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A B S T R A C T   

In the past decade, there has been increasing interest in use of small molecules for immunomodulation. The affinity-based pull-down purification is 
an essential tool for target identification of small molecules and drug discovery. This study presents our recent efforts to investigate the cellular 
target(s) of Compound A, a small molecule with demonstrated immunomodulatory properties in human peripheral blood mononuclear cells 
(PBMCs). While we have previously observed the immunomodulatory activity of Compound A in PBMCs, the specific molecular targets underlying 
its effects remains elusive. To address this challenge, we synthesized a trifluoromethyl phenyl diazirine (TPD)-bearing trifunctional Probe 1 based on 
the chemical structure of Compound A, which could be used in a pull-down assay to efficiently bind to putative cellular targets via photoaffinity 
labelling. In this report, we utilized bovine serum albumin (BSA) as a model protein to establish a proof-of-concept in order to assess the suitability 
of Probe 1 for binding to an endogenous target. By the successful synthesis of Probe 1 and demonstrating the efficient binding of Probe 1 to BSA, we 
propose that this method can be used as a tool for further identification of potential protein targets of small molecules in living cells. Our findings 
provide a valuable starting point for further investigations into the molecular mechanisms underlying the immunomodulatory effects of Compound 
A.   

1. Introduction 

Immunotherapy has become a promising approach to treating cancer and other diseases by harnessing the power of the immune 
system. It works by stimulating or enhancing the body’s natural defences to recognise and attack cancer cells or other harmful agents 
[1,2]. The identification of the cellular targets and their underlying mechanisms responsible for immunomodulatory activities is one of 
the obstacles in the development of effective immunotherapies [1,3]. 

In order to overcome this challenge, drug discovery researchers have turned to advanced chemical biology techniques, such as bio- 
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orthogonal reactions and photoaffinity labelling (PAL), to elucidate the molecular mechanisms of immunomodulatory compounds [4, 
5]. By combining these two innovative techniques, a trifunctional probe molecule can serve as a powerful tool to access a biologically 
significant space or target. A trifunctional approach utilizes a small molecule containing three key components: an affinity warhead, a 
photo-crosslinker, and a bio-orthogonal handle [6]. The general process of this approach involves the pre-association between the 
molecular probe and the interacting target, exposure to a selected ultraviolet (UV) irradiation, and a bio-orthogonal reaction to 
introduce a desired reporter tag (Fig. 1A). This method allows the performance of a variety of biological assays, including affinity 
pull-down purification or related microscopic analyses [7,8]. 

Photoaffinity labelling makes use of a photo-labile functionality, namely a photo-crosslinker, to construct a covalent bond with the 
target molecule when in close proximity [9]. This technique relies on the generation of reactive species, such as a carbene or radical, 
followed by bond insertion or cross-linking with the endogenous target (Fig. 1B). In comparison, methods that rely on non-covalent 
interactions have diminished success due to the extensive washing conditions required for the isolation of target–molecule complex. 
Photoaffinity labelling has the potential to overcome this downside and improves the likelihood of isolating the target–probe complex 
of interest [10]. Bio-orthogonal chemistry, on the other hand, has emerged as a powerful tool in the field of chemical biology [11,12]. 
This concept was brought up by the Bertozzi group and adapted widely to biological settings [13]. Among them, copper-catalyzed 
azide-alkyne cycloaddition (CuAAC) or later coined “click reaction”, was proposed and has been studied extensively by Sharpless 
and Meldal since the 2000s [14–16]. Bio-orthogonal reactions enable chemical reactions in living organisms with high yield, high rate, 
and good selectivity. This is often used toward the installation of a reporter tag or a fluorophore for further analyses. 

With the help of click chemistry and PAL techniques, researchers are able to identify specific protein targets of immunomodulatory 
compounds and understand their mode of action, which can aid the development of more effective immunotherapies [17,18] These 
advanced chemical techniques have also allowed for the design and synthesis of novel immunomodulatory compounds with improved 
efficacy and specificity [19–21]. Small molecules have become a promising class of immunotherapy drugs. They have the potential to 
overcome some of the limitations of traditional immunotherapies, such as their high cost and adverse side effects [20,22]. They work 
by targeting specific molecules involved in the immune response, which can lead to more selective and effective treatments. Addi-
tionally, small molecule-based therapies have the advantages of oral administration, whose convenience increases patient compliance, 
as well as relatively rapid clearance, which diminishes the risk of a serious adverse immune response. As a result, they have become a 
prospective area of research in the field of immunotherapy [1,23]. 

