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Abstract: Drugs and bioactive natural products exert their 

pharmacological effects by engaging numerous cellular targets in 

our body. Identification of these protein targets is essential for 

understanding the mechanism-of-action of these compounds, thus 

contributing to improved drug design in drug discovery programs. 

Termed “in situ drug profiling”, a common strategy for studying these 

bioactive compounds centralized on the covalent capture of protein 

targets along with a reporter tag to facilitate downstream proteomic 

analyses. Though highly successful, such reliance on innate 

electrophilic traps to facilitate covalent capture restricted its 

applications to covalent acting compounds. Late-stage C-H 

functionalization (LSF) may resolve this by substituting biologically 

inert C-H bonds with desired electrophilic groups. Herein, we 

demonstrated this concept by arming a diverse range of electron-rich 

aromatic drugs and natural products with α,β-unsaturated esters, via 

late-stage C-H olefination with an arylthio-based carboxylic acid 

ligand developed by Ibanez and co-workers. We also showed that 

covalent probes generated from this LSF approach could be applied 

for “in situ drug profiling” of ∆8-THC, as exemplified by the successful 

target engagement of α-4db, a ∆8-THC-based probe, to its native 

target hCB2R. In combination with AfBP 7, a photoaffinity-based 

derivative of ∆8-THC, we identified several novel putative targets that 

could account for some of the effects in THC consumption. We 

anticipate our C-H LSF strategy to be widely adopted for future 

studies of non-covalent drugs. 

Introduction 

Natural products are a major source of inspiration as molecular 

leads in many drug discovery programs, in recognition of their 

role as key components in traditional herbal medicines.[1] Many 

FDA-approved drugs can be traced to their natural product 

origins.[2] These bioactive compounds have also been frequently 

used to probe for novel cellular targets and interrogate biological 

pathways.[3] Such a strategy usually requires appending the 

compounds with a reporter tag (such as alkyne, biotin, or a 

fluorophore etc) by using classical alkylation/acylation methods, 

to facilitate subsequent biological studies. Reports of this 

strategy in the literature include the modification of FDA-

approved drugs (e.g. Vancomycin[4]) and natural products (such 

as andrographolide,[5] Orlistat[6] and Wortmannin[7]) for the 

successful identification of both on- and off-targets of the parent 

compounds, thus leading to an overall improved understanding 

in their mechanism-of-action. A major limitation of this strategy 

lies in its prerequisite of reactive functionalities in the parent 

compounds for attaching reporter tags. Such modification may 

potentially attenuate their binding properties.[8] Moreover, the 

limited set of tools available for chemical proteomics and 

chemical biology imposes a bottleneck on the entire field.[9] In 

recent years, the emergence of a new strategy called Late-stage 

C-H Functionalization (C-H LSF) has gathered significant 

interests as a powerful alternative method due to its ability to 

transform complex molecules at one of their C-H bonds into 

diverse analogues rapidly without requiring any pre-

functionalization.[10] Its swift adoption in several research areas, 

from drug discovery, development of novel molecular imaging 

probes to material sciences, serves as a testament to its 

usefulness and broad applicability.[10b] An early example of 

successful application in chemical biology emerged from the 

groups of Romo and Cravatt, who reported on the use of Du 

Bois’ Rh(III)-catalyzed C-H amination method to functionalize a 

wide range of bioactive complex molecules, including 

eupalmerin acetate (showcased in Fig. 1a) with alkynylated 

linkers, the latter of which was subsequently used to reveal both 

on- and off-cellular targets.[8] Despite these early successes, 

factors that hamper its uptake in chemical biology include the 

limited scope of the C-H functionalization methods available and 

reliance on covalent-acting compounds to capture protein 

targets.[43] Thus, this places a premium on C-H LSF methods 

that can satisfy several criteria, ranging from broad functional 

group tolerance and substrate scope to the tolerance of reporter 

tags as well as applications in non-covalent bioactive 

compounds. Recent reports on arming of non-covalent bioactive 

compounds with electrophilic traps have focused on converting 

OH or NH groups into either fluorosulfates,[11] sulfamoyl 

fluorides[12] or sulfuramidimidoyl fluorides.[13] Though such 

modifications have led to successful target engagement and 

identification, their dependence on the availability of OH and NH 

groups constituted a liability for reasons discussed above. 

Alternatively, the use of C-H LSF methods to arm these 

compounds with electrophilic warheads will circumvent such 

issues, as illustrated in Fig. 1a. Combined with an 

accompanying alkyne in the linker, such resultant probes are 
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Figure 1: a) Evolution of methods for probe development, from reliance on classical alkylation/acylation strategies to C-H functionalization and beyond. b) Our 
goal in using C-H olefination to transform diverse drugs and natural products into electrophilic probes for on- and off-target identification. 

