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Abstract: Photoaffinity labeling is a powerful technique
to interrogate drug-protein interactions in native cellular
environments. Photo-cross-linkers are instrumental for
this technique. However, the introduction of unnatural
photo-cross-linkers may significantly reduce the bioac-
tivity of the drug, thus impairing the chemoproteomic
outcomes. Herein, we developed a common pharmaco-
phore, isoxazole, into a natively embedded photo-cross-
linker for chemoproteomics, which minimally perturbs
the drug structure. The photo-cross-linking reactions of
the isoxazole were thoroughly investigated for the first
time. Functionalized isoxazoles were then designed and
applied to protein labeling, demonstrating the superior
photo-cross-linking efficiency. Subsequently, two isoxa-
zole-based drugs, Danazol and Luminespib, were em-
ployed in chemoproteomic studies, revealing their
potential cellular targets. These results provide valuable
strategies for future chemoproteomic study and drug
development.

Introduction

Photoaffinity labeling (PAL) using photo-cross-linkers has
been developing rapidly over the past decades[1] and
provides a powerful and versatile tool for interactome
mapping in native cellular environments.[2] Upon photo-
activation, highly reactive species such as carbene, nitrene,
and free radicals are produced from photo-cross-linkers and
cross-linked to biomolecules instantly via covalent bonds.
To date, aryl-azide, benzophenone, and diazirine are the
three major photo-cross-linkers, owing to their unique
photochemistry (Figure 1A). Among these photo-cross-link-
ers, diazirine has become the most popular in chemo-
proteomic studies due to its compact size, long activating
wavelength, and superior photoreactivity.[3] Notably, Yao’s
group has developed the “minimalist” diazirine linkers,[4]

which were widely utilized in recent chemoproteomic
studies.[2a–e]

Despite their widespread application, a major problem
remains with these photo-cross-linkers: the bioactivity of the
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Figure 1. A) Overview of major photo-cross-linkers in recent chemo-
proteomic studies. B) Developing isoxazoles as novel photo-cross-
linkers in this study. C) Representative FDA-approved isoxazole-con-
taining drugs.
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drug/ligand is often attenuated when an unnatural photo-
cross-linker is introduced. Developing natively embedded
photo-cross-linkers can effectively solve this problem. In a
seminal work, Yao et al. discovered that tetrazole could
efficiently react with various biological nucleophiles under
UV irradiation, making it a highly useful photo-cross-
linker[5] (Figure 1A). Owing to its bioisostere property,
tetrazole is commonly utilized as a pharmacophore in drug
discovery.[6] In later studies, Li and co-works directly used
the tetrazole moiety as a natively embedded photo-cross-
linker for protein labeling and chemoproteomic studies.[7] In
another work, Sieber’s group successfully uncovered the
cellular targets of a natural product, elegaphenone, utilizing
the photoreactivity of a natively embedded benzophenone
group.[8] Without introducing extra photo-cross-linkers, this
strategy can retain most bioactivity of the probe and greatly
facilitate the subsequent chemoproteomic studies.

Inspired by these achievements, we endeavored to
develop novel photoreactive pharmacophores to further
expand the chemical toolbox for photoaffinity labeling. One
of the frequently used pharmacophores, isoxazole, caught
our strong attention due to its intriguing properties, such as
good solubility, bio-compatibility, and photoreactivity. The
photolysis of isoxazole was first reported in 1966 and
reinvestigated lately.[9] Due to the weak N� O bond, the
isoxazole ring tends to collapse under UV irradiation,
rearranging to oxazole through azirine intermediate. Mean-
while, the reactions of azirine with different nucleophiles
were reported, especially its reaction with carboxylic acid,
which has been recently used for bioconjugation and protein
labeling.[10] Based on these reactions, we proposed that
isoxazoles could be photo-cross-linked with biomolecules
through the azirine intermediates, as shown in Figure 1B.