Our team has recently published a report on Compound A (Fig. 1C), a small molecule with immunomodulatory properties inducing 
interleukin (IL-2 secretion) and T-cell proliferation in human PMBCs [24]. While we have observed these significant immunomodu-
latory activities of Compound A, the cellular target(s) underlying its effects have yet to be identified. Given the complex nature of 
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Fig. 1. A) The trifunctional approach. B) Schematic photoaffinity labeling with the photo-crosslinker trifluoromethyl phenyl diazirine. C) The 
proposed trifluoromethyl phenyl diazirine (TPD) probe molecule. 
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studying the mixed cellular populations of BMCs, we sought to develop a procedure of a pull-down purification in combination with 
click chemistry and photoaffinity labelling. This experiment aims to demonstrate the efficient binding of Probe 1 to plausible cellular 
targets using a non-cellular protein model. Therefore, BSA was utilized as the model and interacting protein with Probe 1 to establish a 
proof-of-concept method of protein pull down. BSA was selected as the model protein for its desired character of binding to small, 
drug-like molecules [25]. The goal of this study is to demonstrate efficient labeling of BSA by Probe 1, which would validate the use of 
Probe 1 in cell lysates or live cells in order to isolate the unknown target(s) of Compound A. 

2. Methodology 

2.1. Synthesis of TPD-containing trifunctional probes 

Taking into consideration of the chemical structure of Compound A and the efficacy between different photo-crosslinkers, we 
identified the TPD-containing trifunctional Probe 1 as our target compound (Fig. 1D). We initially examined the recently published 
method by Kumar and Manetch (23), but ultimately opted to follow the more established route reported by Mayer and Maier [26]. 
Beginning from 3-bromoanisole, reaction with n-BuLi and methyl trifluoroacetate afforded aryl trifluoromethyl ketone 2. Subsequent 
reaction with hydroxylamine hydrochloride yielded oxime 3, which could be readily converted to tosyloxime 4. Diaziridination with 
liquid ammonia followed by oxidation using silver (II) oxide afforded diazirine 6. The formyl group para to the diazirine was installed 
via a Friedel–Crafts alkylation using dichloromethyl methyl ether. Finally, the alkyne handle was installed through a sequential 
demethylation and SN2 reaction with the tosylated alkyne to furnish the desired TPD 9. (Scheme 1). 

On the other hand, the synthesis of the affinity component started from the commercially available 4-hydroxy-1-methylquinolin-2 
(1H)-one. The enol form of 4-hydroxy-1-methylquinolin-2(1H)-one underwent a nitration using nitric acid. Next, substitution of the 
hydroxy group with a chlorine at the beta-carbonyl position was achieved by using phosphorus(V) oxychloride (POCl3). The affinity 
warhead was then synthesized through an SNAr reaction between intermediate 10 and piperazine. Finally, reductive amination with 
TPD 9 and the affinity warhead 11 allowed for the construction of TPD-containing trifunctional Probe 1 in good yield (Scheme 2). 

2.2. Assessment of TPD stability with different reducing agents 

Before performing the click reaction of the TPD-containing trifunctional Probe 1 with a protein, we sought to examine the stability 
of the TPD functionality under the selected reaction conditions and its compatibility with different reducing agents. To elaborate, the 
synthesized TPD Probe 1 was mixed properly with the chosen CuAAC reagents, including copper catalyst, ligand, and reducing re-
agents. Two different reducing reagents, sodium ascorbate [15,27] and tris(2-carboxyethyl)phosphine (TCEP) [28]; [29], were chosen 
to compare their compatibility with the TPD Probe 1. 

2.2.1. Experimental for the stability test of the TPD trifunctional probe 1  

1. The stock solutions of the TPD Probe 1 in DMSO (1 mM), CuSO4⋅5H2O in water (20 mM), sodium ascorbate in water (200 mM), 
TCEP⋅HCl in NaOH solution (200 mM), and TBTA in DMSO (10 mM) were prepared prior to the experiment. 

Scheme 1. The synthesis of the of the TPD–aldehyde building block 9.  
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2. To one chromatography vial was added sequentially with the stock solutions of Probe 1 (20 μL), CuSO4⋅5H2O (25 μL), TCEP⋅HCl 
(25 μL), TBTA (25 μL), and water (400 μL). To another new chromatography vial was added with the stock solutions of Probe 1 (20 
μL), CuSO4⋅5H2O (25 μL), sodium ascorbate (25 μL), TBTA (25 μL), and water (400 μL).  

