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ABSTRACT: DNA-encoded chemical library (DEL) has been
extensively used for lead compound discovery for decades in
academia and industry. Incorporating an electrophile warhead into
DNA-encoded compounds recently permitted the discovery of
covalent ligands that selectively react with a particular cysteine
residue. However, noncysteine residues remain underexplored as
modification sites of covalent DELs. Herein, we report the design
and utility of tyrosine-targeting DELs of 67 million compounds.
Proteome-wide reactivity analysis of tyrosine-reactive sulfonyl
fluoride (SF) covalent probes suggested three enzymes (phospho-
glycerate mutase 1, glutathione s-transferase 1, and dipeptidyl
peptidase 3) as models of tyrosine-targetable proteins. Enrichment
with SF-functionalized DELs led to the identification of a series of tyrosine-targeting covalent inhibitors of the model enzymes. In-
depth mechanistic investigation revealed their novel modes of action and reactive ligand-accessible hotspots of the enzymes. Our
strategy of combining activity-based proteome profiling and covalent DEL enrichment (ABPP-CoDEL), which generated selective
covalent binders against a variety of target proteins, illustrates the potential use of this methodology in further covalent drug
discovery.

■ INTRODUCTION
Covalent drugs, also known as targeted covalent inhibitors, are
a class of pharmaceuticals that form permanent bonds with
disease-causing proteins, leading to prolonged target engage-
ment and exceptional potency.1 The unique pharmacological
benefits of covalent drugs have prompted major pharmaceut-
ical companies to continually develop them into the market or
clinical trials, particularly in the areas of oncology and
infectious diseases.2 Notable examples of covalent drugs
include afatinib, the first FDA-approved covalent EGFR
inhibitor used as a first-line treatment of metastatic NSCLC
with activating mutations in EGFR,2,3 and ibrutinib, a BTK
inhibitor approved for the treatment of mantle-cell lympho-
ma.4,5 Furthermore, covalent modification of critical amino
acids has allowed for the targeting of traditionally undruggable
proteins, as demonstrated by sotorasib, an inhibitor of mutant
KRAS (G12C) that has withstood decades of drug discovery
efforts.6,7

Early examples of covalent drugs generally originated
serendipitously from natural products. However, a more
systematic and rational approach has gained popularity with
the use of structure-guided rational design, where an
electrophilic group is incorporated into a known reversible
ligand. Another emerging approach is the screening of

chemical libraries containing electrophilic compounds.8−10

This electrophile-centric screening strategy enables the direct
identification of covalent ligands from the outset rather than
designing them from known reversible ligands. Despite these
significant advancements, the discovery of covalent drugs that
target noncysteine residues remains challenging. Currently,
clinically used covalent drugs primarily target critical cysteine,2

with lysine,11 serine,12 and threonine13 residues being targeted
to a lesser extent. Covalent modification of other amino acids
is even more difficult due to their low reactivity and high
abundance on the protein surface. An alternative covalent
conjugation strategy is essential when any of the cysteine or
other reactive residues are not available in the protein of
interest. One possibly targetable residue is tyrosine, which
harbors a moderately reactive phenol group and is low
abundance on the protein surface due to its relative
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hydrophobicity. The development of tyrosine-selective cova-
lent ligands would complement the existing strategies for
covalent ligand discovery or design.
The DNA-encoded chemical library (DEL) has emerged as a

powerful technology for rapidly synthesizing and selecting
library members.14−17 DELs incorporating an electrophile
warhead, known as covalent DELs, have been utilized for
covalent drug discovery.14 Winssinger and co-workers
pioneered the use of PNA-encoded electrophilic peptide
libraries for diverse protein targets, including protease,18−20