Isoxazole moiety is frequently found in bioactive com-
pounds and drugs due to its interactions with biomolecules
via hydrogen bond and π-π stacking effect.[11] Notably,
dozens of isoxazoles have been approved by the United
States Food and Drug Administration (USFDA) (Fig-
ure 1C), including Valdecoxib, Micafungin, and Tivozanib, a
novel kinase inhibitor approved in 2021. Meanwhile, numer-
ous new isoxazoles were developed over the decades as anti-
cancer drugs, anti-inflammatory agents, and antibiotics.[12]

Hence, developing isoxazole as a natively embedded photo-
cross-linker can provide a practical approach for chemo-
proteomic studies of isoxazole-containing drugs and aid in
drug discovery.

In this study, we reported the development of a common
pharmacophore, isoxazole, into a novel photo-cross-linker
for chemoproteomics. First, the photoreactions of isoxazole
with amino acids/peptides/proteins were thoroughly studied.
Then, functionalized isoxazole probes with different sub-
stituents were designed for in vitro/situ labeling to demon-
strate their superior photo-cross-linking efficiency. Further
chemoproteomic experiments with two isoxazole-based
drugs, Danazol and Luminespib, revealed their potential
cellular targets and interactions. In addition, the covalent
inhibition of Luminespib towards heat shock protein 90
(Hsp90) under UV irradiation was also investigated.

Results and Discussion

To verify the photoreaction of isoxazoles, a simple isoxazole,
methyl 5-phenylisoxazole-3-carboxylate (MPISC), was used
as a model molecule. The UV absorption of MPISC was
first measured, and a broad absorption (260–310 nm) was
observed (Figure S2). Considering that short-wave UV may
damage cells and proteins, a 302 nm handheld UV lamp
(6 W) was used as the photo trigger. MPISC was first
investigated for its photoreactivity towards single amino
acids. Based on previous studies,[10] a highly active azirine
intermediate could be generated from the photolysis of
MPISC. The azirine can then react with amino acids through
nucleophilic addition, affording aziridine as the final product
(Figure 2A). Density functional theory (DFT) calculations
were performed to investigate the reaction coordinates of
the azirine intermediate with different nucleophiles
(carboxyl acid, amine, and thiol). As shown in Figure 2B,
azirine could react with acetic acid through a transition state
with a relatively low activation energy barrier. Subsequently,
the aziridine was generated with low free energy, suggesting
a smooth cross-linking process and high stability of the
photo-cross-linking products. Meanwhile, DFT calculations
of the azirine intermediate with amine/thiol also demon-
strated energetically favorable reaction coordinates (Fig-
ure S3). These DFT calculations suggested that all three
nucleophiles could react with the azirine intermediate.

The photoreactions of MPISC and carboxylic acids,
including glutamic acid (Z-Glu-OMe) and acetic acid, were
analyzed by HPLC. As expected, MPISC reacted rapidly
with Z-Glu-OMe or acetic acid within 5 min, and the
aziridine products (AZD1 & AZD2) were produced with
high yields (Figure 2C & Figure S5). No azirine intermediate
was detected during the process, implying its high reactivity
with carboxylic acids. The aziridine products, AZD1 and
AZD2, were successfully isolated and characterized by high-
resolution mass spectrometry (HRMS) and NMR (Support-
ing Information), thus confirming our hypothesis. Moreover,
AZD1 showed excellent stability under ambient conditions
(Figure S6). The photoreactions of MPISC with other
common nucleophilic amino acids, including tyrosine, cys-
teine, and lysine, were also investigated by HPLC and
HRMS. The results demonstrated that MPISC could also be
successfully photo-cross-linked to these nucleophilic amino
acids upon UV irradiation (Figure S7–S9). However, the
photoreaction yields were relatively low compared with that
with carboxylic acid, probably due to side reactions. Taken
together, these results together suggested that the photo-
reaction of isoxazole can be potentially applied to protein
labeling and chemoproteomics.

