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ABSTRACT: Cannabitwinol (CBDD, 3), the second member of a new class of dimeric 

phytocannabinoids in which two units are connected by a methylene bridge, was isolated from a 

hemp (Cannabis sativa L.) industrial extract. The structural characterization of cannabitwinol, 

complicated by broadening of 1H NMR signals and lack of expected 2D NMR correlations at room 

temperature, was fully carried out in methanol-d4 at -30 °C. All the attempts to prepare CBDD by 

reaction of CBD with formaldehyde or its iminium analogue (Eschenmoser salt), failed suggesting 

that this sterically congested dimer is the result of an enzymatic reaction on the corresponding 

monomeric acids. Analysis of the cannabitwinol profile of TRP modulation evidenced the impact 

of dimerization, revealing a selectivity for channels activated by a decrease of temperature 

(TRPM8 and TRPA1), and the lack of significant affinity for those activated by an increase of 

temperature (e.g. TRPV1). The putative binding modes of cannabitwinol with TRPA1 and TRPM8 

were investigated in detail by a molecular docking study using the homology models of both 

channels.  
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Cannabis sativa L. (Cannabaceae) was one of the first plants domesticated by humans and, for 

thousand years, it has provided fibers for ropes or textiles, pulp for paper, seeds as an energy 

food and, above all, inflorescences for medicinal/ritual purposes. Notwithstanding this long 

relationship and the diversity of applications of Cannabis-derived products, the plant has 

remained a socially divisive topic because of the (ab)use of marijuana, its narcotic chemotype, as 

a recreational drug. This has long polarized research attention, eventually leading to the 

characterization of the main phytochemicals of the dried plant1 (Δ9-THC, 1 and CBD, 2, Figure 1, 

decarboxylated products of the native metabolites) and the enzymes for their biosynthesis,2,3 the 

discovery of the neural system mediating the psychotropic activity of Δ9-THC (cannabinoid 

system, CB),4 and the endogenous modulators of this system (endocannabinoids).5 

 Entering the 21st century, the therapeutic opportunities of Cannabis have been 

progressively re-evaluated6 since Δ9-THC-rich extracts have been demonstrated to be active in a 

series of pathological conditions, providing a therapeutic option against chronic pain and 

spasticity of multiple sclerosis, and against chemotherapy-induced nausea and other cases.6 

However, the use of Cannabis as treatment for these conditions is still far from being well 

established, due to the persisting legal concerns and to the difficulties in the preparation of 

standardized medicines with a rigorous dosage of the active principle(s).  

 In the wake of the growing awareness of the biological potential of this “old” plant, there has 

been a renewed interest to explore the chemical space associated with the natural cannabinome, 

i.e. the diversity of phytocannabinoids produced by Cannabis. As a result, about 150 Cannabis 

phytocannabinoids, meroterpenoids characterized by a resorcinyl core linked to a para-oriented 

pentyl linear chain and monoterpenyl moiety, have been characterized to date.7 The unexpected 

diversity discovered in the past few years within this class is mainly the result of rearrangements 

in the terpenyl moiety, ranging from the acyclic cannabigerol (CBG) to the polycyclic cannabicyclol 
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(CBL), and in the length of the alkyl side chain, with compounds of the varin class (C3) being the 

most represented minor analogues.7 Interesting oddities are the sesquiterpenyl analogue 

sesquicannabigerol8 or the recently reported Δ9-THC analogues with C49 and C710 side chains. 

 Although Δ9-THC and its aromatic artifact cannabinol (CBN) are practically the only 

members of the class to bind with significant affinity the ligand recognizing site of CB1 receptors,11 

the study of other phytocannabinoids is not a mere phytochemical exercise. The biological 

potential of other constituents has only recently received systematic attention, but poor CB1 

agonists can modulate a plethora of different pharmacological targets, such as TRP channels or 

PPAR nuclear receptors.12 These studies led to the development of the non-narcotic 

phytocannabinoid cannabidiol (CBD, 2) as an anti-epileptic drug (Epidiolex®), recently approved 

by the FDA and EMA, for refractory patients, as those affected by Dravet and Lennox-Gastaut 

syndromes.13  

 As part of the global effort to characterize the chemistry of this incredibly secondary 

metabolite-rich plant, our research groups have recently reported the isolation of several new 

phytocannabinoids8,14,15 and some unexpected interconversions.16,17 Herein we report the 

isolation and characterization of a methylene-linked dimeric version of CBD, named cannabitwinol 

(CBDD, 3), obtained from a fiber hemp chemotype. Together with the known cannabisol,18 CBDD 

constitutes a new subclass of phytocannabinoids and evidence is provided that it is a genuine 

Cannabis constituent. Inspired by the complex profile of TRP modulation exhibited by CBD, the 

TRP modulation effects of cannabitwinol were evaluated and herein it is shown that dimerization 

has a significant impact on the bioactivity profile. 
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Figure 1. The chemical structures of Δ9-THC (1), CBD (2) and cannabitwinol (3) 

 

 RESULTS AND DISCUSSION 

Isolation and Structural Characterization of Cannabitwinol. Hemp threshing residues, 

used as industrial source of CBD, were extracted in a percolator with 90% MeOH at r.t. After 

concentration, the solution was extracted twice with n-hexane and evaporation of the combined 

organic phases gave an oily residue, from which CBD was obtained by gravity column 

chromatography on silica gel and crystallization from heptane. The mother liquors were 

extensively fractionated by semipreparative HPLC-UV on reverse phase, to eventually obtain 

pure cannabitwinol (CBDD, 3) (Figure 1). 

