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Abstract

Cytochrome P450 2D6 (CYP2D6) is primarily expressed in the liver and in the central 

nervous system. It is known to be highly polymorphic in nature. It metabolizes several 

endogenous substrates such as anandamide (AEA). Concomitantly, it is involved in phase 1 

metabolism of several antidepressants, antipsychotics, and other drugs. Research in the field 

of phytocannabinoids (pCBs) has recently accelerated owing to its legalization and increasing 

medicinal use for pain and inflammation. The primary component of cannabis is THC, which 

is well known for its psychotropic effects. Since CYP2D6 is an important brain and liver P450 

and is known to be inhibited by CBD, we investigated the interactions of four important highly 

prevalent CYP2D6 polymorphisms with selected phytocannabinoids (CBD, THC, CBDV.THCV, 

CBN, CBG, CBC, β-carophyllene) that are rapidly gaining popularity. We show that there is 

differential binding of CYP2D6*17 to pCBs as compared to WT CYP2D6. We also perform a 

more detailed comparison of WT and *17 CYP2D6 which reveals the possible regulation of AEA 
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metabolism by CBD. Furthermore, we use molecular dynamics to delineate the mechanism of this 

binding, inhibition and regulation. Taken together, we have found that the interactions of CYP2D6 

with pCBs vary by polymorphism and by specific pCB class.
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INTRODUCTION

Research in the field of phytocannabinoids (pCBs) has recently accelerated owing to its 

legalization in several states and their potential medicinal uses. 1 The use of pCBs has been 

shown to alleviate pain occurring from a variety of diseases including arthritis, peripheral 

neuropathy, and multiple sclerosis.2, 3 In humans, pCBs have been used as anti-epileptic 

and anti-nausea treatments.4–9 CBD is reported to have several beneficial effects including 

analgesic, anti-emetic, anti-epileptic, and anxiolytic effect.10, 11 There are also numerous 

minor pCBs that may prove to be clinically relevant and are rapidly gaining popularity 

for therapeutic use including cannabigerol (CBG), cannabidiol (CBD), cannabichromene 

(CBC), cannabidivarin (CBDV), cannabinol (CBN), Tetrahydrocannabinol (Δ9-THC) and 

Δ9-Tetrahydrocannabivarin (THCV) (Figure 1A). For instance, CBDV and Δ9-THC have 

been shown to decrease seizures in rodents through mechanisms involving TRPV1 and CB1, 

respectively.12–15

Despite the emerging beneficial medical uses of the pCBs, the possibility of drug-drug 

interactions is a rising concern in patients with health conditions that require them to take 

cannabis along with other drugs. With the advent of personalized medicine, it is important 

to notice that the pCBs can undergo differential metabolism by different cytochrome 

P450s (CYP) and by different polymorphisms of the same CYP. Additionally, inhibition 

or activation of enzymes involved in drug metabolism by pCBs will in turn influence the 

metabolism of other drugs.

CYP2D6 is one of the CYPs highly expressed in the liver and brain16. It is responsible for 

approximately 25–30% of human drug oxidation—second only to CYP3A4.17 It is a highly 

polymorphic CYP and is known to have more than ~105 unique allelic polymorphisms, 

many of which are associated with certain ethnic populations and contribute to different 

metabolic profiles.17–19 For example, CYP2D6*2 is a frequent polymorphism in Caucasians 

(~10%), CYP2D6*10 in Asian populations (~50%) and CYP2D6*17 is most frequent in 

African populations (~35%) 20. These polymorphisms directly influence drug metabolism 

by altering the effect on drug efficacy21. Based on the different CYP2D6 functional 

polymorphisms, they are classified into four categories: ultra-rapid, extensive, intermediate, 

and poor (UM, EM, IM, and PM, respectively). Herein, we specifically focus on the 

following CYP2D6 polymorphisms (Figure 1C) —*1 (wild type), *2, *10, and *17—which 

include both extensive and intermediate metabolizers commonly occurring in a variety of 

ethnic groups.22 Wild-type CYP2D6 is the most common form of the gene and is an 

EM. CYP2D6*2 has two mutations, R296C and S486T. It is one of the more commonly 
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multi-duplicated alleles, leading to a UM phenotype, but unduplicated is considered to be 

an EM.17, 23 CYP2D6*10 is an intermediate metabolizer.17 It has a P34S substitution in 

the N-terminus as well as an S486T substitution that ultimately result in misfolding and 

impaired membrane anchoring with reduced demethylation and hydroxylation activity.24 

CYP2D6*17 has three substitutions, T107I, R296C, and S486T, the first of which is thought 

to take part in substrate recognition.17 It is also an IM, but evidence points to this being 

substrate dependent.17, 23, 2526–28 Most PM phenotype polymorphisms are nonfunctional 

CYP2D6 variants.

CYP2D6 is abundant in brain and is involved in the metabolism of psychotropic drugs 

such as antidepressants, anticonvulsants, and antipsychotics. There are very few studies 

that have been reported on the interactions of CYP2D6 with pCBs. Hence, there is a 

critical need for studies that focus on the interactions of pCB with different CYP2D6 

polymorphisms as these are known to affect the rate of drug metabolism and thus drug 

clearance.29–31 There are several studies on the metabolism of pCBs by CYPs32–34 although 

more mechanistic research is required to understand the involvement of pCBs in potential 

drug-drug interactions. Previously, it has been shown that human hepatic microsomes 

convert Δ9-THC, Δ8-THC, and CBN into 11-hydroxy, 8-hydroxy and 7-hydroxy products.34 

The same pCBs were also supplied to microsomes from human B lymphoblastoid cells 

expressing specific CYPs. CYP2C9 had the highest 11-hydroxylation activity of all the 

CYPs tested and CYP2C19 had a low amount of activity.35 CYP3A4 catalyzed metabolism 

leads to several minor hydroxylation as well as epoxidation, but no other expressed CYP 

was an efficient pCB metabolizer.34 In a separate study CYP2J2 was tested against the pCBs 

CBD, Δ9-THC, Δ8-THC, CBN, CBG, and CBD, all of which were found to be substrates.32 

The rate of metabolism were slower than that of pCB metabolism by CYP2C9, but CYP2J2 

metabolism of CBN, CBD, and CBC was faster than CYP2C19.32, 34 Other CYPs that are 

implicated in pCB metabolism are CYP1A1, 1A2, 2D6, 3A5, and 3A7.36–38

For this study, we selected pCBs which would provide the representative example of 

CYP2D6-pCB interactions. CBD and THC were selected since they are the two major 

cannabinoid components in cannabis and also because both have been implicated as 

P450 inhibitors.39–42 CBDV, THCV, and CBN were selected to check structural relevance 

of the side chain length. CBG and CBC were selected for their “lipid-like” structure. 