 

envisioned to be capable of capturing potential drug-protein 

targets under in situ settings. For this purpose, our attention was 

drawn towards the use of late-stage aryl C-H olefination to 

functionalize non-covalent drugs and natural products, since the 

high reactivity of the resultant Michael acceptors is well-known, 

being frequently exploited in activity-based protein profiling 

(ABPP; see Fig. 1b).[14] In this current study, we were curious if a 

non-covalent drug or natural product can be modified into an 

activity-based probe (ABP) via aryl C-H olefination using 

alkynylated acrylates as olefinating reagents. To assess the 

impact of olefination on the overall biological property of the 

parent compounds and unlock the full potential of our strategy, 

we resorted to the use of non-directed/non-regioselective C-H 

olefination methods for rapid access to different regioisomers. 

To the best of our knowledge, the application of non-

directed/non-regioselective olefination methods towards 

chemical proteomics remains unexplored to date. If successfully 

implemented, such a strategy could lead to further expansion of 

ABPP platform towards the study of non-covalent molecules and 

discovery of new drugs with novel properties. 

Herein, we disclosed a method for non-directed C-H LSF 

of bioactive aromatic-based natural products and drugs by 

Pd(II)-catalyzed C-H olefination using either ethyl acrylate 2a or 

TIPS-protected propargyl acrylate 2d. The direct introduction of 

an alkyne into bioactive compounds via acrylate 2d was key to 

our goal in chemoproteomic analyses as it serves as a versatile 

handle to conjugate with any azide-containing reporters through 

Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), either 

for visualization or enrichment of probe-labeled proteomes. This 

was demonstrated by the successful application of an ABP, α-

4db, derived from the natural product ∆8-tetrahydrocannabinol 

(∆8-THC) in identifying several novel putative cellular targets of 

∆8-THC, many of which may account for both its therapeutic and 

undesirable properties. 

Results and Discussion 

Selection, optimization of Pd(II)-catalyzed olefination 

conditions and screening of different alkynyl-acrylate tags. 

Our initial investigation of non-directed aryl C-H olefination 

methods focused on the independent work of Yu,[15] 

Gemmeren[16] and Fernández-Ibáñez.[17] In such studies, the 

design and implementation of novel ligands, from Yu’s 2-

pyridone-based ligands L1 and L2, to Gemmeren’s ligand 

combination of N-acetyl glycine with 6-methylpyridyl derivative 

L3 and Fernández-Ibáñez’s arylthio-ligands L4 and L5 (Fig. 2), 

played a critical role in enhancing the reactivity of Pd(II) 

catalysts, which not only accelerated the often sluggish C-H 

olefination but also ensured that arenes be used in limiting 

stoichiometric quantity. Despite the apparent harsh conditions 

shown when using glacial acetic acid as solvent, only the 

Pd(II)/L4 catalytic system by Fernández-Ibáñez was capable of 

olefination on an unprotected phenol. This sole observation, 

along with the ease in preparation of L4, precipitated in our 

decision to use L4 as the ligand-of-choice in subsequent 

investigations.  
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Figure 2: Current literature on Pd-catalyzed non-directed C-H olefination of 

arenes. 

As phenols are common motifs in many bioactive natural 

products,[1b] we set our sights on this class of bioactive 

compounds. Though our initial attempts on p-cresol as a model 

substrate (in limiting quantities) led to the desired olefinated 

product, another side product was isolated which was postulated 

to be the coumarin derivative, formed via intramolecular 

cyclization of the product with the phenolic OH.[18] Suspecting 

the high temperature might have played a significant role in the 

cyclization of the olefinated phenol, we evaluated the olefination 

reaction under different temperatures, solvents, and different Pd-

ligand proportions (Table 1). From these optimization studies, 

we established a few criteria for the olefination: 1) inclusion of 

DMSO as a co-solvent was critical in achieving higher yields of 

the product with a milder temperature of 65 °C, 2) longer 

reaction time generally translated into better yields, 3) coumarin 

formation was suppressed at temperatures below 65 °C. 

Pd(OAc)2 remained as the catalyst-of-choice as other catalysts 

such as Pd(TFA)2 or PdCl2 resulted in significantly poorer yields 

(Entry 1iii of Table 1; Supporting Information, Table S1). 

Moreover, the choice of AgOAc was crucial as other oxidants led 

to lower yields and the use of AgOTf led to complete 

decomposition (Entry 1iv of Table 1; Supporting Information, 

Table S1). 