3. The vials were vortexed and sealed properly with plastic caps.  
4. The vials were covered with aluminum foil and kept in the dark for an hour.  
5. After 1 h, the vials were directly submitted to LC-MS for analysis. 

2.2.2. The selection of reducing agent for the click reaction condition  

1. The stock solution of biotin–(PEG)3–azide in DMSO (2 mM) were prepared.  
2. To one chromatography vial was added sequentially with the stock solutions of Probe 1 (20 μL), water (375 μL), biotin– 

(PEG)3–azide (20 μL), CuSO4⋅5H2O (25 μL), Tris(benzyltriazolylmethyl)amine (TBTA) (25 μL), and sodium ascorbate (25 μL). To 
another new chromatography vial was added with the stock solutions of Probe 1 (20 μL), water (375 μL), azide (20 μL), 
CuSO4⋅5H2O (25 μL), TBTA (25 μL), and TCEP⋅HCl (25 μL).  

3. The vials were vortexed and sealed properly with plastic caps.  
4. The vials were covered with aluminum foil and kept in the dark for an hour. 
5. After 1 h and 3 h, 100 μL of sample was taken out each time and submitted for LC-MS analyses to know the stability of the syn-

thesized Compound A (data not shown). 

2.3. Optimization of irradiation time for photoaffinity labelling 

After the establishment of the CuAAC condition, we sought to determine the optimal time for the photoaffinity labelling experi-
ment. Methanol was used as a model substrate to measure the consumption of the generated carbene under UV irradiation [26]. In this 
experiment, the TPD-containing Probe 1 was dissolved in methanol in glass vials before exposed to UV light, while one sample was kept 
in the dark as the negative control. The samples were irradiated over different time periods, including 30, 60, 90, and 120 min, 
followed by LC-MS analysis. 

2.3.1. The optimization of photoaffinity labelling reaction  

1. A stock solution of Probe 1 in methanol (1 mM) was prepared.  
2. The prepared stock solution (a volume of 100 μL each) was added to five 5 mL glass vials.  
3. The reaction solutions were purged with N2 and sealed with a plastic cap and parafilm.  
4. One vial was wrapped with aluminum foil and kept in the dark to serve as the negative control. The other four vials were placed 3 

cm underneath a UV lamp that was pre-warmed for 30 min.  
5. After 30, 60, 90, and 120 min, one vial was removed from the light each time and submitted for LC-MS analysis immediately. 

2.4. Measuring IL-2 production in human PBMCs 

The concentration of IL-2 was quantified by ELISA kits (R&D, Cat. No. DY202) using PBMC samples from healthy human partic-
ipants. PBMCs were obtained by leukapheresis from healthy human controls, thawed, and cultured in RPMI 1640 with 10 % FBS 
(Sigma-Aldrich, USA) and 1 % penicillin/streptomycin (Sigma-Aldrich, USA). PBMCs (2 × 105 cells) were seeded in a 96-well U- 

Scheme 2. The synthesis of the affinity component 11 and the final Probe 1.  
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bottomed plate and stimulated with 100 ng/mL Staphylococcal Enterotoxin B (SEB) (Sigma-Aldrich, USA) for 72 h with or without 
probe 1. The research was approved by the University of Alberta’s Institutional Review Board (IRB #Pro00046064). All participants 
provided written informed consent prior to participating in the study [24,30]. 

2.5. BSA labelling experiments 

With the optimized reaction conditions in hand, we designed a proof-of-concept BSA labelling experiment utilizing the synthesized 
Probe 1 (the stepwise method is listed below). In this labelling experiment, the CuAAC was performed first. The formation of the 
cycloaddition product 12 and the consumption of the TPD Probe 1 were monitored by LC-MS. Next, the reaction mixture containing the 
cycloaddition product was treated directly to a solution of BSA in PBS buffer without further purification. The sample was placed in the 
dark for incubation, followed by 1 h of UV irradiation to enable the formation of the covalent interaction between BSA and the 
cycloaddition product 12. Then, a C18 reverse-phase column was used to remove unreacted cycloaddition product 12 and salt pre-
sented in the buffer (Fig. 2). Finally, the irradiated sample was analyzed by matrix-assisted laser desorption/ionization (MALDI) 
(Fig. 3). 

2.5.1. The BSA labelling protocol  

1. The stock solutions of the TPD Probe 1 in DMSO (3 mM), biotin–(PEG)3–azide in DMSO (12 mM), CuSO4⋅5H2O in water (20 mM), 
sodium ascorbate in water (200 mM), and TBTA in DMSO (100 mM) were prepared prior to the experiment.  