β-carophyllene, an important constituent of cannabis essential oil was selected as it has been 

shown to activate the cannabinoid receptor 2 receptor.43, 44

The differential metabolism of pCBs by CYP is attributed to the conformational changes 

in the enzyme active site which affect substrate binding and the relative orientation of the 

substrate to the heme.28, 45 In a previous investigation, molecular docking investigations on 

the plasticity of CYP2D6 revealed that Phe483 is a key residue in stabilizing the binding 

of 7-methoxy-4-(aminomethyl)coumarin (MAMC) and the mutation of this residue to an 

alanine nullifies metabolism of MAMC.46, 47. Therefore, it is important to investigate the 

interactions of pCBs with a set of CYP2D6 polymorphisms that have mutations occurring 

throughout the protein.
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Previously, we and others have shown that pCBs are metabolized by various human 

CYPs to form novel oxidized products.23, 48–50 Additionally, many of the pCBs tested, 

including CBD have been shown to inhibit CYPs.41 Herein, we explore the differences 

in pCB binding, metabolism, and inhibition of CYP2D6 and its mutants. Using four 

relevant polymorphisms of CYP2D6 we show that the spectral binding shift of CYP2D6 

is dependent on the polymorphism and the pCB substrate chosen, indicating that the 

mutations in CYP2D6 sufficiently alter the binding pocket and that some pCBs possess 

structural elements essential for efficient binding. We also demonstrate that there is 

differential metabolism of endogenous and exogenous substrates in the presence of selected 

pCBs (Figure 1A). Finally, we use molecular dynamics (MD) to elucidate the molecular 

underpinnings of pCB interactions with CYP2D6 polymorphisms.

MATERIALS AND METHODS

Reagents

Thioridazine (14400) and all phytocannabinoids (THC - 1972-08-3, CBDV – 9001574, 

THCV – 18091, CBG – 15293, CBN - 521-35-7, CBC - 20675-51-8, B-CP - 21572) 

were purchased from Cayman Chemicals. L-histidine (H8125-25G), dextromethorphan 

(PHR1018-500MG), dextrorphan (PHR1974-30MG) were purchased from Millipore-Sigma. 

Ni-NTA resin (H-350-25), arabinose (A-300-1), and IPTG (I2481C25) were purchased from 

Gold Biotechnology. δ-ALA (A167) was purchased from Frontier Scientific and human liver 

microsome (H2D6.HA Lot No. 1710125) was purchased from Sekisui XenoTech.

CYP2D6 Growth and Purification

CYP2D6 and its mutants were grown as explained previously51 with some minor 

modifications. When the 500 ml cultures reached an OD600 of ~0.5, the temperature was 

lowered to 30°C and shaker to 190 rpm. At an OD600 of 0.7–0.8, the cultures were induced 

with δ-ALA, IPTG, and arabinose all at once. From this point, cultures were grown 48 hours 

at 30°C and 190 rpm before being spun down as done previously.

Cell pellets were resuspended at 4°C in lysozyme buffer (75 mM Tris pH 8.0, 0.25 M 

sucrose, 0.25 mM EDTA, 0.2 mg/ml lysozyme) at a volume of 200 ml/Lculture for 30 

minutes. Spheroplasts were pelleted via centrifugation for 30 minutes at 4000 rpm and 

4°C. The spheroplast pellet was resuspended in buffer 1 (0.5 M KPi, 20% glycerol, 6 mM 

MgCl2, 5 mM β-mercaptoethanol, 0.2 mM PMSF, 1% w/v cholate, 0.1 mM thioridazine) 

at a volume of 300 ml/Lculture and sonicated 6x at 40 second on/off intervals on ice. This 

mixture was then centrifuged for 45 minutes at 35K rpm, 4°C.

Purification proceeded as before51 with the addition of 0.05 mM thioridazine to the 

base column buffer. L-histidine was also added to the final wash buffer and the elution 

buffer at concentrations of 40 mM and 0.1 M, respectively. After elution, the protein was 

concentrated via Amicon spin filters and quantified on a UV-vis spectrophotometer using 

molar extinction coefficient value at 110 mM−1 cm−1 at 417 nm52. It was then either 

aliquoted and flash-frozen in liquid nitrogen or used immediately for nanodisc construction.
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CYP2D6 Mutation Construction

The modified human CYP2D6*1 construct in the pCWori vector was a gift from Eric 

F. Johnson (The Scripps Research Institute, La Jolla, CA)53. As previously published, 

this construct contains an N-terminal truncation of the first 33 amino acids and was 

replaced with a shorter amino acid sequence, MAKKTSSKGKL, to increase solubility 

and reduce aggregation. To facilitate purification, a 4-histidine tag was added to the C­

terminus for Ni-NTA affinity chromatography. Mutagenesis for allelic variants, CYP2D6*2, 

CYP2D6*10 and CYP2D6*17 was carried out using site-directed mutagenesis of the 

modified CYP2D6*1 plasmid, with the primers are described in Supplementary Table 121. 