 HR-ESIMS indicated for CBDD the molecular formula C43H60O4, in agreement with a 

hydrogen deficiency index of 14. The UV absorption at λmax 210 nm of 3 was identical to that of 

CBD and excluded extensive conjugation. The 1H NMR spectrum of 3 (at 25 °C in methanol-d4) 

(Figure 2) appeared relatively simple, providing evidence for approximately half of the expected 

proton resonances and thus suggesting the symmetric nature of the molecule. Further 

examination of the NMR spectra evidenced the similarity between the NMR data of 3 and those 

reported for CBD in the same solvent.19 Diagnostic signals included the sp2 aromatic and vinylic 

methines at δH 5.49 and 6.13, the sp2 methylene centered at δH 4.40, the sp3 benzylic/allylic 
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methine at δH 4.00, the allylic methyl singlets, and signals associated with the pentyl side chain. 

Compared to the spectrum of CBD, only one sharp one-proton aromatic singlet was present (δH 

6.13), while an additional deshielded sp3 methylene signal at δH 3.85 could be detected. A 

symmetric methylene-bridged dimeric cannabidiol structure could feasibly accommodate these 

observations, and was supported by MS/MS experiments, that evidenced fragmentation peaks 

corresponding to the stepwise loss of one CBD unit and of the linker.  

 However, attempts to provide unambiguous evidence through 2D NMR experiments were 

thwarted by the broadness of many signals and the lack of diagnostic COSY, HSQC, and HMBC 

correlations even when the spectra were registered at 700 MHz. For example, broad proton 

resonances at δH 5.49, 4.00, and 2.66 (the latter so broad to be barely visible) did not show any 

homonuclear or heteronuclear correlations. Of particular concern was the lack of HSQC and 

HMBC correlations for the critical methylene linker resonating at  δH 3.85 in the 1H NMR spectrum, 

although this assignment was in line with the detection in the 2D NMR ROESY spectrum of a 

correlation with H-5' (δH 6.13) of the aromatic ring and the benzylic methylene of the pentyl side 

chain (H-1'', δH 2.40).  

 This effect is likely the result of slow conformational equilibria, resulting in a near 

coalescence of signals, especially those belonging to the monoterpene moiety. Interestingly, a 

severe broadening of signals had been reported also for the CBD spectrum in CDCl3,19 but it 

mainly affected the two protons of the aromatic ring. This effect was explained by the network of 

inter-molecular hydrogen-bonding slowing down the rotation around the p-menthyl and the 

resorcinyl moieties (C-1/C-1' bond).19 This network could be broken in a protic solvent like 

methanol-d4 and, accordingly, the spectrum registered for CBD in this solvent showed aromatic 

protons resonating as sharp singlets. Evidently, dimerization of CBD changes the situation and a 

more complex conformational scenario operates for cannabitwinol (3), whose steric hindrance 
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cannot be relieved in methanol-d4. No substantial improvement, but rather an additional 

deterioration, of the quality of the NMR data of 3 was observed when the solvent was changed to 

CDCl3, acetone-d6, DMSO-d6, or pyridine-d5. Inspection of models for the alleged structure of 3 

showed a strong steric interaction between the pentyl side chains, resulting in a skewed 

orientation of the two aromatic rings, significantly restricting rotation around C-6/C-8 and C-1/C-

1' bonds.  

 

 
 

Figure 2. Comparison between the 1H NMR spectrum of 3 at 25 °C (bottom) and -30 °C (top) 
 

 
 To minimize the interconversion among conformers, and favor the most stable arrangement 

of the molecule, the 1H NMR spectrum of 3 was recorded by progressively lowering the 

temperature. At -30 °C a marked improvement of the spectrum (Figure 2) was observed, with the 

H-1, H-2, and H-6 resonances being clearly visible. In addition, allylic methyl signals were much 

sharper and a small shift in the resonances of sp2 methylene protons H2-9 and H-5' was observed. 
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This enabled the acquisition of a full set of 2D NMR experiments (COSY, ROESY, HSQC, HMBC), 

with assignment of all proton and carbon resonances of cannabitwinol (3) (Table 1). 

 
 

Table 1. 1H (700 MHz) and 13C (175 MHz) Data of  
Cannabitwinol (3) at -30°C in methanol-d4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
In particular, the COSY spectrum indicated correlations within the menthane six-membered ring 

and the pentyl side chain spin systems (Figure 3). As observed in cannabidiolic acid and in other 

cannabinoids bearing a substituent ortho to the pentyl moiety,19 the diastereotopic C-1'' benzylic 

protons of the alkyl moiety gave two distinct signals (δH 2.40 and 2.23). The network of HMBC 

correlations supported the structure of the menthyl moiety and its attachment at C-1', as well as 

Pos. δC, type δH, mult. (J in Hz) 
1 36.8, CH 4.00, bd (10.0) 
2 126.2, CH 5.49, bs 
3    138.5, C 

 

4a     31.1, CH2 2.12, m 
4b  2.28, m 
5a 29.6, CH2 1.78, m 
5b  1.82, m 
6 47.1, CH 2.65, t (10.0) 
7 23.9, CH 1.80, bs 
8    148.8, C 

 

9a    111.6, CH 4.36, bs 
9b 4.45, bs 
10 18.7, CH3 1.70, bs 
1'    114.5, C  
2'    154.7, C  
3'    118.9, C  
4'    142.1, C  
5'    108.8, C 6.05, s 
6'    154.5, C 

 

1'' 34.9, CH2 2.40, m  
  2.23, m 
2'' 31.0, CH2 2.00, m 
3'' 31.3, CH2 1.37, m 
4'' 24.1, CH2 1.37, m 
5'' 14.4, CH3 0.94, t (7.2) 
1''' 21.0, CH2 3.83, s 
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the linkage of the pentyl chain at C-4' (Figure 3). The key HMBC correlations from H2-1''' to C-2', 

C-3' and C-4' fully supported the structure of cannabitwinol (Figure 3). The ROESY correlation H-

1/H3-10 confirmed the CBD trans-orientation of substituents at C-1 and C-6. For biogenetic 

reasons, given the high optical purity of natural CBD, its absolute configuration was assumed also 

for both subunits of 3. 