After verifying the photoreaction with single amino
acids, MPISC was tested for its photoreaction with a free
peptide containing diverse residues (RQYA-
WESGFTCNHK). Peptides with modifications of 1 and 2
MPISC were detected by MALDI-TOF MS (matrix-assisted
laser desorption-ionization time of flight mass spectrometry)
analysis (Figure S10), indicating the photo-cross-linking on
the peptide by MPISC. The modification sites on the
peptide were further characterized by LC–MS/MS. Glutamic
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acid, cysteine, and terminal lysine were identified as the
exact photo-cross-linking sites (Figure S11a–c). To further
investigate the photo-cross-linking reaction of isoxazole and
proteins, bovine serum albumin (BSA) was used as a model
protein. The workflow is illustrated in Figure 2D. As
expected, photo-cross-linking of MPISC with various resi-
due types was observed on BSA. Representative residues
were resolved to demonstrate the photo-cross-linking on
carboxylic residues (E, D; Figure S12a,b), basic residues (R,
K, H; Figure S12c–e), hydroxylic residues (Y, S, T; Fig-
ure S12f–h), and cysteine (C; Figure S12i). In total, 126
residues were identified as the specific photo-cross-linking
sites, summarized in Figure 2E. Interestingly, 46% of the
residues are carboxylic amino acids, accounting for the
largest proportion. This might be attributed to the higher
photoreactivity of isoxazoles towards carboxylic acids. Over-
all, these results demonstrated the remarkable photo-cross-
linking ability of isoxazole towards peptides and protein,
providing a solid basis for further proteome labeling and
chemoproteomic studies.

Next, a series of functionalized isoxazole probes (isx1–8)
were designed for in vitro/situ protein labeling (Figure 3A).
These probes were decorated with diverse substituents on
the five-membered ring of isoxazole, including alkyl, aryl,
amine, amide, and trifluoromethyl groups. Meanwhile, a
terminal alkyne was introduced to each probe and served as

a biorthogonal tag for protein visualization and enrichment.
The chemical synthesis of isx1–8 was carried out by robust
coupling and substitution reactions (Scheme S1, S2). For
comparison purpose, a non-specific diazirine probe (DZP)
and a non-specific benzophenone probe (BZP) were
included to compare the labeling efficiency of isoxazole
probes (Figure 3A).

With these isoxazole probes in hand, we next assessed
their protein labeling abilities under in vitro/situ conditions.
As shown in Figure 3B, a strong fluorescent band around
70 kDa was observed in each lane, suggesting the labeling of
BSA by these isoxazole probes. In particular, the aryl-
substituted isoxazoles, isx6–8, exhibited stronger
fluorescence than the alkyl-substituted isoxazoles (isx1–5).
Meanwhile, the labeling intensity of aryl-substituted isoxa-
zole probes (isx6–8) was similar to that of diazirine and
benzophenone probes (DZP and BZP), suggesting their
comparable labeling efficiency. UV time-dependent and
probe concentration-dependent labeling experiments were
performed with isx6 and BSA to evaluate the photo-cross-
linking efficiency. The labeling of BSA by isx6 was
observable in 20 s of UV irradiation, and the intensity
enhanced significantly as the irradiation time increased to
300 s (Figure 3C), demonstrating the superior photo-cross-
linking efficiency of isx6. Meanwhile, the labeling intensity
of BSA was dependent on the concentration of isx6 (Fig-

Figure 2. A) Proposed photoreaction mechanism of MPISC with glutamic acid. B) Analysis of the reaction coordinate of the azirine intermediate
and acetic acid by DFT calculations at B3LYP/6-311+G(d,p) level. C) HPLC analysis of the photoreaction between MPISC and glutamic acid in
acetonitrile/PBS (1 :1, pH 7.4); The reaction was monitored at 254 nm channel. D) Workflow of photo-cross-linking site analysis on BSA.
E) Histogram and pie chart analysis of total photo-cross-linking sites on BSA by MPISC.
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ure 3D), and the labeling reached almost equilibrium by
treating 5 μM of isx6. Furthermore, isx6 demonstrated
strong ability in labeling other recombinant proteins,
including avidin, SIRT5, and esterase (Figure S18). To study
the effects of environmental pH on the photo-cross-linking
of isoxazole, labeling of BSA with isx6 was performed in
aqueous buffers with different pHs (Figure 3E). The results
suggested that the isoxazole exhibited the highest photo-
cross-linking efficiency around physiological pH conditions.