MEK2,21 ERBB2,21 and bromodomains.22 Large covalent
DELs have been screened against a wide range of protein
targets, such as BTK,23,24 JAK1,24,25 Pin1,24 and SARS-CoV-
2,26 leading to the identification of unique covalent ligands.
However, the use of these covalent DELs has been limited to
targeting cysteine or serine residues, primarily due to the poor
diversity of warheads used such as acrylamide, acrylate, ketone,
epoxide, and boronic acid (Figure 1A). Therefore, the
development of covalent DELs with noncysteine-targeting
warheads would expand the utility of DELs for the discovery of
novel covalent inhibitors.
In this study, we report the discovery of covalent ligands that

target tyrosine residues from sulfonyl fluoride (SF)-function-
alized DNA-encoded chemical libraries. Our platform integra-
tes activity-based protein profiling (ABPP) of SF-based
covalent probes with an enrichment of the SF-functionalized

DELs, providing a generalizable workflow for discovering
tyrosine-targeting covalent ligands (Figure 1B). Through the
screening of a vast DELs pool containing 67 million
compounds, we identified novel covalent ligands that
selectively target tyrosine residues in phosphoglycerate mutase
1 (PGAM1), glutathione s-transferase 1 (GSTP1), and
dipeptidyl peptidase 3 (DPP3), respectively. This demon-
stration highlights the potential of sulfonyl fluoride as a
promising warhead for tyrosine-targeting covalent ligands and
the importance of combining activity-based proteome profiling
and covalent DEL enrichment (ABPP-CoDEL) in the rapid
discovery of covalent inhibitors.

■ RESULTS AND DISCUSSION
Chemical Proteomic Evaluation of Sulfonyl Fluoride-

Based Covalent Probes. We chose sulfonyl fluoride (SF) as
the warhead for developing tyrosine-selective covalent ligands,
given that SF has increasingly been used in chemical biology
and molecular pharmacology investigations due to its ability to
react with tyrosine residues.27−31 However, the sensitivity of
SFs to tyrosine residues can vary in different protein
microenvironments, and randomly selecting target proteins
containing tyrosine residues may impact the efficiency of
subsequent screening steps. To identify proteins suitable as
targets of tyrosine-targeting covalent ligands, we initially
conducted an activity-based protein profiling (ABPP)32−35

Figure 1. Proposed ABPP-CoDEL selection strategy. (A) CoDELs are always selected against proteins with functional cysteines. (B) The proposed
ABPP-CoDEL selection method. The sulfonyl fluoride-based probes are used to identify the probe-modified proteins that are selected for SF-based
CoDEL selection. After washing out, the hit compounds are encoded, of which the model of action is next validated.
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experiment using SF-based covalent probes to systematically
assess the accessibility and reactivity of proteomes (Figure 2A).
The design of the SF-based probes is depicted in Figure 2B.

To incorporate an alkyne reporter tag for downstream
detection, we synthesized alkyne-modified sulfonyl fluoride
probes, F1 and F2, by coupling 1-amino-3-butyne to 3 or 4-
(chlorosulfonyl)benzenesulfonyl fluorides. During the con-
struction of the covalent DEL, we found that ortho-substituted
SF was susceptible to reacting with amino or hydroxyl groups
intramolecularly in the parent compounds. Thus, the synthesis
and subsequent experiments of the ortho-substituted SF probe
were not performed. Subsequently, we evaluated the reactivity
of these probes for proteome profiling. In-gel fluorescence
analysis of HEK293T cell proteomes demonstrated robust
proteome labeling by F1 and F2 in a concentration- and time-
dependent manner (Figure S1).

We also analyzed the identities of the labeled proteins.
HEK293T cell proteomes were treated with F1 and F2 (250
μM, 1 h, 25 °C) followed by coupling with a biotin-azide
conjugate via copper-catalyzed azide−alkyne cycloaddition
(CuAAC). The biotin-labeled proteomes were then enriched
by avidin affinity chromatography and digested with trypsin
protease. The released peptides were subsequently sequenced
using high-resolution liquid chromatography−mass spectrom-
etry (LC-MS/MS). Approximately 2400 proteins labeled
separately by F1 and F2 were identified (Figure 2C). Around
20% of them were protein targets of FDA-approved or
potential drugs, according to the DrugBank database36 (Figure
2D). The DrugBank proteins labeled by SF probes originated
from diverse functional classes that are regarded as druggable,
primarily enzymes (Figure 2D). The dynamic range of the
labeled proteome was examined next by quantitative
proteomics. We focused on three enzymes (phosphoglycerate