2. In 5 mL glass vials was added sequentially with the stock solutions of Probe 1 (20 μL), water (375 μL), azide (20 μL), CuSO4⋅5H2O 
(25 μL), TBTA (25 μL), and sodium ascorbate (25 μL).  

3. The reaction was vortexed, sealed with a plastic cap, and wrapped with aluminum foil overnight.  
4. The reaction progress was accessed by LC-MS after 24 h. LC-MS indicated that the diazirine starting material almost was consumed 

after 24 h, and the signal corresponding to the triazole product with correct molecular weight was observed.  
5. Assuming that the click reaction went to completion, 350 μL of the reaction mixture was added to 250 μL of BSA solution (1 mg/mL 

in PBS).  
6. The sample was vortexed for three times and kept under room temperature in the dark for 20 min to ensure proper mixture of BSA 

and the compound.  
7. The sample was placed 3 cm underneath a UV lamp and irradiated for an hour.  
8. The irradiated sample was desalted with a C18 column according to the procedure provided by the manufacturer.  
9. The purified protein sample was subjected to MALDI analyses. 

Fig. 2. The workflow of the proof-of-concept BSA labelling experiment.  
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2.6. Pull down assay using BSA and probe 1  

1) The stock solutions of the TPD Probe 1 in DMSO (2.125 mM), biotin–(PEG)3–azide in DMSO (4 mM), CuSO4⋅5H2O in PBS (2 
mM), sodium ascorbate in PBS (66.66 mM), and TBTA in DMSO (3.33 mM), were prepared prior to the experiment. For this 
experiment involving pull down assay with streptavidin, the reducing agents were dissolved in PBS.  

2) Preparation of the Probe 1–BSA reaction mix: 15.9 μg (15) of BSA was dissolved in 19.4 μL of PBS in an Eppendorf tube and then 
1.1 μL of Probe 1 (stock concentration of 2.125 mM in DMSO) was added to the mix. The ratio of BSA to Probe 1 was 1:10. Note: 
The ratio of BSA to Probe 1 is variable depending upon the nature of Probe 1 that needs to be optimized.  

3) Incubation of the reaction mix: Incubated the above mixture at 37 ◦C in a 5 % CO2 incubator for 6 h (the incubation time was 
based on the time of onset of immunostimulatory effect of Compound A in PBMCs).  

4) UV illumination: At the end of the incubation period, the mixture in an Eppendorf tube was irradiated with UV illumination for 
1 h at room temperature using a UV lamp at 350 nm (Spectroline, ENF-240C, US).  

5) Initiation of the click chemistry reaction: Subsequently, 1.2 μL biotin–(PEG)3–azide (>2x of Probe 1), 1.5 μL CuSO4, 4.5 μL 
TBTA and 2.25 μL (total = 9.45 μL) sodium ascorbate were added sequentially to a total volume of 30 μL. Note: The ratio of 
CuSO4: TBTA: sodium ascorbate was 1:5:10. The above click reagents were added to the sample and incubated at RT for 1.3 h in 
dark  

6) Addition of prewashed streptavidin to the above reaction mixture. For our experiment, 5.6 μL (3 μg of biotin–conjugated BSA) of 
the after–click reaction mix (AC) was mixed in 90 μL of prewashed Streptavidin–Agarose bead slurry (Catalogue #16–126; 
Upstate cell signaling solutions, USA).  

7) Incubation at 4 ◦C: The above reaction mixture was incubated at 4 ◦C in a three-dimensional rotating mixer (Diamed, Canada) 
for 1 h and was subsequently centrifuged at 1000 g for 5 min at RT. The supernatant was aspirated and stored at 4 ◦C until 
loading.  

8) Wash of the beads: The washing buffer was prepared separately by mixing Tris (151.42 mg) with NaCl (0.5825 g) and 2.5 mL of 
10 % SDS all in 22.5 mL of water. 1 mL washing buffer was added to each sample and incubated for 5 min at room temperature 
on a rotor. Centrifuged 1000 g for 5 min at room temperature for three times, repeated the above three steps thrice. The su-
pernatant was aspirated and discarded. 

9) Release of proteins from beads: 30 μL of 4x Laemmli sample buffer (from Bio-Rad; cat #160747, premixed with β-mercap-
toethanol), was added to the sample, incubated at 95 ◦C for 5 min to facilitate the release of beads from the protein. The samples 
were centrifuged at high speed (13000 g) for 1 min at room temperature and stored at − 20 ◦C until loading.  