 

 
 

Figure 3. Key 2D NMR correlations for cannabitwinol (left: red bold = COSY; blue arrows = 
HMBC; right: red arrows = ROESY) 

 
 Molecular Dynamics of Cannabitwinol in Water and in a Membrane-Mimicking 

Environment. The conformational behaviour of 3 was explored by molecular dynamics (MD) 

simulations in both water (50 ns) and phosphatidylcholine (POPC)/water (100 ns) environments. 

Analysis of the resulting trajectories was focused on the two dihedral angles involving the C1''' 

methylene group  connecting the two cannabidiol units, i.e. C-2'/C-3'/C-1'''/C-3'a (φ1) and C-3'/C-

1'''/C-3'a/C-2'a (φ2), shown in Figure 4. The cluster analysis of the two angles showed that, in 

water, cannabitwinol predominantly populates a limited number of conformations, grouped into 

seven clusters, representing three pairs (Clust1/5, Clust2/3, Clust4/7) of symmetric structures, 

plus a fourth pair collapsing into a single conformational cluster (Clust6) because of the similarity 

between φ1 and φ2 absolute values (Table 2), thus corresponding to four representative 

conformations (Conf1-4w). Energy minimization in vacuo of the representative frames of each 

cluster resulted in minima close to the starting structures, thus showing that water (and this could 
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be likely extended to MeOH) does not appreciably influence the conformational behavior of 

cannabitwinol. This result is consistent with the presence of a pattern of intramolecular polar 

interactions, stabilizing the four structures. In particular, Conf1w features one inter-monomer H-

bond between the two C-2/C-2'a hydroxy groups. As postulated in the previous paragraph, the 

repulsion between the two pentyl chains drives the arrangement of the other conformations. In 

Conf2w, exhibiting φ1 and φ2 values close to Conf1 but differing in the relative arrangement of the 

aliphatic chains, this interaction is distorted so that the H-bond is weakened and the hydroxy H 

atom now also points toward the aromatic ring of the other monomeric unit, thus giving rise to a 

H-π interaction. This latter interaction is optimized in Conf3w, at the expenses of the H-bond, now 

absent. Conf4w, due to its almost symmetric structure, can form two H-π interactions (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. φ1 and φ2 dihedral angle (in degrees) distribution in MD simulations of cannabitwinol in 
water (last 49 ns, major panel) and POPC/water (last 85 ns, to include only frames after ligand 
insertion into the POPC bilayer, minor panel). Points are colored according to the clustering 
results. Asterisks indicate the cluster centroids, for which also ellipses showing within-cluster 
covariances are drawn with thin black lines. The φ1 axes of the two panels (using the same scale) 
are aligned for clarity. 
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 The same cluster analysis was carried out on MD simulation in a membrane environment, 

only considering the trajectory after ligand embedding into the membrane. As shown in Figure 4, 

the conformations are grouped in three clusters very close each other, forming a subset of those 

observed in water. Energy minimization of the representative frames from each cluster showed 

two emerging conformations, Conf1m and Conf2m, corresponding to Conf1w and Conf2w. Thus, 

the higher viscosity of the membrane environment limits the conformational space accessible to 

3. 

 

 

 

  Table 2. Cluster Analysis of MD Trajectory of 3 in Water (w) and in Membrane (m) 

 

 

 

 

 

 

Clusters ϕ1 ϕ2 Number of frames H-bond 
Clust1-Conf1w -111.20 +48.97 4118 OH…O 
Clust2-Conf2w -109.95 +26.52 4101 weak OH…O/OH… π 
Clust3-Conf2w +27.78 -110.47 4023 weak OH…O/OH… π 
Clust4-Conf3w -22.50 -74.12 1796 OH… π 
Clust5-Conf1w +48.36 -110.92 4640 OH…O 
Clust6-Conf4w -50.41 -46.91 3655 π…OH/OH…π 

Cluster7-Conf3w -83.93 -7.44 1668 OH…π 
     

Clust1-Conf1m +36.70 -114.68 6015 OH…O 
Clust2-Conf1m +50.96 -112.01 14143 OH…O 
Clust3-Conf2m +47.84 -105.77 14843 weak OH…O/OH… π 
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Figure 5. Representative structures from cannabitwinol MD simulations in water (panels A-D) and 
POPC/water (panels E-F) after EM in vacuo. Stick representation is used, omitting non-polar 
hydrogen atoms, oxygen, and polar hydrogen atoms are painted red and white, respectively, while 
carbon atoms are painted according to the coloring scheme of Figure 4 for the corresponding 
starting cluster. Structures are labeled with the MD simulation environment of the corresponding 
starting structures (POPC=POPC/Water) and the conformation name used within the text and in 
Table 2. H-bonds are represented with green sticks of width proportional to the interaction 
strength, H-π interactions are shown with yellow sticks and green balls indicating the benzene 
ring center. 
 