Figure 2. Analysis of proteins liganded by sulfonyl fluoride electrophiles. (A) General protocol for LC-MS/MS workflow to identify proteins
liganded by SF-based probes. (B) Chemical structures of sulfonyl fluorides F1 and F2, respectively. (C) Comparison of F1- and F2-modified
proteins identified from cell proteomes (HEK293T) treated with SF probes (250 μM, 1 h, 25 °C). (D) Fraction of liganded proteins found in
DrugBank (left). Functional classes of FDA-approved drug targets, potential drug targets, and nondrug targets (right). (E) Abundance of quantified
proteins liganded by F1 (left) and F2 (right) using a label-free quantitative proteomics analysis. Whole cell lysates of HEK293T were treated for 1
h with 250 μM F1 and F2, respectively, followed by CuAAC and label-free quantitative proteomics analysis. Three proteins selected for further
DELs selection were indicated. (F) The nucleophilicity of PGAM1, GSTP1, and DPP3 with F1 was determined by using the area under the curve
of MS1 extracted ion chromatograms (EIC) to quantify the result SILAC ratios (SR). SILAC-labeled light and heavy whole cell lysates were treated
for 1 h with 25 μM and 250 μM F1, respectively, before being mixed, followed by CuAAC and quantitative proteomics analysis. Protein reactivity
was segregated into low, medium, and high groups based on their respective SILAC ratios (SR > 5, 2 < SR ≤ 5, SR ≤ 2).
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mutase 1 (PGAM1), glutathione s-transferase 1 (GSTP1), and
dipeptidyl peptidase 3 (DPP3)) for subsequent DEL screening
as examples according to their different types of catalytic
functions including isomerase, transferase, and hydrolase.
These three enzymes that harbor reactive hotspot tyrosines
amenable to sulfur-triazole exchange (SuTEx) reaction33

showed high (PGAM1 and GSTP1) and low (DPP3) protein
abundance (Figure 2E).
To directly evaluate the reactivity of F1 for each enzyme, we

conducted SILAC (stable isotope labeling with amino acids in
cell culture)-based quantitative proteomics. The SILAC-
labeled light (12C6 lysine and 12C614N4 arginine) and heavy
(13C6 lysine and 13C615N4 arginine) whole cell lysates were
treated with 25 and 250 μM F1 for 1 h, respectively. After
sample mixing and the CuAAC click reaction, the biotin-
labeled proteins were enriched via avidin affinity chromatog-
raphy and subjected to quantitative proteomics analysis via
LC-MS/MS analysis. The results confirmed a high reactivity of
F1 for PGAM1 (SILAC ratio: ∼ 1.1), DPP3 (SILAC ratio: ∼
0.8), and a medium reactivity for GSTP1 (SILAC ratio: ∼ 2.9)
(Figure 2F).
Construction and Screening of Sulfonyl Fluoride-

Based Covalent DELs. We set out to select SF-based
covalent DNA-encoded libraries (SF-based DELs) to identify
covalent ligands targeting the three proteins. To validate the
suitability of SF-based DELs as a source of tyrosine-targeting
covalent ligands, we generated diverse chemical libraries of
millions of structures after testing the stability of sulfonyl
fluoride electrophiles under DNA-compatible reaction con-

ditions (Figures 3A,B and S2−S5). A reversible DEL pool
without the sulfonyl fluoride warhead was also prepared as a
control. Among the libraries, DEL01 was chosen as an
example, as illustrated in Figure S6. In DEL01, Fmoc-amino
acid and 4-amino-benzoic acid building blocks (referred to as
bb1) were acylated onto the primary amine of the
oligonucleotide headpiece at cycle 1. After pooling and
deprotection of N-Fmoc, the cycle 1 product was coupled to
327 boronic acid building blocks in cycle 2 (bb2) via the
Suzuki coupling reaction. Finally, all building blocks were
terminated with a sulfonyl fluoride group through a
nucleophilic aromatic substitution (SNAr) reaction with
chlorosulfonyl-benzenesulfonyl fluorides.
For screening, we followed the previously reported covalent

