreover, the structures of the representative PAL-
AfBPP probe scaffolds within those top-9 clusters were de-
scribed in Figure 5B, which demonstrated considerable struc-
ture diversity among all the collected probes.

Target diversity in functional and clinical relevance

Chem(Pro)2 collected a total of 14 250 probe-labelling tar-
gets. To have a deeper understanding of these targets,
both functional and clinical relevance diversities of the
labelled protein targets were explicitly depicted in Fig-
ure 6A and B, respectively. Particularly, the targets fell
in different protein functional classes, such as enzymes,
transporters/channels, transcription factors, immunoglobu-
lins, GPCRs, and cytokines/cytokine receptors (as demon-
strated in Figure 6A). Furthermore, all probe-labelling targets
were mapped to a well-known database TTD (103), which de-
scribed the statistics of those targets based on their therapeu-
tic effects and clinical trial status (as illustrated in Figure 6B).
Specifically, 15% of those targets were reported therapeutic
ones, among which 17% and 31% were the ones of approved
(successful) and clinical trial drugs, respectively. For the tar-
gets of clinical importance, those established CPPs could play
critical role in evaluating target occupancy for drugs associ-
ated with preclinical or clinical targets, as well as facilitating
ligand screening for literature-reported target. For those tar-
gets yet to enter the clinical trials, the CPPs in Chem(Pro)2

could also be proactively employed for promoting the studies
of ligand screening, thereby capturing the opportunities for
lead/drug discovery.

Functional search engines for retrieving the probe,
competitor, and target

A variety of search engines were constructed in this study
and provided online in our Chem(Pro)2 for retrieving the in-
formation of probe, competitor and target. Chem(Pro)2 has
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eveloped a keyword-based search engine that allows users
o search for drugs, competitors, and targets across the en-
ire database. For example, in the ‘Search for Probe’ inter-
ace, users can directly search for probes by name (e.g. IA
lkyne, AZ-9, A-DA), or retrieve a list of probes associated
ith specific targets (e.g. SLC25A20) or competitors (e.g.

Z128). What’s more, Figure 7A schematically illustrates the
ay to search for a probe/competitor based on the user-
efined compound structures. Particularly, the provided en-
ine could output the compound similarities by matching
he user-defined one to all probe/competitor structures in
hem(Pro)2 database, and a variety of similarity degrees could

hen be calculated, and classified into different levels of sim-
larity (High Similarity, Intermediate Similarity and Remote
imilarity). Meanwhile, Figure 7B further provided the way to
earch probe-labelled targets based on the user-defined protein
equence. Chem(Pro)2 engine could calculate sequence simi-
arities by aligning the user-defined sequence against all tar-
et sequences collected to the database, and similarity levels
ere measured using the BLAST E-values and Identities as the
uantitative similarity scores (104). All in all, by integrating
uch sophisticated measurements, our database was expected
o streamline the search procedure by offering powerful and
ser-friendly interfaces that aimed at supporting efficient data
etrieval and scientific data analysis.

ata availability

hem(Pro)2 is open to all users without login requirement at:
ttps://idrblab.org/chemprosquare/.

upplementary data

upplementary Data are available at NAR Online.
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