10) Western blotting: In a control pull-down experiment, the different amounts of BSA alone, the after–click sample (3 μg of AC) 
along with the ladder (LD) in comparison to Probe 12 were separated by 2.5 % sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). Additionally, the supernatant following the step 5 (Sup) was also separated. The gel was elec-
trophoresed at 200 V for 1 h, and proteins were transferred onto nitrocellulose membrane (Bio-Rad, catalogue # 1620115, 
Germany), The transfer was then run at 20 V for 1.20 min on a 1.5 mm gel, ensuring proper transfer. The membranes were 
blocked with blocking buffer (5 % milk in TBST) for 1 h at room temperature on a rocking platform (VWR, USA). Subsequently, 
the blots were incubated overnight at 4 ◦C with streptavidin IRDYE 680LT (Licor; catalogue # 926–68031, USA) in 5 % milk at 
1:1000. The blot was washed three times with TBST for 10 min and imaged using an IR dye labelling instrument using Studio 
Lite software (LI-COR, Biosciences). 

Fig. 3. The MALDI result of the first photoaffinity labelling experiment.  
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3. Results 

3.1. Synthesis of TPD-containing trifunctional probes 

As the click chemistry has been recently emerging as a modern tool to identify the cellular targets, in order to exploit this approach, 
we attempted to synthesize TPD trifunctional Probe 1 based on the structure of Compound A. 

3.1.1. Compound data 

3.1.1.1. 2-(2-(Prop-2-yn-1-yloxy)ethoxy)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzaldehyde (9). The compound was synthesized 
according to a previously reported literature procedure [26], employing 2-hydroxy-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzal-
dehyde (0.75 mmol, 0.17 g) the tosylated alkyne (0.84 mmol, 0.21 g), tetrabutylammonium iodide (Bu4NI) (0.083 mmol, 31 mg), 
K2CO3 (1.3 mmol, 0.18 mg), and DMF (18 mL) to give 9 (0.14 g, yield 58 %) as a pale yellow solid. Rf 0.25 (1:6 petroleum ether: diethyl 
ether); 1H NMR (500 MHz, CDCl3) δ 10.49 (s, 1H), 7.85 (d, J = 8.0 Hz, 1H), 6.85 (d, J = 8.0 Hz, 1H), 6.75 (s, 1H), 4.33–4.21 (m, 4H), 
3.99–3.94 (m, 2H), 2.48 (t, J = 2.4 Hz, 1H); 13C {1H} NMR (125 MHz, CDCl3) δ 188.8, 160.9, 136.6, 128.9, 125.7, 121.8 (q, 1JC–F =

274 Hz, CF3), 119.0, 110.9, 79.1, 75.1, 68.4, 67.8, 58.6, 28.6 (q, 2JC–F = 41 Hz, CCF3); HRMS (ESI, [M+Na]+) calcd for 
C14H11F3N2NaO3 335.0614, found: m/z 335.0606. The TPD-containing compounds are stored in the dark to avoid light-mediated 
decomposition. 

3.1.1.2. 4-Chloro-1-methyl-3-nitroquinolin-2(1H)-one (10). In a 25 mL round bottom flask, a catalytic amount of NaNO2 was added to 
a stirring solution of 4-hydroxy-1-methylquinolin-2(1H)-one (2.86 mmol, 500 mg) in glacial acetic acid (5.0 mL) and concentrated 
nitric acid (500 μL). The flask was capped with a septum, and a needle was applied to serve as a vent. The reaction was kept under room 
temperature and stirred for 16 h. The reaction mixture was filtered, and the solid was dried in an oven for 30 min to provide a yellow 
solid (425 mg, yield 68 %) and used in the next step without further purification. Next, to a new, oven dried round bottom flask 
equipped with a stir bar and a rubber septum, was charged with the nitro intermediate (1.11 mmol, 245 mg). The system was sealed 
and purged with nitrogen. Then, phosphorus oxychloride (2.0 mL) and triethylamine (0.1 mL) were added to the flask. The reaction 
mixture was heated to 90 ◦C and stirred for 2 h and before cooled down to room temperature. The reaction mixture was added with ice- 
cold water (20 mL) and extracted with ethyl acetate (20 mL). The organic layer was separated, dried over MgSO4, filtered, and 
concentrated under reduced pressure. The crude mixture was purified by flash column chromatography, employing 1:1 ethyl acetate: 
hexanes as eluent to give 10 (130 mg, yield 20 %): Rf 0.49 (1:1 ethyl acetate:hexanes); IR (cast film): 3049, 2922, 2852, 1730, 1664, 
1597, 1538, 1457, 1354, 1191, 1088, 767, 756 cm− 1; 1H NMR (500 MHz, CDCl3) δ 8.13 (dd, J = 8.0, 1.5 Hz, 1H), 7.81–7.78 (m, 1H), 
7.51–7.43 (m, 2H), 3.80 (s, 3H). 13C {1H} NMR (125 MHz, CDCl3) δ 153.8, 138.7, 135.9, 134.1, 127.6, 124.2, 116.8, 114.9, 30.5, one 
of the carbons signal was not observed likely due to spectral overlap; HRMS (ESI, [M+H]+) calcd for C10H7ClN2O3 239.0218; found: 
m/z 239.0218. 