selection method.24 Briefly, proteins were incubated with the
2.5 nmol covalent DEL pool, composed of a total of 67 million
compounds in PBS. The 6 × his-tagged recombinant PGAM1,
GSTP1, and DPP3 were then immobilized on the Ni-NTA
beads matrix, respectively. After one round of enrichment, the
enriched pools were subjected to PCR amplification and NGS
sequencing. Analysis of these data revealed several features in
the irreversible DEL pool but not in the reversible DEL pool.
In the 2D plot, one dot represents one on-DNA compound
constructed by two cycles of building blocks, which provided
one highly enriched cluster (Figure 3C−E). The plot of
sequence counts revealed the preferential enrichment of bb1-
24/bb2-78 pairs for PGAM1 in DEL01B, bb1-6/bb2-385 pairs
for GSTP1 in DEL02B (see Figure S7 for construction of
DEL02), and bb1-119/bb2-47 pairs for DPP3 in DEL01B with

Figure 3. SF-based CoDEL pool selection against target proteins. (A) Synthesis of the covalent DNA-encoded library. (B) Structures of selection
libraries. (C−E) Scatter plot of libraries with preferred scaffolds and the corresponding structural features, where each axis represents one cycle of
chemistry, and the size of each dot is proportional to the copy counts of a unique compound. Selection data analysis of DEL01B for PGAM1 (C)
and DPP3 (E), and DEL02B for GSTP1 (D). The building blocks with high fold-enrichment are highlighted.
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the high fold-enrichment of 47.35, 90.38, and 18.49,
respectively (Figure 3C−E).
Resynthesis of the highly coenriched compounds (off-DNA)

yielded 1a, 2a, and 3a as the hit compounds for further
functional studies. Compounds 1a and 2a inhibited the
enzymatic activity of PGAM1 and GSTP1 with IC50 values
of 70 and 460 nM, respectively (Figure 4A,D). On the other
hand, compound 3a engaged DPP3 with a higher IC50 value of
23 μM (Figure 4G). To examine the liganded amino acid sites
of target proteins, we treated recombinant PGAM1, GSTP1,
and DPP3 with 1a, 2a, and 3a (3-fold excess of the compound,
12 h, 25 °C), respectively, and evaluated the reaction products
by the tandem mass spectrometry analysis. The fragment ions
(y and b) indicated Tyr 92 of PGAM1 as the reaction site of 1a
(mass adduct of 418.07 Da), Tyr 7 of GSTP1 as that of 2a

(mass adduct of 665.14 Da), and Tyr 417 of DPP3 as that of
3a (mass adduct of 600.14 Da) (Figure 4B,E,H).
To gain insights into the binding mode, we cocrystallized

PGAM1 complexed with 1a. The structure was determined by
X-ray crystallography at a resolution of 2.20 Å, followed by
molecular replacement and structure refinement (Supplemen-
tary Table 2). The structure showed a sulfonate ester bond
formed between the sulfonyl group of 1a and the hydroxyl
group of Tyr 92, a substrate binding site of PGAM1 (Figures
4C and S9). The O atom of the newly created sulfonate ester
bond interacted with the amino group of Asn 188 and the
phenyl-cyclopentene group of 1a inserted into the hydro-
phobic pocket of PGAM1 to create π−π interaction with Phe
22, Leu 95, Val 112, and Trp 115 (Figure S12A). The structure
of the GSTP1-2a complex was also determined by X-ray