 
 The Biogenesis of Cannabitwinol. Methylene-linked dimeric compounds are well 

documented among natural products. In some cases, these dimeric compounds are 

enzymatically-produced, like the Helichrysum heterodimeric phloroglucinylpyrones,20 while in 

other cases their formation is non-enzymatic, as for the dibohemamines isolated from 

Streptomyces spinoverrucosus.21 These compounds are formed by reaction of monomers with a 
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1-carbon building block (formaldehyde) produced by the same actinomycete, a reaction 

reproducible in the lab under mild conditions.21 Another example is given by the naturally 

occurring anticoagulant dicoumarol, whose formation is associated with mold contamination: the 

plant produces the 4-hydroxycoumarin precursor, while the fungus provides the formaldehyde 

unit to induce the spontaneous (non-enzymatic) dimerization with formation of the methylene 

bridge.22 

 Owing to its occurrence as a trace compound, CBDD could be the result of a spontaneous 

reaction of its corresponding phytocannabinoid (CBD) with formaldehyde derived from mold 

attack. Therefore, CBDD, as well as its analogue from Δ9-THC (cannabisol),18 could simply be 

markers of an aged (decarboxylation) and contaminated (mold attack) Cannabis biomass. On the 

other hand, the sterically congested an energetically unfavorable structure of these dimeric 

compounds make them unlikely candidates for a spontaneous genesis.  

 All our attempts to prepare CBDD by reaction of CBD with formaldehyde or its iminium 

analogue (Eschenmoser salt), failed completely under both uncatalyzed and catalyzed conditions, 

even though under the same conditions other substrates (4-hydroxycoumarin, 4-hydroy-5-methyl-

5-ethylpyrone) cleanly afforded their corresponding methylene-linked dimers, dicoumarol and 

helypyrone. A different strategy based on the generation of a phenate by desilylation of a 

precursor was developed for sluggish dimerization of phenolics with formaldehyde or the 

Eschenmoser salt, but this strategy also failed. The same reactions were attempted with CBDA 

but also failed. The failure to dimerize CBD(A) by treatment with formaldehyde or the 

Eschenmoser salt renders a dicoumarol-type origin of cannabitwinol unlikely. Based on this 

evidence and on their sterically congested and strained structures, it seems that methylene(bis-

cannabinoids) (cannabitwinol and cannabisol) are genuine enzymatically derived natural 

products. They are presumably formed by reaction of acidic cannabinoids, the major 
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phytocannabinoids of the plant, with a one-carbon donor like methylenetetrahydrofolate. After 

decarboxylation, the folate elimination forms an ortho-quinone methide that can react with another 

molecule of acidic cannabinoid, thus generating a carboxylated version of the dimer that, being a 

-ketoacid, readily undergoes decarboxylation (Figure 6, A). An alternative process based on the 

acylating dimerization of CBDA followed by reduction of the carbonyl group to methylene (Figure 

6, B) seems less likely, since it involves a shorter sp2-hybridized linker and an overall increase of 

steric congestion.  

 

 
 
Figure 6. Two possible biogenetic pathways to the formation of cannabitwinol (3) from CBDA (R 
= nC5H11, Mt = 3-p-menthenyl) 

  
 Thermo-TRPs (TRPV1-4, TRPM8, TRPA1) Modulating Activity of Cannabitwinol. CBD 

has little orthosteric binding site affinity for both CB1 and CB2 receptors, although it acts as 

negative allosteric modulator of CB1R at submicromolar concentrations.23 Nevertheless, CBD can 
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modulate with significant potency several non-cannabinoid receptors and ion channels. Of 

particular interest is the interaction with transient receptor potential (TRP) channels,24 a group of 

membrane proteins involved in the transduction of chemical and physical stimuli. Through 

regulation of ion entry, they mediate neural signaling processes implicated in the sensation of 

temperature, pressure, and pH, as well as smell, taste, and pain perception. Thus, modulation of 

TRP channels has been proposed as treatment for neuropathic and chronic pain, inflammation, 

and also respiratory disorders.25  

 Phytocannabinoids and endocannabinoids have been found to modulate the TRP vanilloid 

(TRPV), TRP ankyrin (TRPA), and TRP melastatin (TRPM) channel subfamilies and especially 

TRPV1-4, TRPA1, and TRPM8,24 some of which, such as TRPV1, are co-localized with CB1 

receptors in sensory and brain neurons. CBD is a potent TRPV1 agonist and TRPM8 antagonist, 

while the structurally related Δ9-THC is a poor modulator of both these channels. In addition, CBD 

is the most potent and efficacious phytocannabinoid to activate TRPV2 and TRPV3, although at 

lower values than TRPV1, and also potently activates TRPA1. The complex of TRPV2 with CBD 

has recently been solved by cryo-EM,26 but the molecular details of the CBD interaction with other 

TRPs are still poorly understood. It has been proposed that modulation of TRPs is not only 

implicated in the CBD analgesic activity but also in its antiepileptic activity. The most likely target 

is TRPV1, that is overexpressed in the brain of epileptic patients and plays a role in the modulation 

of neuronal excitability. Since thermo-TRPs are involved in some of the major therapeutic areas 

where CBD has shown clinical efficacy (epilepsy) or potential (neuropathic and chronic pain, 

inflammation), it was, therefore, interesting to evaluate the impact of dimerization on its biological 

profile. Tables 3 and 4 list comparative data of modulation by CBD and CBDD on TRPV1-4, 

TRPA1, and TRPM8 expressed in HEK-293 (human embryonic kidney) cells. 
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Table 3. Efficacy, Potency and Inhibitory (Inh.) effect of Cannabitwinol (CBDD) and CBD on 
TRPV1-3 Channels. 

 
a % ionomycin 4 μM;  bcapsaicin 0.1 μM; cLPC 3.0 μM; dthymol 100 μM  
 
 
 
 
Table 4. Efficacy, Potency and Inhibitory (Inh.) Effect of Cannabitwinol (CBDD) and CBD on 
TRPV4 and TRPA1 Channels and Inhibitory Effect on TRPM8. 

a % ionomycin 4 μM; bGSK1016790A 10 nM; c % allylisothiocyanate 100 μM;  
dallylisothiocyanate 100 μM; e icilin 0.25 μM 

 
 