In situ proteome labeling was carried out in HeLa cells
with isx1–8 (5 μM). Similarly, the alkyl-substituted isoxazole
probes (isx1–5) presented faint labeling profiles, whereas
the aryl-substituted isoxazole probes, especially isx6, demon-
strated strong labeling profiles with numerous bands found
in gel lanes (Figure 3F). In general, aryl-substituted iso-
xazole probes achieved comparable labeling efficiency with
DZP and BZP. These results suggested that aryl-substituted
isoxazole probes may be more suitable for photoaffinity
labeling and chemoproteomic studies, probably due to their
stronger UV absorption around 302 nm and higher photo-
reactivity over alkyl-substituted isoxazoles.

Considering the robust labeling of BSA by isx6–8, LC–
MS/MS analysis was further performed to discover their
photo-cross-linking sites. As expected, hundreds of sites
were identified for isx6–8, which further demonstrates their
excellent photo-cross-linking ability and efficiency. Repre-
sentative photo-cross-linking residues were resolved and
shown in Figure 3G and Figure S13a–i. Likewise, carboxylic
residues accounted for the most significant proportion of the
total photo-cross-linking sites for isx6–8 (Figure S14), imply-

ing their photo-cross-linking preferences towards carboxylic
residues.

Encouraged by the excellent photo-cross-linking effi-
ciency and ability of the isoxazole group, two isoxazole-
containing drugs, Danazol and Luminespib, were then
applied to integrated chemoproteomic platforms to reveal
their cellular targets and drug action mechanisms. Danazol
(isx9, Figure S1) is an FDA-approved synthetic hormone for
treating symptoms such as endometriosis. Although Danazol
was lately applied to several clinical studies, its cellular
targets remain unclear, and severe side effects on liver,
cardiac, and kidney were frequently reported.[13] As Danazol
carries a native terminal alkyne, it can be directly applied to
chemoproteomics without chemical modification. We first
tested the cytotoxicity of Danazol against a normal human
embryonic kidney cell line, HEK 293T. As expected, 5 μM
Danazol caused significant toxicity to HEK 293T cells
(Figure S15). In situ labeling was then performed with
Danazol in HEK 293T cells. The labeling profiles showed
several strong fluorescent bands distributed in the range of
45–90 kDa (Figure S20), indicating the potential cellular
targets of Danazol.

Next, TMT-based quantitative chemoproteomic experi-
ments were performed with Danazol (5 μM) using HEK
293T cells. Overall, 48 protein hits were enriched by the
quantitative proteomic analysis as the potential cellular
targets of Danazol (Figure S23, Table S1). Although no
hormone receptors were detected, probably due to their low
abundance, TATA element modulatory factor 1 (TMF1/
ARA160) was identified and recognized as the coactivator

Figure 3. A) Chemical structures of functionalized photoaffinity probes. B) Labeling of BSA with 5 μM of isx1–8, DZP, and BZP; FL: in-gel
fluorescence scanning; CBB: coomassie brilliant blue staining. C), D) UV time-dependent/probe concentration-dependent labeling of BSA with
isx6. E) Labeling of BSA with isx6 in buffers (Britton-Robinson) with different pHs. F) In situ labeling of 5 μM isx1–8, DZP, and BZP with HeLa
cells. G) LC–MS/MS analysis of the photo-cross-linking site of isx6 with BSA at a glutamate residue.
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of androgen receptor (AR),[14] and P53 was identified and
reported as an AR signaling protein and estrogen receptor
(ER) binding protein.[15] These results implied the potential
hormonal activity of Danazol. Moreover, a series of protein
disulfide isomerases (PDI), including PDIA1, PDIA3,
PDIA4, and PDIA6, were significantly enriched. Interest-
ingly, PDI was reported as a modulator of hormone
receptors, and the inhibition of PDI by hormones such as
estrone was reported previously.[16]

We next performed pull-down/western blotting (WB)
validation with two proteins enriched by Danazol. As shown
in Figure S24, the blotting displayed significant enrichment
of intracellular P53 and PDIA1 by 5 μM Danazol, suggesting
their potential interactions with Danazol in HEK 293T cells.
In addition, a fluorometric PDI activity assay was utilized to
test the PDI inhibition of Danazol. Interestingly, Danazol
demonstrated considerable inhibition on intracellular PDI,
and the inhibitory activity was similar to other hormones
(Figure S25). Next, protein-protein interactions of these
enriched proteins were analyzed by the STRING database[17]

(11.5) and resolved in networks (Figure S26). Significant
interactions among PDI, cellular tumor antigen p53 (P53),
vimentin (VIM), and other nine proteins were observed.
Gene Ontology (GO) enrichment analysis was also per-
formed, and the results demonstrated multiple functions of
enriched proteins, including PDI activity and mRNA
processing (Figure S27).