Figure 4. Validation of hit compounds with target proteins. (A) Top: Chemical structure of hit compound 1a. Bottom: IC50 value of 1a against
recombinant PGAM1. Data represent average values ± s.d., n = 3 per group. (B) Annotated MS2 fragmentation spectra analysis of 1a with
recombinant PGAM1 (0.1 mM). Modification of Tyr 92 at the catalytic site is highlighted in red. (C) Crystal structure of 1a bound to PGAM1
(PDB ID code 7XB7) at a resolution of 2.20 Å. The PGAM1 (gray) is shown as cartoon, and 1a (green) as sticks. (D) Top: Chemical structure of
2a. Bottom: IC50 value of 2a against recombinant GSTP1. Data represent average values ± s.d., n = 3 per group. (E) Annotated MS2 fragmentation
spectra analysis of 2a with recombinant GSTP1 (0.1 mM). Modification of Tyr 7 at the catalytic site is highlighted in red. (F) Crystal structure of
2a bound to GSTP1 (PDB ID code 7XBA) at a resolution of 2.83 Å. The GSTP1 (gray) is shown as cartoon, and 2a (pink) as sticks. (G) Top:
Chemical structure of 3a. Bottom: IC50 value of 3a against recombinant DPP3. Data represent average values ± s.d., n = 3 per group. (H)
Annotated MS2 fragmentation spectra analysis of 3a with recombinant DPP3 (0.1 mM). Modification of Tyr 417 at the noncatalytic site was
highlighted in red. (I) Docking experiment to predict the binding mode of 3a with DPP3 (PDB ID code 3FVY). The DPP3 (gray) is shown as
cartoon, and 3a (purple) as sticks.
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crystallography analysis (Supplementary Table 2). The
cocrystal structure at a resolution of 2.83 Å showed a new
sulfonate ester bond formed between 2a and Tyr 7, a key
catalytic residue of GSTP1 (Figures 4F and S10). The O atom
of the sulfonamide group interacted with the amino group of
Gln 51, while the benzimidazolfuran scaffold was inserted into
the hydrophobic pocket around Phe 8, Val 10, Val 35, Ile 104,
and Tyr 108 (Figure S12B).
Unfortunately, we were unable to obtain cocrystals of DPP3

and 3a. Thus, we determined the labeling efficiency of tyrosine
residues in DPP3 following treatment with 3a. The result
demonstrated that 3a reacted with Tyr 417 in a high ratio
(71%) which supported that 3a did react with Tyr 417 of
DPP3 (Figure S11A). Tyr 417 is not a catalytic site of DPP3,
and its mutation has no significant impact on the DPP3
enzymatic activity.33 Nevertheless, a docking model showed
that Tyr 417 is close to its substrate binding pocket. The
covalent reaction of Tyr 417 with 3a may disrupt the substrate
binding or the conformation change of DPP3 during substrate
binding (Figures 4I, S11, and S12C).
These results demonstrate that 1a, 2a, and 3a are novel

tyrosine-targeting covalent inhibitors against PGAM1, GSTP1,
and DPP3, respectively. Compounds 1a and 2a targeted the
catalytic tyrosines in the substrate binding pockets (Tyr 92,
PGAM1; Tyr 7, GSTP1), and 3a reacted with the noncatalytic
Tyr 417 to inhibit the activity of DPP3. Our results

demonstrate the feasibility of discovering tyrosine-targeting
covalent inhibitors by combining the proteome reactivity
profiling of SF-based probes and the screening of SF-based
covalent DELs.
Selective Target Engagement of the Covalent

Ligands. To further validate the selectivity of ligands, we
designed and synthesized probes P1 (Figure 5A) and P2
(Figure 5E) by adding an alkyne reporter tag to the methyl
group of 1a and 2a for downstream click chemistry. HEK293T
cell proteomes were treated with probe P1 and P2 (2 μM, 2 h,
25 °C) followed by CuAAC coupling with rhodamine-azide
conjugate and analyzed by SDS-PAGE. In-gel fluorescent
imaging showed ∼27 and ∼25 kDa bands in the samples
treated with P1 and P2, respectively, in a concentration-
dependent manner. The bands were competed out by adding
1a and 2a, respectively (Figure 5B,F). For analyzing the
identity of the bands, the proteins labeled with P1 or P2 were
coupled with biotin-azide conjugate, enriched by using
streptavidin-agarose beads, and analyzed by SDS-PAGE. Silver
staining of the enriched proteins also displayed ∼27 and ∼25
kDa bands that were competed by 1a and 2a, respectively
(Figure 5C,G). Western blot analysis of the enriched proteins
revealed that the similar ∼27 and ∼25 kDa bands were
recognized by anti-PGAM1 and anti-GSTP1 antibodies and
competed by excess amounts of 1a and 2a, respectively (Figure
5D,H). Similar results were obtained when human HeLa and