With optimized olefination conditions at hand, we then 

explored various alkynylated acrylates for compatibility and 

yields (Schemes S1 and S2). Alkyne protection was crucial for 

successful olefination, judging from the rapid decomposition of 

acrylate 2b under our conditions. Indeed, previous studies had 

detected the formation of Ag-acetylides on direct exposure of 

free terminal alkynes to AgOAc,[19] and Pd-acetylide complexes 

were proposed as reactive intermediates in many Pd(II)-

catalyzed cross-coupling reactions involving terminal alkynes.[20] 

These metal acetylides either underwent addition reactions with 

other alkynes or was rapidly hydrolyzed by the glacial AcOH 

solvent. Inspired by Trost et. al. in their use of silyl protecting 

groups on terminal alkynes to prevent unwanted addition 

reactions,[20] we tested three silyl protecting groups based on 

their varying steric bulk and chemical stability. Out of these three 

silyl groups, TIPS protection outperformed the other two on the 

basis of its chemical stability (relative to TMS) and a lack of 

aromaticity that TBDPS might suffer during olefination (33% for 

2d vs 27% for 2e). Longer alkyl chains did not translate into any 

significant yield improvement (a mere 5% yield difference 

between 4ad and 4ag). Various attempts were made to improve 

the yields with acrylate 2d from 33% to 45%. Replacement of 

silicon groups with Co2(CO)6 for alkyne protection resulted in 

rapid decomposition (Table S2). In consideration of all these 

information, and the desire to minimize any disruption to the 

binding affinity of the probe, acrylate 2d was thus selected as 

the alkyne-acrylate-of-choice for late-stage functionalization of 

drugs and natural products. 

 

Late-stage olefination of drugs and bioactive natural 

products. Original studies from Fernández-Ibáñez and co-

workers contained few applications on complex molecules. 

Similarly, many examples of drugs and natural products featured 

in other C-H LSF olefination papers have relied on prior 

functional group protection.[21] None of these examples featured 

acrylate partners that contained alkynes. Consequently, this 

creates a valuable opportunity for us to assess the capability of 

our C-H olefination method for LSF. The optimized C-H 

olefination conditions were applied to several commercially 

available drugs and bioactive natural products. Being more 

reactive than acrylate 2d, ethyl acrylate 2a was first chosen for 

screening with compatible drugs, the successful outcome of 

which was then followed with the application of 2d on the same 

drug. In general, though yields were modest in most cases, few 

side products were observed and the remaining starting 

materials could be recovered. Expectedly, the regioselectivity 

was highly substrate-dependent, driven by a combination of 

electronic characteristics in the aromatic ring and steric 

considerations surrounding each C-H site.

 

 

Table 1: Optimization of C-H olefination strategy[a]  

# Acrylate 
Pd(II) 

/Ligand 
Solvent 

time 
(h) 

Yield 
(%)[b] 

 

1 i. 

2a 

20/20 AcOH 24 21[c]  

ii. 20/20 AcOH 24 36 
 

iii. 20/20 AcOH:DMSO (9:1) 68 60[d]  

iv. 15/15 AcOH:DMSO (9:1) 68 
-NIL-
[e] 

 

v. 15/15 AcOH:DMSO (9:1) 68 65[f] 
 

2. 2b 20/20 AcOH:DMSO (9:1) 68 -NIL- 
 

3. 2c 20/20 AcOH:DMSO (9:1) 68 -NIL- 
 

4 i. 
2d 

20/20 AcOH:DMSO (9:1) 68 35[f]  

ii. 15/15 AcOH:DMSO (9:1) 96 45 
 

5. 2e 20/20 AcOH:DMSO (9:1) 68 27[f]  

6. 2f 15/15 AcOH:DMSO (9:1) 68 -NIL- 
 

7. 2g 15/15 AcOH:DMSO (9:1) 68 31[f] 
 

[a]General conditions: arene substrate (0.1 mmol), Pd(OAc)2 (10 to 20 mol%), 
L4 (10 to 20 mol%), AgOAc (1.1 eq) and acrylate partner (1.5 eq) in 1 mL of 
solvent. [b]Isolated yields. [c]2 eq of 3a is used, with PhCO3tBu as oxidant in 
place of AgOAc at 100 °C. [d]Yield decreased to 50% when PdCl2 was used as 
catalyst, and further to 42% with catalytic Pd(TFA)2. [e]AgOTf was used in 
place of AgOAc. [f]No difference in yield observed upon extending to 96 h. 
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Figure 3: a) Late-stage C-H olefination of various drugs and bioactive natural products. b) Deprotection to obtain free alkynes via a mild TBAF treatment. 