3.1.1.3. 1-Methyl-3-nitro-4-(piperazin-1-yl)quinolin-2(1H)-one (11). To a 25 mL round bottom flask equipped with a magnetic stir bar 
was added 10 (1.26 mmol, 300 mg), piperazine (3.78 mmol, 325 mg) and toluene (2 mL). The flask was capped with a septum, and a 
needle was applied to serve as a vent. The reaction was heated to 100 ◦C and stirred for 3 h. The reaction progress was monitored by 
thin layer chromatography and LC-MS. Upon reaction completion, the reaction mixture was diluted with ethyl acetate (20 mL) and 
washed with saturated aqueous Na2CO3 (10 mL) and H2O (10 mL). The organic layer was dried over MgSO4, filtered, and concentrated 
under reduced pressure. The crude was purified by flash column chromatography, employing 1:9 methanol:ethyl acetate solution as 
eluent to afford 11 as light yellow sticky oil (216 mg, yield 60 %). Rf 0.19 (1:4 methanol:ethyl acetate); IR (cast film): 3333, 3053, 
2951, 2916, 1849, 1650, 1613, 1593, 1527, 1460, 1398, 1327, 1189, 1084, 1025, 763 cm− 1; 1H NMR (500 MHz, CDCl3) δ 7.96 (dd, J 
= 8.5, 1.5 Hz, 1H), 7.65 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.31 (ddd, J = 8.0, 7.0, 1.5 Hz, 1H), 3.71 (s, 3H), 
3.25–3.19 (m, 4H), 3.11–3.05 (m, 4H), 1.70 (br s, 1H); 13C {1H} NMR (125 MHz, CDCl3) δ 156.2, 149.2, 139.7, 134.9, 132.6, 126.6, 
122.7, 117.5, 115.1, 51.7, 46.1, 30.0.; HRMS (ESI, [M+H]+) calcd for C14H17N4O3 289.1295; found: m/z 289.1295. 

3.1.1.4. The TPD trifunctional probe 1. An oven dried round bottom flask equipped with a stir bar and a rubber septum was added 9 
(0.16 mmol, 51 mg), 11 (0.16 mmol, 48 mg), NaBH(OAc)3 (0.32 mmol, 68 mg), and DCE (1.5 mL). The reaction was stirred at room 
temperature for 16 h. After the reaction went to completion, the solvent was removed under reduced pressure. The reaction residue 
was re-dissolved in CH2Cl2 (10 mL), and the organic layer was washed with H2O (10 mL x 2) and brine (10 mL). The organic layer was 
separated and dried over MgSO4, filtered, and the solvent removed under reduced pressure. The crude mixture was purified by flash 
column chromatography, employing 9:1 ethyl acetate:methanol as eluent to afford 1 (79 mg, yield 85 %) as a yellow solid: Rf 0.22 (1:1 
ethyl acetate:hexane); 1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 7.5 Hz, 1H), 7.66–7.63 (m, 1H), 7.42 (d, J = 7.5 Hz, 1H), 7.39 (d, J =
8.5 Hz, 1H), 7.30 (t, J = 7.5 Hz, 1H), 6.80 (d, J = 7.5 Hz, 1H), 6.65 (s, 1H), 4.28 (d, J = 2.5 Hz, 2H), 4.19–4.14 (m, 2H), 3.96–3.90 (m, 
2H), 3.70 (s, 3H), 3.67 (s, 2H), 3.28 (app. t, J = 4.5 Hz, 4H), 2.70 (br s, 4H), 2.47 (t, J = 2.5 Hz, 1H). 13C {1H} NMR (125 MHz, CDCl3) δ 
157.1, 156.1, 149.0, 139.7, 134.8, 132.5, 130.8, 129.1, 128.4, 126.7, 122.6, 122.1(q, 1JC–F = 274 Hz), 119.1, 117.4, 115.1, 109.8, 
79.4, 74.9, 68.1, 68.0, 58.6, 55.7, 53.0, 50.5, 30.0, 28.5 (q, 2JC–F = 40 Hz); HRMS (ESI, [M+H]+) calcd for C28H28F3N6O5 585.2068; 
found: m/z 585.2070. The TPD-containing compounds are stored in the dark to avoid light-mediated decomposition. 
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3.2. Assessment of stability of TPD probe 1 and the efficiency of the bio-orthogonal reaction with different reducing agents 