Figure 5. Target selectivity validation of hit compounds. (A) Top: Chemical structure of an alkyne-modified probe P1. Bottom: IC50 value of P1
against recombinant PGAM1. Data represent average values ± s.d.; n = 3 per group. (B) Concentration-dependent labeling profiles of HEK293T
cell lysates with P1 and competitive labeling profiles with P1 (2 μM) in the presence of 1a (20 μM). FL: in-gel fluorescence scanning. (C) Pull
down and silver staining results in the presence or absence of 1a. (D) Target validation of PGAM1 by pull down and Western blotting in the
presence or absence of the corresponding competitor 1a. (E) Top: Chemical structure of probe P2. Bottom: IC50 value of P2 against recombinant
GSTP1. Data represent average values ± s.d., n = 3 per group. (F) Concentration-dependent labeling profiles of HEK293T cell lysates with P2 and
competitive labeling profiles with P2 (2 μM) in the presence of 2a (20 μM). (G) Pull down and silver staining results in the presence or absence of
2a. (H) Target validation of GSTP1 by pull down and Western blotting in the presence or absence of 2a.
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HL-60 cell proteomes were used (Figure S13). These results
demonstrate the highly selective target engagement of P1 and
P2 with PGAM1 and GSTP1, respectively.
Two-Cycle Focused DEL Selection against PGAM1

and Structure−Activity Relationship Study. Finally, to
confirm the stability and repeatability of the SF-based DEL
selection, a two-cycle focused library DEL03 was constructed
based on cocrystal structure of PGAM1 and 1a by changing
bb1 in cycle 1 to 2-amino-4-halogenated benzoic acid and
replacing bb2 with 366 boric acids, primarily with hydrophobic
groups, in cycle 2 (Figures 6A and S8). The result of DEL03B
selection against PGAM1 stably showed a highly enriched
cluster, with cycle 1 being the 2-amino-4-bromobenzoic acid
scaffold and cycle 2 being varied phenylboronic acids. We
synthesized off-DNA ligand 1b with the highest fold-enrich-
ment of 29.54 (Figure 6B). The IC50 value of 1b was calculated
to be 60 nM, which was similar to that of 1a (Figure 6C).
Collectively, these results demonstrate that our library
selection is highly reproducible.
The limitation of the encoded compounds imposed by the

fixed DNA-conjugated amide groups also encouraged us to
adopt a traditional medicinal chemistry approach for derivatiz-
ing 1a. Initially, the cyclopentene group of 1a was substituted
with rings of varying sizes, encompassing both saturated and
unsaturated structures. Overall, the resulting analogues
exhibited comparable activity to that of 1a. However,
noteworthy improvements in activity were observed upon
replacement of the formamide group with a methyl ester (1i)
or a carboxy group (1j), leading to IC50 values of 33 and 19
nM, respectively (Figure 6C). The cocrystal structure of
PGAM1 with 1i displayed an electrostatic interaction between
the methyl ester group and Arg 116 (Figures 6D and S14A).
Interestingly, substitution of the formamide group with a

carboxyl group led to a complete alteration in the binding
conformation of 1j. The altered binding mode of 1j can be
attributed to the insertion of the phenyl-cyclopentene scaffold
of 1j into the hydrophobic pocket surrounding Phe 22, Leu 95,
and Val 112, along with a robust hydrogen-bonding interaction
between the carboxyl group and Arg 90 (Figures 6E and
S14B−D).

■ CONCLUSIONS
In this study, we developed a screening platform for tyrosine-
targeting covalent ligands by integrating SF-based DEL
enrichment with activity-based proteome profiling as a guide.
Through analyzing the reactivity of sulfonyl fluoride electro-
philes in proteomes, we identified the appropriate targets for
sulfonyl-fluoride DEL selection. Recently, covalent DEL
emerged as a robust covalent ligand discovery technology by
incorporation of an electrophile warhead into DNA-encoded
compounds. However, the random selection of proteins for
irreversible screening might lead to low efficiency and diversity.
Proteome profiling-guided covalent DEL selection is expected
to accelerate the covalent ligand discovery for proteins with
reactive ligandable hotspots.
Our approach provided an efficient method to develop

covalent ligands against the proteins with limited information
about ligandable hotspots as long as they were labeled by SF
probes. We noted that only a covalent probe MJE3 carrying an
epoxide group was reported to react with the Lys 100 of
PGAM1.37 GS-ESF, a derivative of GSH terminated with a
sulfonyl fluoride group, covalently bound to the Tyr 108 of
GSTP1.38 Another reported inhibitor carrying a cyclo-
propenone group covalently reacts with Cys 47 of GSTP1.39