 

Beginning with phenol-containing drugs and natural 

products, we were pleased to disclose the successful olefination 

of electron-rich estrone and β-estradiol with both acrylates 2a 

and 2d, with yields ranging from 23% (4cd) to 55% (4ba). In 

both cases, preference for the less sterically hindered C-H site 

(α) was evidenced by the high product ratio relative to the β-site 

(11:1 in both cases). Moreover, tolerance of free alcohols was 

demonstrated in the successful olefination of β-estradiol. Direct 

functionalization of ∆8-THC, a potent psychoactive compound 

from the leaves of cannabis sativa,[22] gave good yields of 51% 

with 2a and 29% using 2d. Surprisingly, olefination in both cases 

was observed at either the C-H site para to the phenol OH 

(major isomer) or the C-H of the tertiary alkene (minor isomer). 

None of the expected ortho C-H olefination was isolated. Drugs 

containing less electron-rich phenols could also be olefinated, 

albeit in lower yields. This was exemplified by acetaminophen, 

an analgesic drug commonly found in Panadol®, which yielded 

4ea (25%) and 4ed (10%) under our conditions. Surprisingly, 

Propofol, a potent anesthetic drug, bucks the trend of electron-

rich phenols with low yields of 26% (4fa) and 10% (4fd) 

observed. Resorcinol-based polyphenols are commonly found in 

many nutraceuticals and natural products; this class of 

compounds are also known to display potent antioxidant and 

anti-inflammatory properties. Thus, olivetol, a compound isolated 

from lichens, gave the following olefinated derivatives 4ga and 

4gd in good yields of 53% and 27%, with high α selectivity (11:1) 

due to the combination of both electron-rich characteristics and 

lower steric influence relative to the β-site. In the case of 

resveratrol, olefination was observed to occur exclusively at the 

most electron-rich site (45% for 4ha and 26% for 4hd). In 

contrast, though good yields (53% for 4ia and 33% for 4id) were 

achieved with olefination of Hesperetin, a natural product 

endowed with cholesterol-lowering effect, low regioselectivity (α: 

β = 3:2) was observed in both cases.  

Success with phenols prompted the investigation of other 

electron-rich aromatic compounds. Under our conditions, 

indomethacin, a nonsteroidal anti-inflammatory drug, furnished 

the olefination products 4ja and 4jd in high yields of 95% and 

55%. Likewise, substrate 3k, a common ingredient for the 

preparation of many pharmaceutical products, demonstrated 

similar reactivity with both acrylates, furnishing the olefinated 

compound 4ka in excellent yields of 72%, and 4kd in 

comparatively good yields of 45%. Apart from these indole 

derivatives, electron-rich arene drugs also caught our attention. 

Under the standard olefination conditions with acrylates 2a and 

2d, the lipid-lowering drug Gemfibrozil 3l gave 4la and 4ld in 

yields of 52% and 33% respectively, with the exquisite 

regioselectivity on C-H site that is both sterically least hindered 
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Figure 4: a) Silyl deprotection with TBAF to afford i) α-4db and ii) β-4db as probes. b) Synthesis of AfBP 7 from phloroglucinol. c) Synthesis of another AfBP 8 
from olivetol. 

and electronically enhanced (α). Trimethoxybenzene 3m, a drug 

prescribed for the treatment of various spastic pain disorders,[22] 

also delivered both 4ma and 4md in respective yields of 75% 

and 35%. Other pharmaceuticals that incorporated naphthalene 

cores, as exemplified by Nabumetone 3n and Naproxen 3o, 

could also be successfully coupled under our standard 

conditions to give 4na and 4oa in good yields of 56% each, and 

the corresponding alkynylated derivatives 4nd and 4od in 

moderate yields of 31% and 27%. NOESY analysis of 4nd 

revealed the major regioisomer to be olefinated at the relatively 

more sterically hindered C-H site, a departure from prior 

observations (e.g., olefinations of estrone, resorcinol and 

indomethacin) where steric influence dominated over electronic 

factor in control of regioselectivity. The structures of 4na, 4oa 

and 4od were subsequently assigned on the basis of 4nd. In 

addition, Dextromethorphan 3p, a cough suppressant, could be 

used directly as HBr salt for olefination to yield the desired 

olefinated derivatives 4pa and 4pd, at yields of 34% and 10% 

respectively. Though the yields were low by most standards, no 

reported methods currently existed for the direct olefination of 

complex molecules like dextromethorphan. Following successful 

olefination with acrylate 2d, orthogonal desilylation of the 

alkynylated drug derivatives via TBAF afforded the desired free 

alkynes in excellent yields. This was demonstrated in Table 2bi, 

where the following compounds cresol 4ad, indole 4kd, 

Nabumetone 4nd were desilylated to give the following alkynes, 

4ab, 4kb and 4nb, in high yields ranging from 82% to 89%.  