The PCR conditions were 94°C for 2 min (1 cycle), 94°C for 30 sec, 60°C for 30 sec, 

68°C for 8 min (25 cycles), 72°C for 3 min (1 cycle) and held at 4°C using high fidelity 

Phusion. Next, the PCR reaction mix was purified using a Qiagen PCR purification kit 

and subject to DpnI digest before transformation into DH5α cells. To confirm construct 

mutagenesis, enzyme restriction digest was performed (Nsil and HindIII) and were verified 

by sequencing. Specific mutations are detailed in Figure 1C.

CYP2D6 Nanodiscs

CYP2D6 nanodiscs were constructed immediately after purification for stabilization 

purposes. Once eluted from the Ni-NTA column, CYP2D6 was quantified and, if necessary, 

concentrated to a reasonable value for nanodisc construction. Lipids and MSP for nanodiscs 

were prepared as before. After solubilizing the lipids and incubating with MSP as previously 

published, CYP2D6 was added to the mixture and incubated with gentle rocking for at least 

45 minutes at 4°C. BioBeads were added to the mixture and incubated for approximately 

8 hours before being removed by spin filtration at 3000 rpm and 4°C for 5 minutes. 

The nanodiscs were left to incubate overnight with gentle rocking at 4°C before being 

concentrated with an Amicon concentrator and quantified via UV-vis. Glycerol was added to 

final concentration of 20% v/v and nanodiscs were flash frozen in small aliquots and stored 

at −80°C.

Soret Titration

Soret titrations were performed similar to a previous description with some 

modifications.32, 54 Substrates were dried under a stream of N2 gas and dissolved in DMSO 

as 1mg/ml stocks. The total titrated volume was kept below 2.5% of the final volume. 1 

μM CYP2D6 was incubated at room temperature during the course of the experiment. Data 

points were taken at set concentrations of each pCB from 1–75 μM. The data was processed 

in OriginPro 2019 by fitting to the Michaelis-Menten or tight binding equation.

Direct Metabolism of Phytocannabinoids

Direct metabolism assays were set up in 1 ml reactions containing 0.1 M KPi, 0.2 μM 2D6 

nanodiscs, 0.6 μM CPR, 40 μM pCB, and either 40 μM DXM or 40 μM AEA. Reactions 

were incubated for 5 minutes at room temperature before being initiated with 100 μl 10 mM 

NADPH (1 mM final concentration). Reactions were incubated 30 minutes at 37°C and were 

then quenched with an equal volume of ethyl acetate. For metabolism study using human 

liver microsome, 2D6 microsome (containing 0.210 nmol/mg CYP P450 protein and 143 ±6 
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nmol/mg protein/min NADPH-cytochrome c reductase) was incubated with THC and CBD 

(final concentration for both pCB were 40 μM) separately for 30 minutes at 37°C in 0.1 M 

KPi. The reactions were quenched and extracted using ethyl acetate.

Metabolism Assays

Dextromethorphan metabolism studies were carried out in 0.1 M KPi, pH 7.4, containing 0.2 

μM CYP2D6 nanodiscs, 0.6 μM CPR, 1 mM NADPH, and substrate in 250 μl total volume. 

All components except NADPH were added together and incubated for 5 minutes at room 

temperature. Reactions were initiated with NADPH and terminated after 2 minutes by the 

addition of an equal volume of ACN. Phytocannabinoid metabolism was carried out in the 

same manner with the exceptions of the reactions being scaled up to 1 ml. Ethyl acetate was 

used to quench pCB metabolisms to facilitate subsequent extraction for analysis.

Inhibition of CYP2D6 Assays

For preliminary inhibition assays, 250 μl reactions were set up containing 0.1 M KPi, 0.2 

μM 2D6 nanodiscs, 0.6 μM CPR, 40 μM pCB, and either 40 μM DXM or 40 μM AEA. 

Reactions were incubated for 5 minutes at room temperature before being initiated with 100 

ul 10 mM NADPH (1 mM final concentration). Reactions were allowed to proceed for 2 

minutes for DXM and 10 minutes for AEA after which they were quenched with an equal 

volume of ACN (DXM) or ethyl acetate (AEA). AEA samples were extracted as detailed 

below. DXM samples quenched in ACN were spun down for 5 minutes at 3000 rpm, 4°C 

and directly injected on the HPLC after filtration.

Extractions of Metabolites

Extractions were carried out as before.55 After reaction quenching, tubes were vortexed to 

emulsify the contents, and centrifuged for 5 minutes at 3000 rpm, 4°C. The organic layer 

was removed to a clean tube and the process repeated two more times from the addition of 

ethyl acetate, for a total of 3 extractions. The combined organic layers were then dried on a 

rotary evaporator and resolubilized appropriately for subsequent applications.

HPLC Analysis

Analysis of DXM metabolism was carried out via an Agilent series 1100 HPLC. A Luna 

5 μm C18 column was used with an isocratic mobile phase consisting of 50% 0.01 M 

KPi, 50% 50:50 MeOH:ACN (pH 3.4), which ran for 30 minutes. Curve integrations were 

analyzed using OpenLab software and further data analysis was performed in OriginPro 

2019.

LC-MS/MS Analysis

Direct metabolism reactions with pCBs qualitatively analyzed using the same method as 

previous and a 250×4.6 mm Luna 5 μm C18(2) 100 Å column.32 All reactions with AEA 

were quantified using LC-MS/MS as described previously.56
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Molecular Dynamics Simulations

The crystal structure of the globular domain of CYP2D6 (PDB ID: 3TDA)57was embedded 

in a membrane patch consisting of 100 palmitoyloleoylphosphatidylcholine (POPC) 

molecules in each leaflet. The membrane patch was built using CHARMM-GUI Membrane 

Builder58 and the initial orientation of CYP2D6 in the membrane was modeled according 

to the results shown by Fischer, et. al.59 This structure was then solvated with TIP3P 

water60 and neutralized. The simulation box created was 100 × 100 × 140 Å3. The MUT2 

(R296C/S486T), MUT10 (P34S/S486T), and MUT17 (T107I/R296C/S486T) variants were 

generated using the Mutator plugin of VMD61 and each initial membrane bound system was 

prepared using the protocol described above. Each system was first minimized for 10,000 

steps and then equilibrated for 10 ns with the heavy atoms of the protein restrained (1 

kcal•mol-1Å-2). Each system was then simulated for 100 ns without restraints.

