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A B S T R A C T   

The discovery of the interactome of cannabidiol (CBD), a non-psychoactive cannabinoid from 
Cannabis sativa L., has been here performed on chronic myelogenous leukemia cancer cells, using 
an optimized chemo-proteomic stage, which links Drug Affinity Responsive Target Stability with 
Limited Proteolysis Multiple Reaction Monitoring approaches. The obtained results showed the 
ability of CBD to target simultaneously some potential protein partners, corroborating its well- 
known poly-pharmacology activity. In human chronic myelogenous leukemia K562 cancer 
cells, the most fascinating protein partner was identified as the 116 kDa U5 small nuclear ribo-
nucleoprotein element called EFTUD2, which fits with the spliceosome complex. The binding 
mode of this oncogenic protein with CBD was clarified using mass spectrometry-based and in silico 
analysis.   

1. Introduction 

The identification of protein receptors of bioactive natural products (NPs) is one of the key point in the field of target discovery, 
since it represents a pivotal step to elucidate the mechanism of action of these molecules [1]. This process is mainly important when a 
NP shows an interesting bioactive profile but its main target is still unknown. Besides, the discovery of other targets may be useful to 
identify the so-called “off-targets”; their identification is important to decrease the undesired biological effects. However, the aptitude 
of NPs to link a few proteins simultaneously (poly-pharmacology) may also produce either additive or synergistic effects, leading to a 
higher efficacy and reduced toxicity. 

At present, among the existing strategies for target identification, chemical proteomics looks to be the most hired one [2]. In 
particular, the recent chemo-proteomic-based approaches, such as Drug Affinity Responsive Target Stability (DARTS), may surpass the 
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drawbacks of the conventional affinity purification (AP), since they use the bioactive small molecule in its unmodified form. Mostly, 
the DARTS principle relies on the protection against limited proteolysis events of a certain protein upon the ligand interaction: usually, 
a protein is in balance among numerous conformations with the same energy states but, upon binding with the ligand, the balance 
moves to the more stable state and the resistance to proteolysis is enlarged [3,4]. Indeed, in the DARTS workflow, the “native” small 
molecule is mixed with an opportune cell lysate for a certain time, before the limited proteolysis step. The ligand-stabilized proteins, 
which represent in principle the whole ligand interactome, are simply visualized by gel electrophoresis (SDS-PAGE) and, after tryptic 
digestion in situ, identified by proteomics [5,6]. Furthermore, a more exhaustive picture of the binding region(s) of the putative targets 
to the bioactive compound can be achieved by a newly-established strategy named targeted-Limited Proteolysis-Mass Spectrometry 
(t-LiP-MS), a gel-free DARTS-like approach grounded on a double-protease digestion and the filtering power of Multiple Reaction 
Monitoring (MRM)-MS analysis [7–9]. t-LiP-MS lets to know which areas of the protein targets showed conformational fluctuations 
due to the ligand, which alters the proteases accessibility. 

In this set-up, we have performed the targetomics analysis of cannabidiol (CBD), a non-psychoactive cannabinoid from Cannabis 
sativa L., endowed with a wide spectrum of biological activities [10,11]. Contrarily to Δ9-tetrahydrocannabinol (Δ9-THC), CBD is not 
able to bind CB1 receptors with high affinity [12], since it adopts a bent and not planar conformation, which does not allow the 
recognition of CB1 receptors [13]. 

Besides this aspect, CBD has a multi-targets action on different proteins or receptors, mainly G protein-coupled receptor 55 
(GPR55), transient receptors potential vanilloid (TRPVs), peroxisome proliferator-activated receptor gamma (PPARγ) and serotonin 5- 
HT1A receptors. As a value of its several interactions, CBD shows many interesting beneficial properties, counting high anti-oxidant and 
anti-inflammatory potential, neuroprotective, anxiolytic and anti-convulsant properties [11]. 

Recent studies exposed that CBD decreases the proliferation of human chronic myelogenous leukemia K562 cancer cells by 
prompting apoptosis, occurring by targeting the cytochrome c in the cytosol together with the reduction of the mitochondrial 
membrane potential and the activation of caspase 3 and 7 [14]. To shed light on CBD apoptotic action mechanism, this study is 
focalized on the identification of its interactome in K562 cancer cells by using a functional proteomic platform initially based on the 
DARTS. Next, DARTS results were completed by t-LiP-MS analysis, validated by immunoblotting assays and further explained by in 
silico experiments. In cell experiments were also performed. 