Overall, our late-stage C-H olefination conditions were 

successfully applied on diverse electron-rich aromatic drugs and 

natural products without the need for functional group protection 

widely seen in previous reports of late-stage C-H 

functionalization. Our method tolerated the presence of many 

functional groups commonly seen in bioactive compounds. More 

importantly, to the best of our knowledge, this is the first 

reported synthesis of an alkyne-acrylate linker and its successful 

demonstration as an acrylate partner for late-stage modification 

of drugs and natural products, thus setting the stage for further 

application as a tool of chemical biology. 

Figure 5: Radioligand displacement assays to assess the binding affinities of 
all probes, including the parent compound ∆8-THC. 

Chemoproteomic Profiling of cellular targets of ∆8-THC. ∆8-

THC is a potent partial agonist of hCB1R (human cannabinoid 

receptor 1) and hCB2R (human cannabinoid receptor 2) with 

nanomolar affinities (38 nM and 44 nM respectively).[23] Though 

the intense psychoactive effects of ∆8-THC has been attributed 

to the activation of hCB1R, any direct association between 

hCB2R agonism and its desirable therapeutic effects such as 

pain reduction and antiemesis has yet to be thoroughly 

verified.[24] Mounting evidence suggested the possibility of other 

cannabinoid receptors in the body that may contribute to these 

observed effects of ∆8-THC, with contenders such as GPR55, 

GPR18 as well as PPARγ (peroxisomal proliferator-activated 

receptor gamma) being proposed. Such claims however remain 

to be verified.[23, 25] Numerous probes employing electrophilic 

groups,[26] photoaffinity labels,[27] fluorescent tags[27b, 28] or even 

radioisotopes[29]  have been developed to target cannabinoid 

receptors but many have not been used to provide a complete 

proteome-wide assessment of THC-binding proteins.[30] Thus far, 

to the best of our knowledge, only one other study has reported 
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Figure 6: a) In-gel fluorescence (FL) results after UV-treatment of Jurkat cells with probes α-4db and AfBP 7. b) In situ pull-down (PD)/Western blotting (WB) 

analysis of Jurkat cells after treatment with ABPs α-4db and β-4db. c) In situ PD/WB analysis of Jurkat cells after treatment with AfBPs 7 and 8. d) Data analaysis 

of both shared and unique targets identified from LC-MS/MS analysis of probe-enriched proteomes after THC-competition. e-g) Analysis of the two probes based 

on (e) their preference for membrane and/or soluble proteins, (f) their subcellular localization and (g) the functional characteristics of the protein targets between 

each probe. h) Analysis of KEGG pathways that the combined protein targets were involved in. 

 

the proteomic analysis of ∆8-THC by using an photoaffinity-

based approach.[27c] As such, other tools that can interrogate the 

biological pathways of ∆8-THC and provide a more complete 

protein interaction landscape are in high demand. 

Having demonstrated the scope of our LSF strategy, we 

elected to explore its utility in chemical proteomics through THC 

derivatives α-4db and β-4db (obtained via TBAF-mediated 

desilylation of α-4dd and  β-4dd; Fig. 4a), with the aim to profile 

the cellular targets of ∆8-THC. Human leukemia Jurkat T cells 

were thus selected to be experimental models, as they are  

known to have significant endogenous expression of hCB2R on 

their plasma membranes.[31] As inclusion of positive controls into 

our experiment design is critical for target validation, affinity-

based protein profiling (AfBPP) studies using affinity-based 

probes (AfBPs) 7 and 8 were performed concurrently with the 

ABPs. Both AfBPs were readily prepared in short and simple 

synthetic routes (Fig. 4b and c). Starting from etherification of 

phloroglucinol with the “minimalist iodide” to give the product 

5,[32] subsequent electrophilic aromatic substitution with a 

limonene derivative resulted in a cannabidiol analogue which 

underwent acid-promoted cyclization to give 7 in overall yields of 

11% (Fig. 4b). AfBP 8, in contrast, could be readily assembled 

via previous syntheses of ∆8-THC,[33] followed by etherification 

with the “minimalist iodide” (Fig. 4c). These minimally perturbing 

probes utilized diazirines to undergo covalent crosslinking with 

their target proteins-of-interest upon UV irradiation, and they 

represented one of the most important tools to capture drug-

protein interactions for non-covalent compounds. Comparison of 

the resultant data may then inform us on the reliability of our 

electrophilic probes as tools to profile protein targets of ∆8-THC. 