The last 50 ns of the production run of each system was used for further investigation of 

binding poses of the phytocannabinoids. The structure of the protein from each system was 

saved every 100 ps to generate 500 protein structures to dock to for each system. Then, 

AutoDock Vina62 was used to perform ensemble docking of CBD CBDV, CBC, BCP, CBG 

and CBN to these protein structures. Drugs were docked to a grid box of 25 × 25 × 25 Å3 

centered at the active site of each protein structure. The 10 most favorable binding poses 

were then stored for each protein structure, generating 5000 poses for each system.

The poses of CBD and THC docked to WT and *17 were then clustered using the root 

mean square deviation (RMSD) of the heavy atoms, which resulted in five clusters. The pose 

within each cluster with the lowest binding affinity was then chosen for further simulations. 

Each of these protein-pCB poses was embedded back into the POPC bilayer system (as used 

for apo simulation), minimized for 10,000 steps and equilibrated for 10 ns with heavy atoms 

of the protein and drug restrained (force constant of 1 kcal•mol-1Å-2). Then restraints were 

removed from each system and each system was equilibrated for an additional 50 ns.

All simulations were carried out with a 2 fs timestep using NAMD 2.1363 with the 

CHARMM36m64 and CHARMM3665 force field for proteins and lipids respectively with an 

NPT ensemble. Parameters for pCB molecules are obtained from CHARMM general force 

field.66 The temperature was maintained at 310 K using Langevin dynamics and pressure 

was regulated at 1.0 atm using Nosé-Hoover Langevin piston.67 The cutoff for calculating 

non-bonded interactions was 12 Å and a switch function was applied at 10 Å; long range 

electrostatics were incorporated using Particle Mesh Ewald (PME).68

RESULTS

Spectral Binding Studies of CYP2D6 Polymorphisms with Phytocannabinoids

We performed studies of pCB binding to CYP2D6 and its polymorphisms using UV–vis 

spectral titrations. For all these studies, CYP2D6 was incorporated into nanodiscs as it is 

unstable outside the membrane environment (Figure 1B).69 In order to study the perturbation 

of the thiol bound heme group in all the four constructs of CYP2D6, carbon monoxide (CO) 

binding was carried out. For this analysis, CO was added to the reduced protein (Fe II) 

for all the four constructs. Absorbance spectra around 450 nm suggests the thiolate group 
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axial to the heme is retained and the P450 fold is maintained (Supplementary Figures S20). 

However, presence of an additional 420 nm peak for *17 might be due to the slight structural 

change in protein upon mutation, but prominent 450 nm signifies overall folded structure is 

preserved. Previous reports have indicated that change in residues in the F-G loop of CYP 

leads to the partial appearance of the 420 nm peak which affecting the protein structure 

around heme moiety.70

Increasing concentrations of pCB were titrated into CYP2D6-NDs to examine the shift 

in the Soret band at 417 nm and determine the binding parameters. A shift in the lower 

wavelength was observed upon addition of pCB in a concentration dependent manner 

suggesting Type I shift. The spin-state changes were substantial to see the differential 

binding of the pCBs to the different CYP2D6 polymorphisms. All the polymorphism-pCB 

combinations were fitted to either a standard Michaelis-Menten or tight-binding equation to 

determine their Ks and ΔAmax. Data is shown in Table 1 and described below.

Cannabidiol –—CBD was only weakly bound to WT CYP2D6, producing a Ks of 7.03 ± 

2.24 μM and none of the other polymorphisms produced a substantial spin-state change. WT 

CYP2D6 had the greatest ΔAmax at 0.0711 ± 0.0060 while CYP2D6*17 produced the least 

spin-state change with a ΔAmax of 0.0247 ± 0.0014. CBD bound weakly to CYP2D6*2 with 

a Ks of 10.51 ± 3.67 μM (Figure 2A).

Δ9-Tetrahydrocannabinol –—With THC, the *17 mutant produced the highest spin-state 

change with a ΔAmax value of 0.0737 ± 0.0125. The WT and *10 exhibited slightly reduced 

ΔAmax values, while *2 was the lowest at 0.0142 ± 0.0009. CYP2D6*17 also has the 

weakest Ks value at 20.10 μM while WT CYP2D6 is the strongest at 3.41 μM (Figure 2B).

Cannabidivarin –—In the case of CBDV, WT CYP2D6 and the *10 and *17 mutants were 

very similar in regards to binding constants while WT CYP2D6, *2, and *10 had similar 

spin-state changes. CYP2D6*2 had the largest Ks of 11.56 μM. CYP2D6*17 produced a 

very large spin-state change approximately 6-fold higher than all other mutants. The Ks was 

8.60 μM and the ΔAmax was 0.1620. The strongest binding mutant was CYP2D6*10 with a 

Ks of 7.19 μM (Figure 2C).

Tetrahydrocannabivarin –—CYP2D6*2 has a high Ks value of 11.52 μM, indicating 

weaker substrate binding. Contrary to this is CYP2D6*17, which binds THCV with a Ks 

of 5.88 μM. CYP2D6*17 also has the highest spin-state change with a ΔAmax of 0.147. 

Meanwhile, no other polymorphism has a higher ΔAmax value than 0.0367 with THCV 

(Figure 2D).

Cannabigerol –—CBG does not have a large difference in ΔAmax for any of the four 

CYP2D6 polymorphisms. CYP2D6*10 has the tightest Ks at 7.28 μM, while WT CYP2D6 

is the weakest at 13.42 μM. The largest spin-shift is seen in CYP2D6*17 with an ΔAmax 

value of 0.0745 ± 0.0067 (Figure 2E).

Cannabichromene –—All polymorphisms except CYP2D6*17 have minimal spin-shifts 

with the ΔAmax values ranging from 0.0246–0.0377. WT CYP2D6 has the lowest Ks at 6.09 
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μM while CYP2D6*10 and *17 are the highest at 9.16 and 11.64 μM, respectively (Figure 

2F).