 The biological profile of cannabitwinol (CBDD, 3) turned out to be significantly different form 

that of CBD.24 Indeed, CBDD was almost inactive on TRPV1 and TRPV2, sharing with CBD a 

poor activity on TRPV3 and TRPV4 but retaining its activity as TRPA1 activator and TRPM8 

inhibitor. Thus, CBDD qualifies as a specific activator/desensitizer of TRPA1 and inhibitor of 

TRPM8, a peculiar profile in the class of phytocannabinoids.  Interestingly, CBDD showed 

selectivity on TRP “cold/cool” channels: TRPA1 and TRPM8 are synergistic thermo-TRP 

channels activated by cold temperatures,25 with TRPA1 responsible for sensing noxious painful 

cold and TRPM8 for innocuous cool temperatures. The localization of these channels may 

  TRPV1   TRPV2   TRPV3  
 Efficacya 

 
Potency 

EC50 
IC50 
inh 

TRPV1 
μMb 

Efficacya 

 
Potency 

EC50 
IC50 
inh 

TRPV2 
μMc 

Efficacya 

 
Potency 

EC50 
IC50 

inh TRPV3 
μMd 

CBDD 12.3 ± 0.4 4.5 ± 0.4 > 20 < 10 NA > 20 66.5 ± 0.8 4.6 ± 0.2 11.8 ± 0.4 

CBD 78.4 ± 2.0 4.1 ± 0.3 3.7 ± 0.3 67.5 ± 2.2 1.2 ± 0.1 1.1 ± 0.1 53.6 ± 1.3 0.51 ± 0.06 0.75 ± 0.01 

  TRPV4   TRPA1  TRPM8 
 Efficacya 

 
Potency 

EC50 
IC50 
inh 

TRPV4 
μMb 

Efficacyc 

 
Potency 

EC50 
IC50 

inh TRPA1 
μMd 

IC50 
inh TRPM8 

μMe 

CBDD 10.6 ± 0.1 6.2 ± 0.4 > 20 96.7± 1.4 3.0 ± 0.2 4.9 ± 0.4 3.9 ± 0.4 

CBD 15.2 ± 0.3 0.9 ± 0.1 5.9 ± 0.2 108.9 ± 2.8 0.48 ± 0.03 0.45 ± 0.01 2.8 ± 0.2 
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account for abnormally cold sensitivity in some pathologic states, such as pain hypersensitivity 

manifested as cold allodynia and cold hyperalgesia. The double activity of CBDD on these 

endpoints could be of relevance for the management of these states.27,28  

 
 Computed Complexes of rTRPA1 and rTRPM8 With Cannabitwinol. To determine the 

putative binding modes of 3 towards rTRPA1 and rTRPM8, a molecular docking study was carried 

out using the homology models of both receptor channels, built as described in the Experimental 

Section from the cryo-EM structures of hTRPA1 complexed to an electrophilic agonist (PDB id: 

6PQO) and hTRPM8 complexed to an agonist (PDB: 6O6R). Different docking runs were carried 

out by either keeping the protein side chains rigid or allowing the flexibility for selected residues, 

as described in detail in the Methods section, selecting as representatives for each receptor the 

binding poses within 1.5 kcal/mol from the best scoring pose. These complexes were energy 

minimized and are shown in Figures 7 and 8. 

 Molecular docking of 3 was focused on the binding site of TRPA1 for non-electrophilic 

ligands, located in a pocket formed by the pore helix and the S5 transmembrane helix of each 

monomer (mon1) and the S6 transmembrane helix of the adjacent monomer (mon2).29,30 Three 

ligand poses, namely P1-P3, were selected as representatives and shown in Figure 7. In P1, the 

terpenoid ring of one cannabidiol unit points toward Met956 (S6-mon1, Met953 in hTRPA1) 

sandwiched between Phe880 (S5-mon1, Phe877 in hTRPA1) and Ile953 (S6-mon2, Ile950 in 

hTRPA1), while the hydroxy group at C-6' forms an H-bond with the backbone of Met949 (S6-

mon2, Ile946 in hTRPA1), and Thr877 side chain (S5-mon1, Thr874 in hTRPA1) forms a OH-π 

interaction with the second cannabidiol unit. In the P2 pose, Thr877 forms an H-bond with the 2'-

hydroxy group, while the resorcinyl moiety of the other unit forms a π-π stacking with Phe912 

(pore helix, Phe909 in hTRPA1). In the P3 pose, the terpenoid ring points toward Met956 as in 
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P1, but now the aromatic ring forms a π-π stacking with Phe880 and an H-bond with the carbonyl 

backbone of the same residue, while the terpenoid ring of the other cannabidiol unit stacks on 

Phe912. 

 

Figure 7. Representative complexes P1-P3 of rTRPA1 model with cannabitwinol are shown from 
(A) to (C). A ribbon representation is used for the protein backbone and sticks for ligand and 
protein sidechains of residues within 5 Å from the ligand, omitting non-polar hydrogen atoms. 
Oxygen and polar hydrogen atoms are painted red and white, respectively. Carbon atoms are 
painted according to receptor subunits while the ligand is colored in green. 