Next, the binding affinities of all synthesized probes 

towards hCB2 receptors were assessed for their ability to 

displace [3H]-WIN 55212-2 (a tritiated high affinity hCB2R ligand) 

from hCB2R at two concentrations (50 nM and 500 nM) by using 

membranes prepared from recombinant hCB2R-overexpressing 

Chinese Hamster Ovary (CHO) cells. As shown in Fig. 5, we 

observed that though α-4db largely retained most of the binding 

capability (48% displacement relative to 70% for the parent ∆8-

THC at 50 nM), olefination at the terminal alkene (β-4db) 

resulted in almost complete loss of affinity for hCB2R (21% 

displacement at 500 nM).  Predictably, AfBP 7 exhibited binding 

affinity virtually identical (72% at 50 nM) to the parent ∆8-THC, 

being closest in structural resemblance to it. On the contrary, no 

displacement was observed from AfBP 8 even at 500 nM. This 

indicated that the phenol OH was likely to be crucial towards the 

binding of THC to CB2R. Moreover, these preliminary results 

suggested that both α-4db and AfBP 7 could serve as chemical 

probes to profile potential cellular targets of ∆8-THC. 

Our next course of action was to verify successful target 

engagement with hCB2R and evaluate the proteome-wide 

reactivity profile of our probes. Both in-gel fluorescent labelling 

(using rhodamine-azide via CuAAC[34]) and affinity enrichment of 
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Table 2: List of both shared and unique protein hits that are most biologically relevant, as identified in the large scale LCMS/MS analyses of 
proteomes treated with either α-4db or AfBP 7 

Uniprot 
accession 

Protein Description (Gene name) Probe 
Specificity 

KEGG Pathway(s)[33] OMIM database[34] 

P42262 Glutamate ionotropic receptor AMPA type 
subunit 2 (GRIA2) 

α-4db Amyotrophic lateral 
sclerosis; Retrograde 
endocannabinoid 
signalling; Substance 
Addiction; Pathways of 
Neurodegeneration 
 

Neurodevelopmental disorder 
with language impairment 
and behavioral abnormalities 

P20908 Collagen alpha-1(V) chain 
(COL5A1) 

α-4db; 
AfBP 7 

(shared) 
 

Protein digestion and 
absorption 
 

Ehlers-Danlos syndrome 

Q13177 Serine/threonine-protein kinase PAK 2 
(PAK2) 

α-4db; 
AfBP 7 

(shared) 

MAPK signaling 
pathway; Ras signaling 
pathway 
 

Knobloch syndrome 2 

P09104 Gamma-enolase 
(ENO2) 

α-4db; 
AfBP 7 

(shared) 

Glycolysis / 
Gluconeogenesis; 
Biosynthesis of amino 
acids 
 

-NIL- 

Q8WXG9 Adhesion G-protein coupled receptor V1 
(ADGRV1) 

AfBP 7 -NIL- Febrile seizures; Usher 
syndrome 
 

Q9UPV9 Trafficking kinesin-binding protein 1 
(TRAK1) 

AfBP 7 -NIL- Developmental and epileptic 
encephalopathy 
 

Q6N022 Teneurin-4  
(TENM4) 

 

AfBP 7 -NIL- Essential tremor 
 

Q9UMD9 Collagen alpha-1(XVII) chain 
(COL17A1) 

AfBP 7 Protein digestion and 
absorption 

 

Epidermolysis bullosa 

Q96PY6 Serine/threonine-protein kinase Nek1 
(NEK1) 

AfBP 7 -NIL- Amyotrophic lateral sclerosis; 
Short-rib thoracic dysplasia 
 

Q93084 Sarcoplasmic/endoplasmic reticulum 
calcium ATPase 3 

(ATP2A3) 

AfBP 7 Calcium signaling 
pathway; cGMP-PKG 
signalling pathway; 
Thyroid hormone 
signaling pathway 

 

Alzheimer disease; Pathways 
of neurodegeneration; 
Arrhythmogenic right 
ventricular cardiomyopathy 

Q99700 Ataxin-2 (ATXN2) AfBP 7 Pathways of 
neurodegeneration; 
Amyotrophic lateral 
sclerosis 

 

Spinocerebellar ataxia 

Q8WXS5 Voltage-dependent calcium channel 
gamma-8 subunit  

(CACNG8) 

AfBP 7 MAPK signaling 
pathway; Adrenergic 
signalling in 
cardiomyocytes 
 

Hypertrophic cardiomyopathy; 
Arrhythmogenic right 
ventricular cardiomyopathy 

O43272 Proline dehydrogenase 1, mitochondrial 
(PRODH) 

 

AfBP 7 Arginine and proline 
metabolism 

Schizophrenia 

P21964 Catechol O-methyltransferase 
(COMT) 

AfBP 7 Tyrosine metabolism Schizophrenia; Weight gain 

 