Following the synthesis of the compounds, we first looked at the stability of TPD probe molecule 1 in the presence of the selected 
CuAAC reaction conditions. Probe 1 was mixed with the chosen CuAAC reagents without the addition of the azide reaction counterpart 
and kept in the dark. Two different reducing reagents, sodium ascorbate and TCEP, were chosen to assess their compatibility with the 
TPD Probe 1. The TPD Probe 1 remained intact under the designated CuAAC conditions and showed no sign of decomposition in LC-MS 
analysis (Data not shown). 

Next, the CuAAC reactions were carried out using TPD Probe 1 with two different reducing agents. Two reactions were performed 
in parallel, with TCEP or sodium ascorbate as the respective reducing agent and biotin-(PEG)3-azide. The formation of the cycload-
dition product 12 was only seen in the reaction using sodium ascorbate as the reducing agent. The reaction involved using TCEP as the 
reducing agent did not give the cycloaddition product 12, likely due to the reduction of biotin-(PEG)3-azide to the corresponding amine 
via the Staudinger reduction. Based on the observations, the reaction condition for CuAAC was selected using sodium ascorbate as the 
reducing agent. 

3.3. Optimization of irradiation time for photoaffinity labelling 

Following the establishment of the reaction condition for the CuAAC, we attempted to determine the optimal time required for the 
photoaffinity labelling experiment. Following the dissolution of Probe 1 in methanol, the formation of the methanol adduct was 
observed after 30 min of UV irradiation with significantly more complex by-products when the irradiation exceeded 60 min. Therefore, 
60 min was selected as the optimal time for the subsequent photoaffinity labelling experiments in this study. 

3.4. BSA labelling experiments 

To our delight, the designed experimental workflow gave successful result of the labelling experiment. In the attempt, we detected 
an obvious increase in the molecular weight of the labelled BSA (Fig. 3). Also, the peak broadening strongly indicates the formation of a 
heterogenous mixture of labelling products due to the reaction at more than one site, and some degree of reaction with more than one 
molecule of the cycloaddition product 12. The successful result from this labelling experiment demonstrated that the synthesized TPD 
Probe 1 is a powerful tool to probe a biologically relevant space. 

3.5. Probe 1 enhances the production of IL-2 from human PBMCs 

To verify the immunomodulatory properties of Probe 1 on various immune cells, we exposed PBMCs derived from healthy donors to 
the Probe 1 at different concentrations up to 10 μM. Our findings indicate that the treatment of Probe 1 with PBMCs in the presence of 
SEB for a duration of 72 h resulted in a higher secretion of IL-2 in a concentration-dependent manner compared to PBMCs treated with 
SEB alone. The observed effect was statistically significant at a concentration of 3 μM and 10 μM of Probe 1, as depicted in Fig. 5A. 

Fig. 4. The workflow of pulldown photoaffinity labelling with BSA and Probe 1. Steps 1–9 indicating the schematic pathway followed for incu-
bation of BSA and Probe 1, photo-crosslinking, click chemistry, pull-down separation, and Western blot detection. 
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3.6. Photoaffinity labelling with BSA and probe 1 