In addition, covalent inhibitors developed for DPP3 have not
been reported yet because the development of DPP3 inhibitors

Figure 6. Two-cycle focused CoDEL selection against PGAM1. (A) Library structure of a two-cycle focused selection library DEL03B. (B)
Selection results are shown as a scatter plot. The resynthesized hit compound is highlighted. (C) SAR study of the off-DNA hit compound from
DEL03B. SAR: structure−activity relationship. (D) Crystal structure of 1i bound to PGAM1 (PDB ID code 7XB9) at a resolution of 1.58 Å. The
PGAM1 (gray) is shown as a cartoon, and 1i (yellow) as sticks. (E) Crystal structure of 1j bound to PGAM1 (PDB ID code 7XB8) at a resolution
of 1.60 Å. The PGAM1 (gray) is shown as a cartoon, and 1j (blue) as sticks.
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itself is still unsatisfying due to the big substrate binding
pocket.40,41 Based on the current study of the above three
proteins, developing covalent ligands with a new mode of
action through traditional strategy remains challenging.
However, with SF-based DEL selection, we quickly identified
the covalent ligands reacting with tyrosine residues that have
not been selectively targeted before. It implied that more
covalent ligands, which could not be easily achieved by other
methods, might be discovered for all of the other SF probe-
labeled proteins.
Another advantage of our strategy is the reasonable

selectivity of the developed covalent ligands. This is due to
the application of sulfonyl fluoride warhead, which reacts with
tyrosine in a click-like manner, typically activated through
chemically induced proximity effect driven by ligand binding. A
variety of ligands with SuFEx warheads were reported to target
different residues by rational design, illustrating the incredible
diversity of SuFEx chemistry.42 For DEL construction and
screening, the reactivity and stability of the SuFEx electrophiles
are key considerations. The aryl-sulfonyl fluorides were chosen
to be the warheads of covalent DELs due to their moderate
reactivity between alkyl-sulfonyl fluorides and the sulfonimi-
doyl fluorides.43 During the covalent DEL construction, the
stability of electrophiles under DNA-compatible reaction
conditions in aqueous media was critical, which led the aryl-
SFs to be more suitable than alkyl-SFs. Furthermore,
compounds incorporating the aryl-SF group confer stronger
additional affinity beyond the noncovalent interactions
involved in ligand binding than the sulfonimidoyl fluoride
group, which might lead to higher screening efficiency and hit
rates. Although the highly reactive SF warheads were proven to
be a liability for drug development, the effects of electronic and
steric factors on hit compounds can be regulated to generate
an optimal balance between reactivity and stability for
subsequent optimization.
Although this method led to the discovery of tyrosine-

targeted covalent ligands against multiple proteins, it should be
further extended and developed. For example, there are
additional visible bands, as labeled by P1 and P2 in cell
lysates. This is probably due to the limited core scaffolds and
chemical spaces in our DEL, which may limit the selectivity of
hit compounds. Novel DNA-compatible chemistry and a
variety of scaffolds are necessary to develop for further CoDEL
screening. One flaw in our method is that a protein should not
be subjected to SF-based CoDEL screening if it was not
labeled by the SF probes. To strengthen the rationale, we
attempted enolase 1, which was not labeled by SF probes, and
were unable to acquire hit compounds. It suggested that
certain proteins might be excluded from the encoded chemical
libraries with a single electrophilic warhead. To solve this
problem, more electrophiles should be applied to covalent
DEL to extend the diversity and application of DELs.
Expansion of our approach to other amino acids with
alternative warheads should afford additional opportunities
for covalent ligand development in future drug discovery.
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