The chemoproteomic study of Danazol demonstrated
the feasibility of utilizing isoxazole moiety as a native photo-
cross-linker. We next moved on to Luminespib (AUY-922),
a potent isoxazole-containing Hsp90 inhibitor developed for

cancer treatment.[18] Despite its remarkable potency in
clinical trials, adverse effects were frequently observed in
phase 1/2 studies.[19] Due to safety concerns, Luminespib and
many other Hsp90 inhibitors were restricted to clinical trials.
Considering the great potential of Hsp90 as a therapeutic
target, it is urgent to study the cellular targets and action
mechanisms of Hsp90 inhibitors to meet clinical needs.

The binding pattern of Luminespib and Hsp90 (PDB ID:
2VCI) was first examined.[18] The acetamido tail of Lumines-
pib is located outward of the ATP-binding pocket of Hsp90.
Hence, the acetamido tail can tolerate certain chemical
modifications. When introducing an alkynyl group to this
optimal position, most Hsp90 inhibitory activity of Lumines-
pib could be retained (Figure 4A). Consequently, isx10, a
functionalized Hsp90 probe with a native isoxazole moiety,
was designed from Luminespib and synthesized in 10 steps
(Scheme S3~S4). Docking analysis was performed to pre-
dict the binding of isx10 to Hsp90. As a result, isx10
presented similar atomic coordinates and Hsp90-binding
patterns to Luminespib (Figure 4B), indicating that isx10
largely preserved the bioactivity of Luminespib. The IC50

values of isx10 and Luminespib were then measured with
various cancer cells. As expected, isx10 and Luminespib
exhibited close IC50 against three cancer cell lines (HeLa,
A549, and HCT116) (Figure 4C & Figure S16, S17), suggest-
ing that isx10 is suitable for Hsp90 labeling and chemo-
proteomic studies.

Hence, isx10 was applied to proteome labeling with
HeLa cells, and Luminespib was used as the competitor.
According to the labeling profile, a strong fluorescent
labeling band around 90 kDa was observed in the group

Figure 4. A) Chemical structures of Luminespib and isx10. B) Docking analysis of isx10 and Hsp90. Luminespib, isx10, and Hsp90 (2VCI) are
shown in green, cyan, and gray, respectively. C) IC50 values of Luminespib and isx10 against HeLa cells; Error bars=standard deviation of the
mean, n=5. D) In situ labeling profile of isx10 (2 μM) with HeLa cells. E) Pull-Down/WB result for target validation of isx10 (5 μM) with anti-
Hsp90. 0.5% input is a loading control representing 0.5% of whole cell lysate. F) Labeling of recombinant Hsp90 with isx10. G) Cellular imaging of
Hsp90 with isx10 (5 μM) in HeLa cells. Scale bar=20 μm. The green fluorescence belongs to the immunofluorescence of Hsp90 and the red
fluorescence comes from isx10.
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treated with 2 μM of isx10 (Figure 4D), indicating the
specific labeling of Hsp90. With the competition by
Luminespib (10×), the labeling band was significantly re-
pressed. Meanwhile, several faint fluorescent bands were
observed throughout the lane, indicating potential unknown
cellular targets of isx10. Similarly, in vitro labeling of isx10
presented a specific Hsp90-labeling profile but with addi-
tional non-specific labeling (Figure S21). To verify the
specific labeling of Hsp90, pull-down enrichment was
performed with 5 μM of isx10, followed by WB analysis with
anti-Hsp90. The WB result demonstrated strong enrichment
of intracellular Hsp90 by isx10 (Figure 4E), and the enrich-
ment could be competed by Luminespib (10×). To further
explore the Hsp90 labeling sensitivity of isx10, recombinant
Hsp90 was obtained and utilized for gel-based labeling.
Surprisingly, the labeling profiles showed that isx10 could
label and detect Hsp90 at a low probe concentration
(100 nM) (Figure 4F), and the labeling intensity increased in
a linear relationship with the concentration of isx10 (Fig-
ure S19). Meanwhile, low amounts of Hsp90 (2–15 pmol)
can be sensitively detected by 2 μM of isx10.