 

 The binding site of TRPM8 is located in the large pocket formed by the S1-S4 

transmembrane helices and the TRP helix.31 Molecular docking of 3 gave rise to seven poses 

within the binding energy cutoff. However, since some of these adopted a similar orientation, four 

ligand poses were selected as representative, namely P1-P4, and shown in Figure 8. In P1, the 

6'-hydroxy group forms a network of H-bonds with Asp802 (S3, 793 in hTRPM8) and Arg842 (S4, 

832 in hTRPM8), residues involved in the transition of an α-helix turn to a 310 helix during the 

receptor activation, while the terpenoid ring interacts with Phe1013 (1003 in hTRPM8). The other 

cannabidiol unit forms hydrophobic interactions with residues lying on the TRP helix. Going from 

P1 to P2, the orientation of the first cannabidiol unit is rotated by 180° with respect to P1, with the 

terpenoid ring now forming a hydrophobic interaction with Tyr745 (S1, Tyr736 in hTRPM8), while  

6'-OH of Asp802 H-bond and the orientation of the second cannabidiol unit are conserved. In P3, 

the orientation of the first cannabidiol unit is similar to P1, with the terpenoid ring pointing toward 

Phe1013 and the hydroxy group forming an H-bond with Arg842, even though the 2'-hydroxy 

group is now involved in H-bond formation. The other unit of cannabidiol, is H-bonded, through 

its 2'a-hydroxy group, to Asn799 (S3, 790 in hTRPM8), a residue involved in calcium coordination. 
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In P4, the orientation of the second unit of cannabidiol is similar to P3, with the occurrence of an 

H-bond between Asn799 and the 2'a-hydroxy group, but differs in the orientation of the first 

cannabidiol unit, since it now engages a H-bond with Tyr1005 (TRP helix, Tyr995 in hTRPM8) 

through the 2'-hydroxy group. 

 

Figure 8. Representative complexes P1-P4 of rTRPM8 model with cannabitwinol are shown from 
(A) to (D). A ribbon representation is used for protein backbone and sticks for ligand and protein 
sidechains of residues within 5 Å from the ligand, omitting non-polar hydrogen atoms. Oxygen 
and polar hydrogen atoms are painted red and white, respectively. Carbon atoms are painted 
according to ribbon while ligand is colored in green. 

 
 In conclusion, cannabitwinol, isolated from a side-cut fraction obtained during the industrial 

production of CBD, is the second member of a new class of dimeric phytocannabinoids, in which 

two units are connected by a methylene bridge. Isolation of CBDD suggests that the finding of 

cannabisol (THCD: to avoid proliferation of acronyms, we propose to refer to these compounds 

by adding the letter D, for “dimer”, to the code name of their corresponding parent 

phytocannabinoids) reported by ElSohly in 2012 from a high potency THC-rich strain18 was not a 
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unique oddity. It is anticipated that C. sativa can also produce compounds where this dimerization 

strategy involves different monomeric frameworks, such as CBGD or CBCD, as well as members 

of the varin family. We have also provided evidence that these sterically congested dimers are 

the result of an enzymatic reaction, possibly mediated by one-carbon transfer from 

methylentetrahydrofolate on the corresponding monomeric acids, by far the most abundant 

phytocannabinoid in the living plant.      

 The structural elucidation of cannabitwinol has been complicated by a severe broadening of 

proton NMR signals, and the consequent lack of expected 2D NMR correlations, in several 

solvents and ranges of temperature, with a well-defined spectrum eventually being observed in 

methanol-d4 at -30 °C. Most likely, the dimerization exacerbated the process of slow rotation 

around the bond connecting the terpenyl and resorcinyl moieties, inducing evident effects on the 

signals of the terpene moiety, differently from those reported for cannabisol (THCD).18   

 Finally, dimerization had a significant effect on the profile of TRP modulation, generating a 

thermo-TRPs modulator selective for the channels activated by a decrease of temperature 

(TRPM8 and TRPA1), and devoid of significant affinity for those activated by an increase of 

temperature (e.g. TRPV1). It can be speculated that the interaction site of TRPA1 and TRPM8 is 

less sensitive to the marked increase in the molecular size which, on the contrary, induces a 

dramatic decrease in the activity on TRPV1 and TRPV2. Docking studies provided clues about 

the interaction of CBDD with its targets, while the investigation of the conformational behavior of 

3 in different environments suggested that the potential impact of CBD dimerization on ligand 

binding properties could also be ascribed to intra-monomeric interactions that can hide possible 

target-interacting groups. However, the effect of dimerization on CB and TRP activity of 

cannabisol was not explored at time of its isolation18 and, thus, we cannot compare the activity of 

CBDD with that of THCD. A suitable synthetic (biomimetic?) approach to obtain the natural CBDD 
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and THCD would greatly help in defining the chemical and pharmacological profile of this new 

class of phytocannabinoids. 

 

 EXPERIMENTAL SECTION 

 General Experimental Procedures. Optical rotations (CH3OH) were measured at 589 nm 

on a P2000 Jasco (Dunmow, UK) polarimeter. Low and HR-ESIMS experiments were performed 

on a LTQ-Orbitrap mass spectrometer equipped with an ESI interface and Excalibur data 

system.1H (700 MHz) and 13C (175 MHz) NMR spectra were measured on a Bruker Avance Neo 

700 spectrometer. Chemical shifts were referenced to the residual solvent signal (CH3OH: δH 

3.34, δC 49.0). Homonuclear 1H connectivities were determined by COSY experiments. Through-

space 1H connectivities were evidenced using a ROESY experiment with a mixing time of 500 

ms. One-bond heteronuclear 1H−13C connectivities was determined by the HSQC experiment: 

two- and three-bond 1H−13C connectivities by gradient-HMBC experiments optimized for a J2,3 of 

8 Hz. RP-HPLC-UV-vis separations were performed on an Agilent instrument, using, 1260 Quat 

Pump VL system, equipped with a 1260 VWD VL UV-vis detector, Phenomenex Luna C18, 10 μm 

250 mm × 10 mm column and a Rheodyne injector. TLC was performed on plates coated with 

silica gel 60 F254 Merck, 0.25 mm.  