To initiate the click chemistry reaction involving Probe 1 and BSA, Probe 1 was added to BSA and incubated for 6 h before being 
exposed to a UV lamp for 1 h. At this stage, we anticipate the formation of a crosslink between the alkyne site of Probe 1 and BSA. The 
mixture was then incubated for 1.5 h, which formed the click chemistry (Step 1–4 of Fig. 4). To verify the efficacy of the click chemistry 
reaction, the supernatant from the click reaction (AC) was compared to the synthesized Probe 12 + BSA (P3) (Fig. 5B). Different 
amounts of BSA (1, 2 and 4 μg), the after-click sample (3 μg of AC) and P3 (Probe 12 + BSA) along with the ladder (LD) were separated 
by SDS-PAGE (Fig. 5C). Notably, a single clear band higher than 63 kDa was noted both in AC and P3 lanes indicating the successful 
incorporation of cross-linkage and completion of click reaction between the Probe 1 and BSA. However, the absence of any notable 
band in the lane loaded with BSA (with the click reaction reagents in the absence of the Probe 1) show the functional utility of the 
Probe 1 in the click reaction. Interestingly, the presence of a single clear band in P3 lane (from BSA labelling experiment in Section 2.5) 
corresponding to the band in the AC lane (from BSA labelling experiment in Section 2.7, step 4) further confirms the photo-crosslinking 
and click chemistry (Step 1–4) in these reactions. 

To prove the efficiency of pull down, 3 μg of the reaction mixture after the click reaction (from step 4, Fig. 4) was separated using 
streptavidin agarose beads, allowing streptavidin to capture the biotinylated complex (Probe 1 + BSA). After SDS-PAGE separation, a 
faint band was detected in the sup lane (lane 3, Fig. 5D) aligning well to the distinct dark band in AC lane (lane 2, Fig. 5D) corre-
spondingly higher than 63 kDa of the ladder. The covalently attached probe results in a slight increase in molecular weight correspond 
to the added size of the Probe 1. This suggests that the dark band confirms the enrichment of biotinylated BSA in the AC compared to 
the supernatant. This finding indicates that the biotinylated complex was predominantly captured by streptavidin agarose beads and 
the pull-down assay can be successfully applied to utilize the Probe 1 to efficiently bind to a protein. 

4. Discussion 

Compound A has been reported to have potential immunomodulatory effects through unidentified cellular targets [24]. Identifi-
cation of a drug’s target is a crucial step in understanding its mechanism of action and developing more targeted and effective therapies 
[31]. However, this task is challenging and requires specialized protocols and tools. As part of our efforts and ongoing interest to 
develop a reliable and effective method for identifying target proteins in complex biological systems for our compound (Compound A), 
we employed a pull-down protocol as a proof-of-concept. 

To achieve this goal, we first designed a trifunctional approach utilizing a small molecule with an affinity warhead derived from 
Compound A, a photo-crosslinker, and a bio-orthogonal handle (Probe 1), The stability of the molecular probe under common CuAAC 
conditions was confirmed and optimization experiments were performed to determine the ideal irradiation time to facilitate photo-
affinity labelling. The synthesized Probe 1 showed capability in inducing IL-2 secretion as an indication of its immunomodulatory 
effect, similar to Compound A [24]. To test the efficiency of Probe 1 in binding to its target protein, we employed BSA as a single model 
protein. BSA is frequently used as a model in experimental conditions for studying drug-protein interactions due to its 
well-characterized properties [32,33]. For the purpose of optimizing our protocol for target identification of Compound A, we used the 
pull-down assay with Probe 1 and BSA as a proof of concept for the sequential processes of photoaffinity, click chemistry, and sep-
aration of Probe 1 with BSA. The presence of a clear, strong signal in the pull-down sample lane and a weak signal in the supernatant 
lane provides compelling evidence of the efficacy of our optimized pull-down protocol (Fig. 5D). Subsequently, we also conducted a 
BSA labelling experiment using Probe 12 as a comparison to validate the pulldown, where an intense band of BSA complexed with 
Probe 12 (P3) was corresponding to the signal of the pull down (Fig. 5C). Taken together, our results suggest that the structural 
modification of the parent compound with a TPD-containing trifunctional group(s) offers us a promising method for cross–linking the 
small molecule with the plausible proteins in the cell. Through this proof-of-concept study, we were able to establish the reliability and 
effectiveness of our pull-down protocol for identifying the target proteins. This protocol with photoaffinity labeling can be further 
applied to other biological systems to identify target proteins in cellular processes. This established protocol with Probe 1 could be used 
effectively in future studies to identify the cellular targets responsible for the immunomodulatory effect of Compound A. 

5. Conclusion 

In the present study, we have attempted to synthesize a TPD trifunctional Probe 1 of Compound A and utilized this probe to develop 
a protocol for a pull-down assay using BSA as a model protein. Our report demonstrates that we were successful in labeling and 
separating the BSA–Probe complex. The successful synthesis and application of this probe can pave the way for researchers to employ 
new labeling strategies for their small molecules in various biological applications. 
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