2. Materials and methods 

2.1. Identification of CBD interactome by Drug Affinity Responsive Target Stability (DARTS) 

K562 cell pellets were mechanically lysate in PBS (Phosphate Buffered Saline) at pH 7.4 containing 0.1 % IGEPAL and protease 
inhibitors (Sigma-Aldrich); the debris were wasted after the centrifugation at 1000×g and 4 ◦C for 10 min. The protein concentration 
was determined by Bradford spectrophotometric assays up to 3 μg/μL. 90 μg of protein mixtures were raised for 1 h at room tem-
perature with DMSO or with CBD (1, 10 and 100 μM in DMSO). The DMSO in each sample is 1 % (v/v). Next, limited proteolysis has 
been performed as reported in Refs. [5,6]. More in details, two different appropriate controls were also prepared: the first is the lysate 
treated with 1 % DMSO without CBD and digested by subtilisin (negative control), the second is the lysate treated with 1 % DMSO 
without CBD and undigested by subtilisin (positive control). Two independent experiments were repeated on two independent cell 
lysates. 

MS data, obtained on tryptic digest of the DARTS samples loaded on SDS-PAGE as reported by Ref. [15], were then processed using 
the parameters reported in Ref. [5]. The mass spectrometry proteomics data have been placed in the ProteomeXchange Consortium via 
the PRIDE [16] partner repository with the dataset identifier PXD036650. 

2.2. Corroboration of DARTS results by immunoblotting 

Samples (10 μg) derived from the above described DARTS experiments were investigated by immunoblotting analysis, using 
primary antibodies specific for DYNC1H1 (1:1000 v/v in 5 % milk; Proteintech), SNRNP200 (1:1000 v/v; Raybiotech), TOP2A (1:1000 
v/v; Biorad) and EFTUD2 (1:1000 v/v; Proteintech), GAPDH (1:2000 v/v, Invitrogen) or ACTB (1:500 v/v; Santa Cruz Biotechnology). 
A rabbit/mouse peroxidase-conjugated secondary antibody (1:2500 v/v, Thermo Fisher Scientific) was added to detect the signal using 
LAS 4000 (GE Healthcare) digital imaging system. 

2.3. T-LiP-MRM analysis 

EFTUD2 tryptic peptides were selected to get the full methods listing EFTUD2 peptides and their best fragmentations as reported in 
Ref. [6]. Then, these methods were tested on K562 cell lysate upon an in solution tryptic digestion as reported in Ref. [6]. K562 cell 
lysate aliquots (200 μg) were incubated (1 h, room temperature, 300 RPM) either with DMSO or CBD (1, 10 and 100 μM in DMSO). The 
DMSO concentration in each sample was 1 % (v/v). Samples were then doubly digested: first with subtilisin (enzyme to proteins ratio 
of 1:500 w/w, 30 min, room temperature, 300 RPM) and after with the specific protease trypsin, extensively (enzyme to proteins ratio 
of 1:100 w/w, overnight, room temperature, 300 RPM). Peptides were then run on a UPLC-ESI-MS system using MRM methods. Each 
area was measured using the Analyst Software from AB Sciex. Two independent experiments were repeated on two independent cell 
lysates. 
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2.4. In silico prediction of the CBD/EFTUD2 complex 

The binding between CBD and EFTUD2 was predicted in silico using molecular docking analysis. The crystal structure of EFTUD2 
was obtained by extracting chain C from the PDB file 6ID1 [17]. We chose the crystallographic structure 6ID1 because it is the most 
complete and it has the highest resolution (2.86 Å). The 3D structure of CBD was designed and energy minimized as reported in Refs. 
[18,19]. 

This procedure followed the method previously reported by Del Gaudio et al. [20] employing the server SwissDock [21] as the 
docking algorithm. All parameters were set to their default values, including the docking zone covering the entire protein. The optimal 
final complex geometry was rendered using PyMol software and the 3D representation of the interaction was obtained through the 
Protein-Ligand Interaction Profiler (PLIP) web server [22]. The predicted equilibrium dissociation constant (KD,pred) of this complex 
was obtained from the standard equation KD,pred = eΔG1000

RT . 
To check the stability of the predicted complex, a molecular dynamics (MD) analysis of the complex between CBD and EFTUD2 was 

conducted using GROMACS version 2023.1. 