 Plant Material and Isolation of Cannabitwinol. Cannabis sativa L. hemp threshing 

residues (500 Kg, previously ground) were extracted in a percolator with 90% MeOH (v/v) at room 

temperature; extractions were carried out up to the exhaustion of the biomass. The leachates 

were filtered to remove any biomass particles, collected, and concentrated to a small volume. The 

mixture was diluted with MeOH/water to 50% MeOH concentration and 15% dry residue. The 

suspension was extracted with n-hexane (5 x 100 L). The organic phases were collected and 

concentrated to an oily matter, diluted in 60 L of n-hexane/CH2Cl2 8/2 (v/v). The suspension was 
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filtered through an Arbocel® (cellulose fibers) panel to clarify the solution. A chromatographic 

purification step was carried out on silica gel (100 kg) eluting with n-hexane/CH2Cl2 8/2 (v/v). The 

CBD-containing fractions were concentrated to a soft residue and then CBD was crystallized from 

7 L of Heptane. A part of the mother liquor (700 mg) was separated by semipreparative HPLC-

UV performed on an Agilent instrument, using Phenomenex Luna C18, 10 μm 250 mm × 10 mm 

column. The injected volume was 500 μL, and flow rate was 3.0 mL/min. The UV detection 

wavelength was set at 275 nm. The mobile phase was a mixture of MeCN, water with 10 ppm 

(v/v) of formic acid and an elution gradient from MeCN to MeCN/H2O 7:3 in 30 min was used. 

Cannabitwinol (3, 2.3 mg, 5 × 10-4 %) was eluted at RT 26.6 min.  

 Cannabitwinol: Yellowish amorphous solid. [α]D25 = - 44.8 (c = 0.2 in MeOH). UV (CH3CN) 

λmax (log ɛ) 212 (3.10); 1H NMR (CD3OD, 700 MHz) and 13C NMR (CD3OD, 175 MHz): see Table 

1; ESIMS m/z 639 [M - H]-; HR-ESIMS m/z found 639.4403 (C43H59O4 requires 639.4413). 

 Cannabitwinol Model Building. To carry out the conformational study and docking 

calculations, the starting geometry of the ligand was built with Ghemical 2.99 

(http://bioinformatics.org/ghemical) and energy minimized at the molecular mechanics level using 

Tripos 5.2 force field parametrization, optimized using GAMESS program32 at the Hartree-Fock 

level with STO-3G basis set, followed by a single-point HF energy evaluation at the 6-31G* level 

to derive the partial atomic charges for the ligand by the RESP procedure.33 

 Molecular Dynamics (MD) of Cannabitwinol. To perform MD simulations in solvent, the 

ligand was confined in a box of TIP3P water exhibiting a minimum distance between solute atoms 

and box surfaces of 20 Å, using the tleap module of AmberTools16 package and gaff34 

parameters for the ligand. The MD protocol has been previously described.35 MD simulations 

were carried out at constant temperature (300 K) and pressure (1 atm) for 50 ns, with a time-step 

of 2 fs. Amber16 pmemd.cuda module36 was used to carry out molecular dynamics simulations. 
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Cpptraj module of AmberTools16 and program UCSF Chimera 1.14 were used to perform MD 

analysis and to draw the figures, respectively. To perform molecular dynamics in membrane, the 

ligand was placed in the water phase in a pre-equilibrated 2-oleoyl-1-palmitoyl-sn-glycero-3-

phosphocholine (POPC) bilayer, built using “membrane builder” plug-in available at CHARMM-

GUI website (http://www.charmm-gui.org). Potassium and chloride ions were added to ensure 

electric neutrality and to reproduce the ionic strength (0.15 M). Lipid14 parameters available in 

Amber16 package was used for the lipids. The system underwent 10,000 steps of EM keeping 

the solute atoms harmonically restrained to their starting positions (Kr = 10 kcal mol-1 Å-1). The 

system was gradually heated to 100 K for 500 ps keeping fixed solute and lipids using a Langevin 

thermostat, followed by a subsequent step of heating to reach the final temperature of 303 K for 

1 ns keeping fixed solute and lipids, using anisotropic Berendsen weak-coupling barostat to 

equilibrate the pressure. The system was allowed to equilibrate for 25 ns keeping restrained the 

solute (Kr = 5 kcal mol-1 Å-1) and then the production run was carried out for 100ns. Cannabitwinol 

conformations from MD trajectories have been clusterized employing the Gaussian finite mixture 

models approach as implemented in the mclust 5 R package. 20 clustering calculations, using 

different random seeds, have been performed on each dataset. The result of the most recurrent 

clustering schemes exhibiting the minimal number of clusters were discussed for the different 

datasets. 

 Molecular Docking with rTRPA1 and rTRPM8. The sequences of rat TRPA1 and rat 

TRPM8 were retrieved from the publicly available sequence database www.uniprot.org 

(UNIPROT: Q6RI86 and Q8R455, respectively). Fifty homology models for each receptor were 

built with MODELLER37 version 9.14 using the cryo-EM structures of the corresponding human 

orthologues (PDB id: 6PQO and 6O6R for hTRPA1 and hTRPM8, respectively) as templates. 

Sequence alignments were carried out with ClustalW. The best model in terms of both Modeller 
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Objective Function and Dope score was selected for the subsequent docking calculations. 

Docking studies were performed with AutoDock 4.2.38 rTRPA1 and rTRPM8 models along with 

the ligand were processed with AutoDock Tools (ADT) package version 1.5.6rc1 to merge non-

polar hydrogens, calculate Gasteiger charges, and select rotatable sidechain bonds. Grid 

dimensions of 60 x 60 x 50 and 50 x 50 x 60 Å for rTRPA1 and rTRPM8, respectively, centered 

in the putative binding pocket, were generated with the program AutoGrid 4.2 included in 

Autodock 4.2 distribution, with a spacing of 0.375 Å. Docking runs were carried out by either 

keeping fixed the whole protein or allowing the rotation of selected residues (Leu873, Leu884, 

Phe912, Met915 and Met949 for rTRPA1 and Asp781, Glu782, Asp802 and Arg842 for rTRPM8). 