Cannabinol –—CBN binds the most strongly to CYP2D6*10, with a Ks of 3.87 μM 

followed by CYP2D6*2 at 5.13 μM. In contrast, CYP2D6*17 produces the highest spin­

state change with an ΔAmax of 0.1387 ± 0.0098. All three remaining mutants have similar 

ΔAmax values, none of them exceeding 0.04 (Figure 2G).

β-Carophyllene–—Much like several of the pCBs, β-carophyllene produces a much larger 

spin-state change when bound to CYP2D6 *17. Likewise, the other three polymorphisms 

had similar ΔAmax values, all lower than that of *17, though none of the Ks values were 

drastically different. Notably, the structure of β-carophyllene is vastly different from that 

of phytocannabinoids, as it is a sesquiterpene with no tail to mimic endogenous fatty acid 

substrates (Figure 2H).

β-CP bound *1 preferentially with a Ks value of 4.27 μM, while binding all other 

polymorphisms with a Ks higher than 10 μM. THCV followed a similar trend. CBN 

favorably bound *10 with a Ks of 3.87 μM, followed by *2 at 5.13 μM. THC bound *1 

and *2 almost equally with Ks values of 3.41 and 3.46 μM, respectively, while binding *17 

at 20.10 μM. These four pCBs also exhibit the lowest Ks values of all the pCBs tested, 

and all have structural similarities. This phenomenon could be linked to a combination of 

favorable structural interactions with the conformations of certain polymorphisms, which 

could shift with pCB structural changes (e.g – CBN binds *10 best rather than *1).

Molecular Modeling/Molecular Dynamics Simulations

MD simulations reveal that WT CYP2D6 and CYP2D6*10 have the strongest binding 

for each pCB tested (CBG, CBDV, CBC, CBN, and β-CP), which was determined by a 

combination of binding affinity in kcal/mol and heme distance. Examples may be seen 

in Supplementary Figures S1–8. CYP2D6*2 shows weaker binding (less negative binding 

affinity) but does possess several poses where the drug is close to the heme. Residues 

commonly in contact with the pCBs tested include Cys443 for *1, Lys214 for *2, Phe483 

for *10, and Val308 for *17. Full graphs of the 10 most contacted residues for each mutant 

with each pCB can be seen in Supplementary Figures S9–S16. The only mutant whose 

polymorphisms came close to the most commonly contacted residue was CYP2D6 *10. 

Caver analysis conducted on the *17 and WT variants taken from the initial equilibrium 

simulation revealed a major access channel in *17 and WT proteins leading to the heme 

(Figure 3). The bottleneck radius was consistently smaller for the tunnel in *17 than in WT, 

indicating that conformational changes to *17 result in tighter access to the heme, which 

may explain why pCB molecules bind further from the heme in this variant. In addition, 

the experimentally obtained Ks values for *17 are higher compared to WT. This suggest 

that pCBs cannot bind effectively with the residues near the heme moiety due to smaller 

access channel, thereby reducing the binding affinity. The RMSD of αB, the location of 

the T107I mutation was largest for *17, which might indicate that the increased flexibility 

of this portion of the protein assists in reducing the active site and access channel size 

(Supplementary Figure 17). The average distance of the heavy atoms of THC and CBD to 
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the heme iron were then computed for each simulation. For three of five clusters of THC 

bound to WT, the histogram showed a peak at around 5 Å, indicating strong binding of 

THC within the active site of the protein (Figure 4). However, in the *17 simulations, a peak 

existed at around 13 Å, indicating binding away from the protein active site. The average 

distance between the heme iron and individual atoms comprising the tail and the 3 rings of 

THC (Ring 1, Ring 2, and Ring 3) was also calculated for every 100 ps of each simulation. 

The atoms of the tail region were shown to be significantly closer to the heme than the three 

rings in simulations with WT, while Ring 1 and Ring 2 bound further away. This indicates 

that THC stably binds within the active site of WT CYP2D6 in a conformation where its 

hydrocarbon chain is facing towards the heme. On the other hand, in *17, while the majority 

of frames of THC bind far from the heme, in the few frames with close binding (around 8 

Å), Ring 3 binds closest to the heme. This ring is opposite to the tail, indicating binding of 

the pCB opposite to in the WT system. The frames of THC bound to WT bind to the access 

channel; however, THC does not bind to any access channel in the *17 simulation.

Direct metabolism of pCBs by wild-type CYP2D6-ND

Next, the direct metabolism of individual pCBs was performed with wild-type CYP2D6 

and the primary oxidized metabolites were identified via LC-MS. We observed that all the 

pCBs were metabolized mainly to monoxygenated products as determined from their masses 

(Supplementary Figure 18). We further investigated the fragmentation of THC and CBD 

metabolites in order to understand the region of the molecule undergoing oxidation. MS data 

suggested that hydroxylation in the alkyl chain may be a probable product for both these 

pCBs as observed from the fragmentation pattern. (Supplementary Figure 24 and 25). Also, 

CBG produced far more metabolites in a comparison of relative abundance compared to 

other substrates which may be due to its lipid-like long chain structure.

The probable products formed from the metabolism of THC, CBD were investigated. 

Fragmentation pattern from the LC/MS indicates that the alkyl chain is preferentially 

hydroxylated upon metabolism for the pCBs. The mass spectra and the fragmentation 

pattern are shown in Supplementary Figure 24 and 25. As seen from the mass fragments 

for THC hydroxylation in the alkyl chain seems as a probable product (Supplementary 

Figure 25). In addition, the MD simulation shows that the alkyl chain is oriented towards the 

heme moiety, which supports the experimental findings. However, for CBD, the fragments 

correspond to two probable products (both hydroxylation in the alkyl chain).