Inspired by the gel-based labeling results, isx10 was next
applied to the cellular imaging of Hsp90. Since Hsp90 is
highly related to various diseases and often overexpressed in
tumors,[20] developing probes for specific imaging of intra-
cellular Hsp90 could facilitate cancer diagnosis and treat-
ment. Previous strategies directly modified Hsp90 inhibitors
with bulky fluorophores via extra linkers,[21] which may lead
to poor permeability and low specificity. In comparison,
isx10 retains most of Hsp90 activity by minimal modification
of Luminespib. As shown in Figure 4G & Figure S22, red
fluorescence representing the distribution of isx10 was
observed in the cytoplasm of isx10-treated cells. The
fluorescence intensity increased when the concentration of
isx10 increased and could be abolished by Luminespib
(10×). Moreover, the fluorescence of isx10 overlapped
significantly with the immunofluorescence of anti-Hsp90.
The Pearson correlation coefficient was calculated to be as
high as 0.93. These results together demonstrated the
excellent specificity and sensitivity of isx10 in labeling and
imaging native intracellular Hsp90.

Next, isx10 was employed in TMT-based quantitative
chemoproteomic experiments to uncover its cellular targets
and interactions. Two sets of chemoproteomic experiments
were performed with HeLa cells (isx10/DMSO and isx10/
isx10+Luminespib). The chemoproteomic results were
resolved and shown in tables and volcano plots (Table S2,
S3, Figure 5A, B). Overall, 10 proteins, including Hsp90,
nuclear autoantigenic sperm protein (NASP), integrin beta-
1 (ITGB1), and prostaglandin E synthase 2 (PTGES2), were
enriched under a specific criterion (enrichment fold �1.5
and p-value <0.05). Among these proteins, Hsp90, NASP,
and other three proteins were enriched in both two sets of
chemoproteomic experiments. In particular, NASP is a
histone chaperone and Hsp90 binding protein,[22] while
ITGB1 is a vital membrane receptor highly associated with
cell signaling.[23] Interestingly, PTGES2, an isomerase in-
volved in prostaglandin E2 metabolism, was recently
developed as a promising therapeutic target for COVID-19

treatment.[24] It is noted that Antolin et al. recently revealed
several kinases as potential off-targets of Luminespib,[25]

demonstrating the significance of unique kinase polyphar-
macology in developing Hsp90 inhibitors. On the other
hand, kinases were not prominently enriched in our chemo-
proteomic experiments. This might be attributed to the
lower protein abundance and weaker affinity of kinases with
Luminespib under native conditions.

The interactions of these proteins were analyzed with
the STRING database. Interactions between Hsp90, NASP,
thioredoxin (TXN), and PTGES2 were observed (Fig-
ure 5C). Given the potent anti-cancer activity of Lumines-
pib, the gene expression of these targets in normal and
tumor tissues was analyzed with a web server, GEPIA (gene
expression profiling interactive analysis),[26] to interpret its
therapeutic and toxic effects. The tissue types were chosen
based on the cancers treated with Luminespib in clinical
trials. As shown in Figure 5D, Hsp90 and TXN exhibited
higher expression levels in tumor tissues than in normal
tissues, which might contribute to the cancer therapeutic
specificity of Luminespib. In comparison, other genes
displayed no significant difference in tumor and normal
tissues, indicating the potential toxicity and side effects
associated with these genes.

Next, cellular thermal shift assay (CETSA) was per-
formed to validate these targets. The thermal melting curves
of NASP and PTGES2 were plotted based on WB analysis
of the soluble proteins at different temperatures (Figure 5E,
F & Figure S28, S29). With the addition of Luminespib, the
melting curve of NASP shifted right, reflecting the melting
temperature increase induced by the thermal stabilization of
NASP by Luminespib. Likewise, the melting curve of
PTGES2 shifted right with the treatment of Luminespib or
indomethacin (a PTGES2 inhibitor), indicating their binding
to PTGES2. Pull-down/WB experiments were further per-
formed with isx10 and the corresponding antibodies. The
results demonstrated prominent enrichment of NASP,
PTGES2, and ITGB1 by 5 μM of isx10 (Figure 5G), and the
enrichment could be significantly repressed by Luminespib
(10×) or indomethacin (10×), suggesting the potential
interactions of these proteins with isx10 in cells.