2.5. Evaluation of EFTUD2 expression levels in K562 cells upon CBD treatment by immunoblotting 

K562 cells were grown as request. For the following Western blot experiments performed on protein extracts obtained from K562 
cell line, cells were treated for 24 h with CBD 20 μM, corresponding to the IC25 as optimized by Ref. [14]. Proteins from both the 
control and the treated K562 cancer cell line were obtained by lysing and homogenized (in ice) the samples in RIPA buffer with 2 mM 
phenylmethylsulfonyl fluoride (Merck Life Science S.r.l., Italy). The samples were, then, quantified using BCA protein assay (Ther-
moFisher, Milan, Italy). SDS-PAGE were carried out and transferred to nitrocellulose membrane incubated with primary antibody 
anti-EFTUD2 (1:1000) and then with HRP-conjugated anti-rabbit antibody (Invitrogen, Milan, Italy) and visualized using chem-
iluminescence method. Three replicates were performed on four independent experiments. 

Fig. 1. (a) Coomassie stained gel of DRATS experiment using subtilisin at 1:500 and 1:1500 w/w (enzyme to proteins ratio). (b) List of putative 
targets protected by CBD in a concentration dependent mode in two independent DARTS experiments together with the percentage of protection. (c) 
Immunoblotting and densitometric analysis of DARTS experiments revealing EFTUD2 as protected by increasing amount of CBD The bars represent 
the standard deviations. 
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3. Results 

3.1. CBD cellular target(s) 

For the identification of CBD targets, DARTS experiments were performed. As first step, proteome was obtained under native 
conditions from K562 cancer cells and it was divided into aliquots incubated with increasing concentrations of either CBD (1, 10, 100 
μM diluted in DMSO) or the vehicle (negative control). The DMSO concentration was 1 % v/v. Next, limited proteolysis was carried out 
by treatment with the nonspecific protease subtilisin, except for one sample which was untreated (positive control). After the 
quenching of the enzyme, an SDS-PAGE was performed and revealed by Coomassie blue staining (Fig. 1a). Then, the gel was cut in 
pieces, the bands were digested in situ using trypsin and nano-LC-MS/MS analysis were performed (15). The succeeding data analysis 
was finalized using Mascot search engine software able to afford a putative list of CBD protein interactors. To evaluate the protection 
degree to proteolysis events due to CBD, Mascot matches outputs were considered, linking the results of the treated samples with those 
of the negative and positive controls (Table S1). All putative targets protected by CBD in a concentration-dependent way, in two 
DARTS independent experiments, are shown in Fig. 1b. Definitely, they are the following ones: cytoplasmic dynein 1 heavy chain 1 
(DYNC1H1), 116 kDa U5 small nuclear ribonucleoprotein component (EFTUD2), DNA topoisomerase 2-alpha (TOP2A), U5 small 
nuclear ribonucleoprotein 200 kDa helicase (SNRNP200), RNA helicase aquarius (AQR), Hexokinase-1 (HK1), DNA repair protein 
RAD50 (RAD50) and Myosin-9 (MYH9). 

Four of these proteins were the most protected by CBD at its highest concentration (protection by CBD at 100 μM > 30 %) and our 
attention was placed on these putative receptors. Indeed, the direct interaction between CBD and DYNC1H1, EFTUD2, TOP2A and 
SNRNP200 was validated thought immunoblotting, carried out on the above described DARTS samples, to measure the CBD protection 
using a method independent by mass spectrometry. A truthful densitometric analysis was carried out by means of GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase) as loading normalizer. As shown in Fig. 1c, Figs. S1a–c and Fig. S2, DYNC1H1, SNRNP200, 
TOP2A and EFTUD2 signals rise their intensity consequently to CBD amounts, thus settling proteomics data. 

These data are in accordance with the poly-pharmacological activity of CBD: indeed, it is a common fact that this natural compound 
has multi-targets interactions [11] and, here, several possible binders were revealed. As an additional step, we focused on EFTUD2 
binding depiction, since this protein has been described as an oncogenic one, stimulating the survival of several cancer cells by STAT3 
activation [23] and p53 signaling pathway inhibition [24]. A CBD-based variation of this pathway could be of relevant scientific 
interest. Regarding the other targets, future insights will be arranged to detail different interaction modes. 

3.2. t-LiP MRM and molecular docking of CBD-EFTUD2 complex 

To go deep into the interaction features of CBD-EFTUD2 linkage, a t-LiP-MRM strategy was useful. It lets the prompt appreciation of 
the target/ligand interaction regions (also called LIP peptides) looking at the protein conformational changes in a whole cell lysate [7, 
8]. 