In order to establish a more biological relevance to the 2D6 metabolism, microsomes were 

used to carry out the metabolism of CBD and THC. These microsomes are isolated from 

cells and are rich in CYP P450. Fragmentation pattern (Supplementary Figure 29) indicate 

that 2D6 microsome gives similar metabolites like CYP2D6 WT protein as observed from 

the LC/MS data.

Reduction of CYP2D6 mediated metabolism of AEA

While pCBs are metabolized by CYPs, literature has previously shown that CYP2D6 is 

inhibited by pCBs. Therefore, we sought to examine the inhibition of AEA metabolism by 

different pCBs. CYP2D6 metabolism of AEA was carried out at constant concentration of 
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pCB(40 μM) and constant concentration of target drug (40 μM of either AEA or DXM) and 

the inhibition levels compared to samples with no pCBs (Supplementary Figure S19).

AEA metabolism in presence of CBD, THC, and CBDV showed reduction in metabolism by 

17.7, 13.5, and 12.3 percent, respectively as compared to WT (Supplementary Figure S19). 

Three other pCBs—CBC, THCV, and β-CP shows very little reduction in metabolism if at 

all, and even improved metabolism, though not significantly. DXM metabolism inhibition 

samples revealed a somewhat different trend. The most inhibitory compounds were CBD, 

CBC, THCV, and β-CP at 60.7, 61.6, 60.5, and 66.3 percent reduction in metabolism, 

respectively when compared to the complete metabolism of DXM. However, CBDV and 

CBG were very poor inhibitors at 13.5 and 28.0 percent.

Full inhibition experiments of AEA metabolism by WT 2D6 and 2D6*17 were performed 

using CBD and THC as inhibitors. The data were fitted to Hill equation (with n values 

around 2–3) and plotted as shown in Figure 5 A, B and the corresponding Vmax and Km 

values were compared (Figure 5 C, D). WT 2D6 had a much greater rate of base substrate 

metabolism than 2D6*17, with a Vmaxapp of ~387 compared to ~251 pmol/min/nmol 

(Values shown in Supplementary Information Table S7 and S8). The Kmapp of AEA to 

WT 2D6 was ~25 μM which is nearly similar to Km in the presence of CBD (~28 μM) 

or THC (~27 μM). CBD increased the rate of AEA metabolism by WT CYP2D6 to ~530 

pmol/min/nmol, while the presence of THC causes small reduction. In CYP2D6*17, only 

AEA metabolism had the highest Vmaxapp; but CBD and THC produce no drastic rate 

changes. The presence of THC does reduce the binding constant of AEA from ~36 μM to 

~26 μM.

We have carried out the titration of 2D6 with AEA in order to find the spin state change. 

AEA shows Type I shift with WT, *2, *10 and *17 with WT showing the lower affinity 

towards AEA as compared to the mutants. In terms of spin state change, AEA shows 

somewhat higher perturbation at the heme site as compared to its mutants (Figure 6 A, 

B). Our study shows that both AEA and pCB scan bind appreciably with 2D6. In order to 

understand the lower inhibition of AEA metabolism by WT 2D6 in presence of CBD we 

ran a molecular docking simulation of CBD-bound WT CYP2D6 and compared to the WT 

CYP2D6 apo structure (Figure 6 C, D). We found that in the CBD-bound structure, there 

was still a stable binding pose of AEA in the active site of the protein near the heme group. 

This indicates that AEA can bind in a region away from the CBD binding site which can 

facilitate the metabolism of AEA in 2D6. This observation suggest that CBD may not be a 

significant inhibitor for AEA metabolism by 2D6.

DISCUSSION

CYP2D6 is a highly polymorphic and highly promiscuous enzyme with respect to substrate 

selectivity.17, 71 Herein, we chose four representative CYP2D6 polymorphisms and studied 

their interactions with selected phytocannabinoids in order to understand CYP2D6-pCB 

interactions.
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We first investigated changes in substrate binding, as evidenced by the Soret shift of 

CYP2D6 (Figure 2). The interactions of various pCBs with CYP2D6 all exhibited a Type 

I shift72 in which the replacement of the active site water with pCB caused local maxima 

and minima at ~390 nm and ~417 nm, respectively. While some of the pCBs showed no 

significant differences in binding between the different polymorphisms, THC, CBN, THCV, 

and β-CP all demonstrated preferential binding to certain CYP2D6 polymorphisms through 

decreased Ks values (Table 1). Binding differences also manifested through changes in 

ΔAmax. Most notable were the effects on CYP2D6*17, which exhibited an increased ΔAmax 

when bound with CBN, CBC, CBDV, and THCV. In general, an increase in ΔA marks a 

greater spin-shift, in this case from low-spin to high-spin. Both CBDV and THCV have 

shortened alkyl chains compared to CBD and THC with no other changes. CBC has a 

bicyclic center with one alkyl chain on each side while CBN has a similar structure to 

THC, but trades two hydrogen atoms for a second aromatic ring. As the intensity of the 

spin-shift is indicative of relative water displacement, it can be surmised that the tightest 

binding substrates will also produce the greatest spin-shift73. However, in these studies this 

correlation was not obtained. For instance, CBD was the most tightly bound substrate to 

*17, but did not produce substantial spin-shift while CBDV elicited a spectral shift of 0.162

—the highest of all the pCBs—indicating that it is not solely due to substrate structure.

Previous MD simulations covering the WT, *2, *4, *10, *17, and *53 variants showed 

that *17 has a more confined active site fold compared to the WT CYP2D6, as well as 

higher flexibility in the KL loop (which contains two antiparallel beta-pairs).24 Given that 

the proximal L-helix is one of the paired helices holding the heme, this increased flexibility 

could contribute to the increased spin-state changes seen in *17. (Figure 2) CYP2D6*17 

has also been shown to have fewer hydrogen bonds as a result of its T107I and R296C 

mutations.74 CYP2D6*10 contains a P34S mutation which is known to impede membrane 

binding, but this would not necessarily affect substrate binding to the heme.