Lastly, inspired by the recently reported covalent
inhibition of Hsp90 in Hamachi and Taunton’s work,[27] we
next investigated the plausibility of Luminespib for covalent
inhibition of Hsp90 triggered by UV. This strategy may
expand the application of isoxazole-containing drugs and
offer new opportunities for developing photo-triggered
drugs. We first performed the cell viability assay to estimate
the cellular effects caused by covalent inhibition of Lumines-
pib under UV irradiation. With the pre-treatment of
Luminespib (4 h followed by washout), no UV-treated
groups displayed minor cytotoxicity (Figure 5H), likely due
to the washout of Luminespib. In contrast, with the treat-
ment of Luminespib and UV irradiation, high cytotoxicity
was observed, indicating the toxic effects caused by the
irreversible binding of Hsp90. WB analysis was then
conducted to assess the cellular function at molecular levels
under the covalent inhibition of Hsp90. Interestingly, the
levels of Hsp90 client proteins, including HER2, c-Raf, and
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Akt, decreased significantly under the pre-treatment of
Luminespib and UV irradiation (Figure 5I), suggesting the
destabilization of these client proteins induced by the
covalent inhibition of Hsp90 chaperone activity. Hence, this
could explain the increased cytotoxicity observed under pre-
treatment of Luminespib and UV irradiation.

Conclusion

In conclusion, we have successfully developed the isoxazole
group, a common pharmacophore, into a novel photo-cross-
linker. The photochemistry of isoxazole with amino acids,
peptides, and proteins has been studied in detail for the first
time. In vitro/situ protein labeling of functionalized iso-
xazole probes demonstrated the excellent ability and
efficiency of isoxazoles as photo-cross-linkers. Chemopro-

Figure 5. A), B) Proteins enriched by isx10 (5 μM) in the presence or absence of Luminespib with HeLa cells, shown in volcano plots; Red dots
represent qualified protein hits; Chemoproteomic experiments were performed in three replicates. C) Protein-protein interactions of the proteins
identified in (A)&(B). Minimum required interaction score: 0.4; Line thickness indicates the correlation between nodes. D) Gene expression
analysis of identified proteins in tumor (T) and normal (N) tissue, based on the UCSC Xena project (http://xena.ucsc.edu). E), F) Thermal melting
curves of NASP and PTGES2 with/without treating Luminespib (5 μM) or indomethacin (5 μM); Error bars=standard deviation of the mean, n=3.
G) Pull-down/WB results for targets validation of isx10 (5 μM) in HeLa cells. H) Cell viability (HeLa) by pre-treatment of Luminespib, with/without
UV irradiation; Error bars=standard deviation of the mean, n=5. I) WB analysis of Hsp90 client proteins in HeLa cells under treatment of
Luminespib and UV irradiation.
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teomic studies with two isoxazole-containing drugs, Danazol
and Luminespib, revealed their potential cellular targets and
interactions. Potential protein targets, including TMF1, P53,
and PDI, were identified for Danazol. In particular, Danazol
was verified with PDI inhibitory activity, implying that PDI
is likely a valid target for Danazol. Meanwhile, isx10, a
powerful probe derived from Luminespib, was successfully
developed for proteome labeling, cellular imaging, and
chemoproteomic studies. isx10 exhibited superior sensitivity
and specificity in labeling and imaging native intracellular
Hsp90. Chemoproteomic studies of isx10 revealed Hsp90 as
a primary cellular target, and other potential targets,
including NASP, a protein chaperone, and PTGES2, a
promising antiviral target for COVID-19 treatment. Fur-
thermore, Luminespib was investigated for covalent inhib-
ition towards Hsp90 under UV irradiation. We anticipate
these results and findings will contribute to the development
of isoxazole-based drugs and benefit future disease diag-
noses and therapeutics.
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