 

the probe-treated proteomes (with biotin-azide via CuAAC) via 

pull-down/Western Blot (PD/WB) experiments were performed to 

profile proteome reactivity and verify target engagement 

respectively, with the latter being achieved via an initial affinity 

purification with NeutravidinTM beads, followed by Western 
blotting (WB) analysis with an anti-hCB2R antibody. Under in-gel 

fluorescence scanning, concentration-dependent labelling 

studies with Jurkat lysates revealed that AfBP 7 exhibited the 

highest selectivity profile of amongst various probes (Figure S1b 

and c). Through these experiments, we also determined an 

optimized probe concentration to be 2 μM in order to minimize 

non-specific labelling. Use of this concentration not only 

generated clearer proteome labeling profiles for all probes, but 

also enabled us to evaluate the selectivity of all the probes 
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through their abolishment under THC competition. This was 

exemplified by the proteome profiles of α-4db and AfBP 7 

obtained under competitive in-gel fluorescence experiments with 

∆8-THC (Fig. 6a). Next, in vitro PD/WB analysis with probe-

treated Jurkat lysates revealed successful photolabeling of 

hCB2R by AfBP 7 through detection of immunoblots at 

approximately 55 to 60 kDa, which corresponded to the 

molecular weight of hCB2R.[35] Similarly, covalent engagement of 

hCB2R could be achieved with α-4db. Unsurprisingly, both β-

4db and AfBP 8 were unable to engage hCB2R, a reflection of 

their poor affinities as revealed by the radioligand displacement 

assays. In the former’s case, successful engagement could still 

be achieved with a large excess of the probe (≥10 μM), but the 

persistent detection of hCB2R even under THC competition 

indicated that the event occurred was likely to be due to non-

specific binding (Fig. S2). Subsequent in situ competitive PD/WB 

experiments by using ABP and AfBP probes under ∆8-THC 

competition unequivocally revealed that both α-4db and AfBP 7 

successfully targeted the same THC-binding site in hCB2R, as 

noted by the detection of hCB2R under probe treatment versus 

its complete abolishment in THC-competed samples (Fig. 6bi, ci). 

The lack of clear proteome labelling under competitive gel-based 

fluorescence experiments for α-4db (Supporting Information, Fig. 

S3), provided additional evidence that the endogenous 

expression levels of hCB2R may be too low for fluorescence 

detection. Further support of our experimental observations with 

regards to covalent engagement by using ABPs came from our 

in silico studies through the successful covalent docking of α-

4db onto Cys288 within the binding pocket of hCB2R (PDB ID: 

6KPC) (Supporting Information; Fig. S4a and S4ci). This, 

together with radioligand assays, reinforces our hypothesis that 

both α-4db and AfBP 7 were well-suited for probing THC-protein 

interaction with reasonable fidelity. 

Finally, we carried out large-scale chemoproteomic studies 

of our probes together with DMSO treatment and THC-

competed samples on live Jurkat cells, with the aim to identify 

putative off-targets of THC. Consistent with prior observations 

on the use of cell lines without hCB2R overexpression,[27c] we 

were unable to detect MS signals corresponding to hCB2R 

peptides in samples treated with either α-4db or AfBP 7, 

presumably due to the low expression levels of hCB2R even in 

Jurkat cells. In fact, situations in which proteins-of-interest could 

be detected by Western Blot but not observed in MS-enabled 

experiments have been well-documented in previous 

literature.[36] Nevertheless, we discovered 809 new protein 

targets that were highly enriched by AfBP 7 under UV irradiation, 

all of which also were also significantly out-competed by ∆8-THC 

(Fig 6d). Further refinement of these protein hits via CRAPome 

analysis[37] led to the identification of nearly 280 proteins, many 

of which are unique and of therapeutic significance. Notably, we 

also detected MTCH2 and GNB1, two putative THC targets 

which were first disclosed by Van der Stelt and co-workers 

(Supporting Information, Fig. S4c).[27c] In contrast, the number of 

proteins enriched by α-4db were significantly less than AfBP 7 

(11 vs 274 hits) after CRAPome analysis,[37] a reflection of the 

significantly weaker proteome labeling profile observed under in-

gel fluorescence scanning relative to AfBP 7. On comparison of 

the proteomic profiles between these two probes, we found that 

both exhibited equally strong preference for soluble proteins 

over membrane proteins, despite their high hydrophobicity (Fig. 

6e). Such preference was also manifested in their selective 

enrichment of cytoplasmic and nuclear proteins over plasma 

membrane as well as endoplasmic reticulum (ER) proteins (Fig. 