Modeling results indicate that both binding distance and affinity differ by mutant and 

pCB (Supplementary Figures 1–8). On average WT CYP2D6 has the strongest binding 

affinity and closest heme binding distance for all pCB tested. CYP2D6*10 is the next 

strongest in terms of binding affinity, followed by *17 and then *2. A possible rationale 

for the increased distance of pCB from the heme in CYP2D6 mutants may be alteration 

in the size of the access channel and active site of the protein making it difficult for pCB 

molecules to physically fit within the cavity. MD simulations have previously indicated 

that *17 has a more restricted active site, which would hinder the ability of substrates 

and inhibitors to bind24. Analyses conducted with the Caver software on our equilibrated 

WT and *17 structures additionally showed a significantly smaller bottleneck radius in *17 

access channel as compared to that in WT (Supplementary Tables 2 and 3). This indicates 

that fewer poses dock near the heme because the pCB may not able to physically fit within 

the cavity. Additionally, in *17, the most common interactions between the pCB molecules 

and the protein lie away from the heme of the protein, indicating that the ligands are 

stabilized away from the active site of the protein (Supplementary Figure S9–S16).

Additional simulations of both docked THC and CBD molecules in *17 and WT structures 

also indicate that pCB molecules bind nearer to the heme in the WT structure. Additionally, 
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in WT the hydrocarbon tail of both CBD THC binds in the direction of the heme, while in 

*17, the rings of THC tend to be oriented closer to the heme; indicating THC may orient 

in opposite conformations for WT and *17. Surprisingly, the residue interaction pattern of 

both THC and CBD in the WT simulation closely matches the residues lining the access 

channel as indicated by Caver analysis; this is not the case for *17 (Supplementary Tables 4 

and 5). Both molecules appear to lie within the space of the access channel for a significant 

portion of the WT simulation (Supplementary Figure S31). This may imply that these pCBs 

can occupy the access channel and prevent the access of substrates to the active site of the 

protein. THC may experimentally perform as a weaker inhibitor of the *17 variant because it 

physically cannot fit in the access channel to block substrate access.

We then investigated the metabolism of AEA and DXM by CYP2D6, and the potential 

inhibitory effects of pCBs on these metabolisms. Previous research has shown that the 

pentyl side chain present on CBD played a role in the inhibition of CYP2D6. Both olivetol 

and CBDV were able to inhibit CYP2D6 metabolism of AMMC (3-[2-(N,N-diethyl-N­

methylammonium)ethyl]-7-methoxy-4-methylcoumarin), indicating that both the side chain 

and hydroxyl groups of the pentylresorcinol moiety are important structural components for 

inhibition.41 Compounds lacking both of these features were not found to inhibit CYP2D6 

metabolism. In preliminary studies with WT CYP2D6, it was shown that CBDV did not 

greatly inhibit DXM metabolism, though CBD, CBC, THCV, and β-CP did (Supplementary 

Figure S19). For AEA metabolism, CBDV along with CBD and THC showed slightly better 

inhibition as compared to other pCBs. This difference is likely due, at least in part, to 

binding at a different site, which has been seen with CYP2J2.3275–77 In a separate study, 

CBD was shown to inhibit (S)-mephenytoin 4-hydroxylation by CYP2C19 as well as the 

O-demethylation of 3-O-methylfluorescein (OMF) and 5-hydroxylation of omeprazole.42 It 

is worth noting, however, that while pCBs are broadly thought of as P450 inhibitors78, all 

literature showing the specific inhibition of CYP2D6 by pCBs use drug substrates rather 

than endogenous substrates. Therefore, here we show that the inhibition of AEA metabolism 

by pCBs is weak.

Noting the restricted active site of *17, along with the binding differences indicated by Soret 

titrations, we chose to narrow our focus on the comparison of WT CYP2D6 and *17 using 

the endogenous substrate AEA. Standard AEA metabolism without the presence of pCBs 

varied as expected, with WT CYP2D6 having 1.5-fold greater metabolism compared to *17. 

Additionally, both forms of the enzyme had the lowest rates of metabolism in the presence 

of THC as well as similar Kmapp values. This agrees with the MD simulation results which 

suggest THC would bind well to WT CYP2D6.

Interestingly, the presence of CBD activated WT CYP2D6, increasing the Vmaxapp 

from 387.69 to 530.17 pmol/min/nmol (an ~1.3-fold increase). A closer look at the EET­

EA regioisomer production revealed that with WT CYP2D6 14,15-EET-EA production 

decreases with increasing AEA concentrations while 5,6-EET-EA increases, a trend which 

holds true for both untreated and CBD treated CYP2D6 (Figure 5 E, F). With CBD treated 

WT CYP2D6, the rates of individual EET-EA production are approximately 1.7-fold and 

1.2-fold higher for 14,15- and 5,6-EET-EA, respectively. There is minimal change in the 
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presence of THC and there was no change in the regioisomeric production of EET-EAs for 

*17.

Conclusions

Taken together, we have found that the interactions of CYP2D6 with pCBs vary by 

polymorphism and by specific pCB class. We show that THC and structurally similar pCBs 

bind more tightly than other pCBs and that WT CYP2D6 is overall more tightly bound. We 

also note that CYP2D6*17 is the most prone to large spin-state changes, though the link 

to pCB structure is less clear. Furthermore, MD simulations show that not only do mutants 

have a difference in heme distance and binding affinity, but also that contacts with the I-helix 

have shifted to the F-helix.