Proteome cell extracts were mixed with or without CBD and a double digestion step has been finalized: first, they were treated in 
native conditions using subtilisin to produce structure-specific protein peptides and, next, using trypsin extensively to obtain peptides 
amenable to the subsequent MRM-MS analysis. 

t-LiP-MRM is fully complementary to DARTS approach, since it investigates changes in the conformational features on the target 
proteins 3D structure, due to CBD binding and, therefore, looking for alteration of the LiP peptides patterns. Indeed, the CBD-treated 

Fig. 2. (a) Selected EFTUD2 peptides shown with their Q1 m/z value, length, retention time and fold changes at three CBD concentrations; (b) 
EFTUD2 schematic cartoon covering different domains with LiP-protected peptides highlighted in red. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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and the control samples changed in the area of the peaks related to the fully tryptic peptides (embedding LiP sites), mapping for target 
regions structurally affected by metabolite binding. 

EFTUD2 plays a critical part in the catalytic splicing by facilitating the GTP-dependent dissociation of U4 and U6 snRNPs [25,26]. 
Like other EF-related proteins, EFTUD2 contains a GTP-binding domain and extra conserved domains II–VI. Furthermore, it has an 
N-terminal acidic domain whose function is still not known and which has not been found in other group members. 

Initially, K562 native lysate was incubated either with CBD (at 1, 10, 100 μM concentration in DMSO) or with the vehicle and with 
subtilisin at 1:500 w/w (enzyme to proteins ratio). After the quenching of this first step, samples were fully digested by trypsin, giving 
peptide mixtures separated by UPLC-MRM-MS analysis. An evaluation of the fully tryptic peptides intensities in different samples shed 
light on which EFTUD2 regions were affected by CBD binding: those peptides whose peak area raised up upon CBD treatment were 
symptomatic of CBD protection. t-LiP-MRM results showed that those regions protected by CBD belong to the GTP binding domain (S 
[183–194]K and I[326–341]K) and to the domain III (I[590–602]K), as shown in Fig. 2a and b. 

A molecular docking analysis of CBD on EFTUD2 was done in parallel, using the 3D structure of the human protein. Based on the 
predicted affinity, CBD exhibited its most favorable pose interacting with the amino acids LYS98, PHE102, LYS646, and GLU680, with 
a KD,pred value of 5.21 μM (Fig. 3a and b). Furthermore, a molecular dynamics (MD) analysis of the complex between CBD and EFTUD2 
was performed indicating that the complex achieves sufficient stability (RMSD = 1.5 Å) within 1 ns, a relatively fast timeframe, and 
maintains this stability over the subsequent nanoseconds (Fig. S3). Therefore, associating t-LIP-MRM data with molecular docking, we 
can speculate that CBD-protected peptide in the domain III maps very close to EFTUD2 interaction site as disclosed by docking analysis. 
On the contrary, the GTP binding domain seems to be affected by CBD thought a long-range conformational change. 

3.3. Modulation of EFTUD2 protein expression by CBD in K562 cell line 

To investigate a conceivable modulation of EFTUD2 by CBD in the human chronic myelogenous leukemia K562 cancer cell line, the 
expression of this spliceosome protein was assessed by incubating cells with 20 μM CBD for 24 h. As shown in Fig. 4, the protein 
expression of EFTUD2 was slightly reduced by the compound, even if the densitometric analysis did not show any significant variation 
in comparison to the untreated control. This result is fully in agreement with DARTS and LIP data since CBD can directly target 
EFTUD2, changing its conformation and/or activity without any variation in its expression. 

4. Discussion and conclusions 

Bioactive NPs protein receptors identification is a decisive stage to fully elucidate NPs mechanism of action, above all when they 
show a poly-pharmacology profile in order to clarify their additive and/or synergistic actions. In such a set-up, DARTS and LIP-MRM 
strategies were optimized and applied to the case of CBD, a non-psychoactive cannabinoid from C. sativa, with a wide biological and 

Fig. 3. (a) Best predicted complex between CBD and EFTUD2, obtained from molecular docking. EFTUD2 is showed in green. t-LiP-MRM CBD- 
protected peptides are in yellow. CBD is in purple. (b) The residues involved in the complex formation are labeled and shown in stick represen-
tation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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pharmacological spectrum of activities. 
Even though several researches defined the CBD-mediated anti-proliferative activity in cancer cell lines through the action on its 

putative endogenous receptors CB1 and CB2 and on GPR55 or TRPV1 [27], the exact molecular mechanism of action of this compound 
is still unknown. Recent interesting studies have demonstrated that CBD can inhibit the proliferation of human chronic myelogenous 
leukemia K562 cancer cells by inducing apoptosis, together with a drop of the mitochondrial membrane potential and the stimulation 
of caspase 3 and 7 [14]. Remarkably, the protein expression levels of the above-mentioned receptors were low or absent in the K562 
cell line as far as regard the CB2 and thus they cannot be accountable of the antiproliferative activity of CBD (https://www. 
proteinatlas.org). 