Molecular AutoDock docking runs (100) for each docking calculation were performed adopting a 

Lamarckian Genetic Algorithm (LGA) and the following associated parameters: 100 individuals in 

a population with a maximum of 15 million energy evaluations and a maximum of 37,000 

generations, followed by 300 iterations of Solis and Wets local search. Flexibility was used for all 

rotatable bonds of both docked ligands. For each docking run, the poses within 1.5 kcal/mol from 

the best binding energy value underwent visual inspection to discard those exhibiting similar 

orientation. The representative poses for each receptor were selected for the subsequent energy 

minimization with Amber16 package using ff14SB version of AMBER ff14SB force field for the 

protein and gaff parameters for the ligand.  

 Reactions of CBD with Eschenmoser Salt and Paraformaldehyde.  a) To a stirred 

solution of CBD in CHCl3, TBAF and, subsequentially, Eschenmoser salt were added. The stirred 

solution was left at 40 °C for 6/7 h, diluted with H2SO4 (2N), and extracted with CH2Cl2. The mixed 

organic phases were dried with Na2SO4, filtered and the solvent evaporated. TLC and 

chromatographic purification (100% petroleum ether to petroleum ether /EtOAc 95:5 as eluent; 

silica gel 15 mL as stationary phase) did not evidence formation of cannabitwinol. b) To a stirred 
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solution of CBD in 1,4-dioxane, paraformaldehyde was added. The stirred solution was heated at 

100° for 5/6 h. Because of the presence of starting material only, the reaction was left over night. 

The stirred solution was diluted with brine and extracted with EtOAc. The mixed organic phases 

were dried with Na2SO4, filtered, and the solvent evaporated. The residue was purified by 

chromatography (cyclohexane/CH2Cl2 99:1 to 8:2 and petroleum ether/EtOAc 95:5 to 8:2 as 

eluent; silica gel as stationary phase), affording the starting CBD and traces of its quinone. No 

formation of cannabitwinol was evidenced. 

 Modulation of TRPs. Effects of compounds on intracellular Ca2+ concentration ([Ca2+]i) 

were determined using the selective intracellular fluorescent probe for Ca2+ Fluo-4. Assays of rat 

TRPA1, TRPV2, TRPV3, TRPV4, TRPM8 or human TRPV1 mediated elevation of intracellular 

Ca2+ in transfected HEK-293 cells are been performed as described39 with a continuous 

monitoring of Ca2+ concentration during the experiments. Briefly, human embryonic kidney (HEK-

293) cells, stably transfected with TRPA1, TRPV2, TRPV3, TRPV4, TRPM8 or human TRPV1 

(selected by Geneticin 600 μg mL−1) or not transfected, were cultured in EMEM + 2 mM Glutamine 

+ 1 % Non-Essential Amino Acids + 10 % FBS and maintained at 37 °C with 5 % CO2. TRP-HEK-

293 cells express stably high levels of TRP transcripts, while these transcripts were virtually 

absent in wild type HEK-293 cells as checked by real-time PCR. On the day of the experiment, 

the cells were loaded for 1 h in the dark at room temperature with Fluo-4 AM (4 μM in DMSO 

containing 0.02 % Pluronic F-127). The cells were rinsed and resuspended in Tyrode’s solution 

(145 mM NaCl, 2.5 mM KCl, 1.5 mM CaCl2, 1.2 mM MgCl2, 10 mM D-glucose, and 10 mM HEPES, 

pH 7.4) and, transferred to a quartz cuvette of a spectrofluorimeter (Perkin-Elmer LS50B; λEX = 

488 nm, λEM = 516 nm) equipped with PTP-1 Fluorescence Peltier System (PerkinElmer Life and 

Analytical Sciences, Waltham, MA, USA) under continuous stirring. Cell fluorescence before and 

after the addition of various concentrations of test compounds was measured normalizing the 
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effects against the response to ionomycin (4 μM). The values of the effect on [Ca2+]i in HEK-293 

cells not transfected are used as baseline and subtracted from the values obtained from 

transfected cells. For TRPA1, agonist efficacy was expressed as a percentage of the effect on 

[Ca2+]i observed with 100 μM allylisothiocyanate. In the experiment on TRPA1 HEK-293 cells, 100 

μM allylisothiocyanate exerts an efficacy of 52.4 ± 4.4% of the response to ionomycin 4 μM, while 

it shows only a negligible effect on not transfected HEK-293 cells (less than 1%). The potency of 

the compounds (EC50 values) are determined as the concentration required to produce half-

maximal increases in [Ca2+]i. In the TRPV3 assay, TRPV3-expressing HEK293 cells were first 

sensitized with the structurally unrelated agonist 2-aminoethoxydiphenyl borate (100 μM). 

Antagonist/desensitizing behaviour is evaluated against the agonist of the TRP analyzed by 

adding the compounds directly in the quartz cuvette 5 min before stimulation of cells with the 

agonist. Allylisothiocyanate (100 μM) was used for TRPA1, capsaicin (0.1 μM) for TRPV1, 

lysophosphatidylcholine (LPC, 3 μM) for TRPV2, thymol (100 μM) for TRPV3, GSK1016790A (10 

nM) for TRPV4 and icilin (0.25 μM) for TRPM8. The IC50 value is expressed as the concentration 

exerting a half-maximal inhibition of agonist effect, taking as 100% the effect on [Ca2+]i exerted 

by the agonist alone. Dose-response curve fitting (sigmoidal dose-response variable slope) and 

parameter estimation were performed with Graph-Pad Prism8® (GraphPad Software Inc., San 

Diego, CA, USA). All determinations were performed at least in triplicate. 
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