Lastly, we have shown that WT CYP2D6 is remotely activated by CBD while the mutant 

*17 is not, which we attribute to mutations changing the shape of the substrate access 

channel and thus heme binding distance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AEA Anandamide

AA Arachidonic Acid

β-CP β-carophyllene

CBC cannabichromene

CBD cannabidiol
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CBG cannabigerol

CBN cannabinol
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CYP cytochrome P450

CPR cytochrome P450 reductase

DXM Dextromethorphane

CB endocannabinoid

EET epoxyeicosatrienoic acid

EET-EA epoxyeicosatrienoyl ethanolamide

EPOX epoxygenase

HETE hydroxyeicosatrienoic acid

LC-MS/MS liquid chromatography- tandem mass spectrometry

MD molecular dynamics

ND Nanodisc

pCB phytocannabinoid

THC tetrahydrocannabinol

THCV tetrahydrocannabivarin
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Figure 1: 
(A) Structures of the eight phytocannabinoids chosen for investigation (B) 2D6 protein 

(shown in green ribbon) embedded in nanodisc having 80% POPC (grey), 20% POPS (navy 

blue) and membrane scaffold protein around the periphery (cyan) (C) A table listing the four 

CYP2D6 polymorphisms and their specific mutations
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Figure 2. 
Soret titration binding curves for each of the pCBs with all four CYP2D6 polymorphisms. 

(A) CBD, (B) THC, (C) CBDV, (D) THCV, (E) CBG, (F) CBC, (G) CBN, and (H) β-CP 

with all four CYP2D6 polymorphisms. WT is shown with squares, *2 with triangles, *10 

with circles, and *17 with stars. All the binding spectra were fitted to a single binding 

isotherm. The phytocannabinoid was added incrementally from 0 to 50 μM. The change of 

absorbance (ΔA) from 393 to 417 nm was calculated for each titration and plotted against 

the corresponding phytocannabinoids concentration (μM). Data were fitted with Origin Lab 

to the single binding isotherm to determine the Ks. ΔA indicates the difference in absorbance 

between 393 nm and 417 nm. All experiments were done in triplicates data were produced 
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from the means of three repeats (N=3). The error represents the standard error of the mean 

of three experiments.
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Figure 3: 
(Top) Access channel identified in WT and *17 variants of Cyp2D6. Shown is a snapshot 

from molecular dynamics simulations. The bottleneck radius for WT and *17 channels are 

1.4 and 0.9, respectively. (Bottom) The location of mutations in *17 variant, highlighting 

structural changes in *17 compared to WT.
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Figure 4: 
Binding conformation of THC and CBD within WT and *17 CYP2D6. (A and B) Closest 

binding conformation of THC and CBD to the heme. Residues commonly interacting with 

the pCB molecules are labeled. (C and D) Distribution of heavy atom–heme distances 

obtained from 50 ns MD simulations for different regions of each pCB for WT and *17 

CYP2D6.
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Figure 5: 
Rates of AEA metabolism in presence of (A) WT, (B) *17. The data were fitted into Hill 

equation where the Hill coefficient (n) for AEA, AEA +CBD and AEA + THC are 2.41 ± 

0.64, 2.24 ± 1.03 and 2.35 ± 0.25 respectively for metabolism by WT and 3.43 ± 1.67, 3.08 

± 0.36 and 2.41 ± 0.31 respectively for metabolism by *17. Comparison of (C) Vmax and 

(D) Km for AEA metabolism in presence of WT and *17. Ratios of EET-ET production as 

a result of AEA metabolism by (E) WT, (F) *17. All experiments were done in triplicates 

data were produced from the means of three repeats (N=3). The error represents the standard 

error of the mean of three experiments.
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Figure 6: 
Soret titration binding curves for (A) AEA in presence of WT, *2, *10 and *17. ΔA 

indicates the difference in absorbance between 393 nm and 417 nm. (B) Comparison 

of spin state change (ΔAmax) and Ks for AEA in presence of different 2D6 constructs. 

Docking studies showing the binding site for anandamide (AEA) in (C) Apo: AEA bound to 

CYP2D6; (D) CBD-bound WT CYP2D6. The heme, AEA and CBD are highlighted.
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Table 1

Calculated values of Ks (in μM) and ΔA values from Soret titrations. Each of the pCBs (THC, CBD, CBG, 

CBC, CBDV, THCV and β-CP) were titrated against the four constraints of CYP2D6 (WT, *2, *10 and *17) 

The values are calculated from the means of three repeats (N=3). The error represents the standard error of the 

mean of three experiments.

Cannabinoids

THC CBD CBG CBN CBC CBDV THCV β-CP

WT

Ks 
(μM) 3.41 ± 1.08 7.03 ± 2.24 13.42 ± 

3.25 7.90 ± 2.89 6.09 ± 2.51 7.75 ± 2.76 3.24 ± 1.12 4.27 ± 1.30

ΔA 0.0486 
±.0032

0.0711 
±0.0060

0.0640 
±0.0054

0.0362 
±0.0038

0.0246 
±.0026

0.0217 
±0.0022

0.0252 
±0.0018

0.0281 
±0.0020

*2

Ks 
(μM) 3.46 ± 1.03 10.51 ± 

3.67
10.36 ± 

3.48 5.13 ± 0.94 7.94 ± 2.24 11.56 ± 4.36 11.52 ± 
3.92

10.31 ± 
4.71

ΔA 0.0142 
±0.0009

0.0299 
±0.0033

0.0377 
±0.0040

0.0329 
±0.0015

0.0377 
±0.0031

0.0387 
±0.0048

0.0392 
±0.0044

0.0381 
±0.0055

*10

Ks 
(μM) 8.51 ± 2.99 5.23 ± 2.34 7.28 ± 3.14 3.87 ± 1.26 9.16 ± 2.28 7.19 ± 2.55 11.50 ± 

2.87
13.95 ± 

5.27

ΔA 0.0332 
±0.0034

0.0320 
±0.0036

0.0596 
±0.0072

0.0203 
±0.0014

0.0299 
±0.0022

0.0385 
±0.0038

0.0346 
±0.0028

0.0297 
±0.0040

*17

Ks 
(μM)

20.10 ± 
8.24 5.57 ± 1.22 11.77 ± 

3.18 9.00 ± 2.13 11.64 ± 
3.20 8.60 ± 1.86 7.12 ± 1.59 10.27 ± 

3.82

ΔA 0.0737 
±0.0125

0.0247 
±0.0014

0.0745 
±0.0067

0.1387 
±0.0098

0.112 
±0.0101

0.162 
±0.00873

0.1516 
±0.0093

0.0809 
±0.0095
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