Therefore, for the first time, high- and low-resolution proteomic approaches were applied here for the identification of CBD targets 
(untargeted proteomics) and for the investigations of the target regions involved in the protein/ligand interaction (targeted prote-
omics) on K562 chronic myelogenous leukemia cells. 

Our DARTS results pointed towards the aptitude of CBD to bind concurrently multiple targets, thus corroborating its known poly- 
pharmacology activity. In particular, the 116 kDa U5 small nuclear ribonucleoprotein component called EFTUD2 was chosen for 
further investigations and, in this paper, we have also labeled how CBD modifies EFTDU2 structure upon its interaction, both by 
changing the conformation of the GTP binding domain and of the domain III, as also confirmed by in silico analysis. Besides, cell assays 
have shown that CBD does not influence the expression levels of EFTUD2, thus corroborating the idea that CBD is able to directly 
network with this protein and not with its transcriptomic regulators. EFTUD2 controls the spliceosome dissociation and an anomalous 
alternative splicing is a hallmark of cancer [28,29]. 

The application of a strategy which combines untargeted DARTS and targeted LIP-MRM strategies allowed us to discover in an 
unbiased way which are the most affine interactors of CBD in a K562 cell lysates obtained in mild pseudo-physiological conditions, 
keeping the proteins in their native form and the macromolecular complexes unbroken. This is the main strength of this work, since 
both the natural compound and the putative targets do not have any constrain during the interaction events in solution. Moreover, a 
detailed mechanism of protein-ligand interaction can be also provided. Nevertheless, it has also been considered that this approach is 
able to detect almost exclusively the soluble cytoplasmatic protein receptors giving no information on the membrane ones, thus 
underestimating the involvement of such putative targets. 

In conclusion, we propose that the anti-cancer activity of CBD could, in turn, be also related to an alteration of the spliceosome 
functionality mediated by the interaction of the NPs with the EFTUD2 factor. This is an element of high novelty since the role of 
EFTUD2 has been underestimated in the field of cancer research in comparison to others small nuclear ribonucleoprotein such as 
U2AF1 and SF3B1. Indeed, up to now, only four papers have been published describing the involvement of EFTUD2 in the colitis- 
associated tumorigenesis [30], in the endometrial cancer [31] and in the HCC [32,33]. 
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Consortium, J. Majewski, D.E. Bulman, D. Wieczorek, K.M. Boycott, Haploinsufficiency of a spliceosomal GTPase encoded by EFTUD2 causes mandibulofacial 
dysostosis with microcephaly, Am. J. Hum. Genet. 90 (2012) 369–377, https://doi.org/10.1016/j.ajhg.2011.12.023. 

S. Ceccacci et al.                                                                                                                                                                                                       

https://doi.org/10.1016/j.heliyon.2024.e24196
https://doi.org/10.1002/anie.201208749
https://doi.org/10.1038/nchembio.216
https://doi.org/10.1038/nchembio.216
https://doi.org/10.1021/cb100294v
https://doi.org/10.1021/cb100294v
https://doi.org/10.1007/978-1-4939-2269-7_22
https://doi.org/10.3390/biom10060846
https://doi.org/10.1016/j.bioorg.2021.105168
https://doi.org/10.1038/nbt.2999
https://doi.org/10.1038/nprot.2017.100
https://doi.org/10.1038/nmeth.2015
https://doi.org/10.1016/j.bmc.2015.01.059
https://doi.org/10.1016/j.bmc.2015.01.059
https://doi.org/10.1111/bcpt.13710
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1371/journal.pone.0220025
https://doi.org/10.1002/ptr.7357
https://doi.org/10.1038/nprot.2006.468
https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1038/s41422-019-0143-x
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1016/j.jsbmb.2015.04.011
https://doi.org/10.1039/c8cc07692h
https://doi.org/10.1093/nar/gkr366
https://doi.org/10.1093/nar/gkab294
https://doi.org/10.1038/s41419-020-03040-5
https://doi.org/10.1128/MCB.25.17.7432-7440.2005
https://doi.org/10.1016/j.ajhg.2011.12.023


Heliyon 10 (2024) e24196

8
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