6f). Furthermore, functional categorization of these protein 

targets revealed that a majority of these target proteins were 

scaffold proteins, adaptors, and chaperones (43% for AfBP 7 

and 36% for α-4db), followed closely by enzymes (33% for 7; 

27% for α-4db) and proteins involved in gene expression and 

regulation (26% for 7; 18% for α-4db). KEGG analysis of the 

total combined protein targets of these two probes revealed that 

most of these protein targets were involved in protein 

digestion/degradation and reabsorption, followed by 

neurodegeneration pathways, thus in good agreement with the 

observed physiological effects wrought by consumption of ∆8-

THC in humans. Other pathways involved in cardiomyopathies 

and metabolic disorders were also implicated. Interestingly, a 

significant portion of these targets were also associated with 

human papillomavirus (HPV) infection. Due to the sheer amount 

of protein targets, a summary of both shared and unique targets 

of both probes selected for their distinct biological effects was 

presented in Table 2. GRIA2 was the sole unique target of α-

4db that was directly associated in Amyotrophic Lateral 

Sclerosis (ALS) and a receptor heavily implicated in substance 

addiction.[38] Of the three shared targets with AfBP 7, two of 

these (PAK2, COL5A1) were associated with genetic diseases 

as reported in the OMIM database.[39] Of those targets unique to 

AfBP 7, the discovery of ADGRV1, TENM4 and TRAK1 as THC 

targets provided, to the best of our knowledge, a plausible 

evidence for its widely reported ameliorative effect on seizures 

and tremors suffered by epileptic patients.[40] Similarly, the 

interaction between ∆8-THC and COL17A1, a target linked to 

epidermolysis bullosa (a disease characterized by the ease in 

formation of painful skin blisters) may provide additional 

evidence behind its pain relieving properties observed in 

patients upon treatment with cannabinoid-based medicinal 

products.[41] Other putative targets such as NEK1, ATP2A3, 

ATXN2  were implicated in various neurodegenerative diseases 

such as Alzheimer’s Disease (AD) and spinocellebellar taxia. In 

addition, association of ATP2A3 in cardiomyopathy may also 

afford an explanation for the aberrant increase in heart rate 

commonly seen during cannabis consumption. Lastly, one of 

most well-known effects of cannabis consumption is 

schizophrenia;[42] the detection of PRODH and COMT 

(associated with schizophrenia under OMIM database) as 

putative THC targets thus provided an additional molecular 

evidence of the intense psychoactivity induced by cannabis 

consumption. 

In view of the similarity between our work and the study by 

Soethoudt et. al., we would like to emphasize that our purpose 

lies in the development of a late-stage functionalization method 

for installing electrophilic traps onto non-covalent acting 

compounds, and its demonstration in chemical proteomics 

through late-stage modification of ∆8-THC, as well as its 

comparison with AfBPP. It should also be noted that the use of 

different cell lines and different treatment protocols may lead to 

different proteomic outcomes, as shown by our observation in 

the greater overall number of enriched targets (total 282 vs 137 

for Soethoudt et. al) in spite of the apparent similarity in the 

design of AfBPs, and our discovery that a significant proportion 

of our protein targets were associated with nucleus and 

cytoplasm, whereas Soethoudt et. al found membranes and 

mitochondria to be the largest source of THC-binding 
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proteins.[27c] Nevertheless, our strategy allowed us to identify 

several novel putative THC-binding proteins that are implicated 

in many neurological disease pathways, and thus may help to 

account for the intense psychoactive effects of ∆8-THC.  

Conclusion 

In summary, we have described the development of a late-stage 

aryl C-H LSF olefination strategy that is tolerant towards diverse 

functional groups including unprotected phenols, carboxylic 

acids, amides as well as tertiary amines. Demonstration of its 

utility was realized by the successful transformation of ∆8-THC, 

into an ABP (α-4db) which largely retained the nanolevel affinity 

towards hCB2R, the target of which was subsequently verified 

via PD/WB analysis. Together with AfBP 7, several novel off-

targets of ∆8-THC were identified via large-scale 

chemoproteomic studies. Most of these new targets were 

associated with neurodegenerative diseases or behavioral 

effects, thus paving the way towards building a model of 

molecular mechanism of action by ∆8-THC. This new knowledge 

will help to improve our overall understanding of the effects of 

∆8-THC. With increase in the commercialization and 

consumption of cannabis products, this will also serve as a 

starting point for more research to dispel any misleading 

information behind ∆8-THC. On the whole, this dual strategy of 

LSF and chemical biology helps to greatly expand the repertoire 

of methods available to exploit the rich and diverse space in 

natural products, and address challenges faced by current probe 

design. We anticipate that such a strategy to be highly sought- 

after in future. 
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A strategy that empowers activity-based proteome profiling of ∆8-THC, a psychoactive natural product from Cannabis sativa, through 

a late-stage arene olefination method is described. This olefination method is capable of converting non-covalent acting compounds, 

such as ∆8-THC, into activity-based probes after silyl deprotection. Its ability to interrogate protein interaction landscape of ∆8-THC is 

then compared with AfBPP. 
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